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a b s t r a c t 

In a retrospective view, this review examines the impact of mucormycosis on health workers and researchers 
during the COVID era. The diagnostic and treatment challenges arising from unestablished underlying pathol- 
ogy and limited case studies add strain to healthcare systems. Mucormycosis, caused by environmental molds, 
poses a significant threat to COVID-19 patients, particularly those with comorbidities and compromised immune 
systems. Due to a variety of infectious Mucorales causes and regionally related risk factors, the disease’s inci- 
dence is rising globally. Data on mucormycosis remains scarce in many countries, highlighting the urgent need 
for more extensive research on its epidemiology and prevalence. This review explores the associations between 
COVID-19 disease and mucormycosis pathology, shedding light on potential future diagnostic techniques based 
on the fungal agent’s biochemical components. Medications used in ICUs and for life support in ventilated pa- 
tients have been reported, revealing the challenge of managing this dual onslaught. To develop more effective 
treatment strategies, it is crucial to identify novel pharmacological targets through “pragmatic ” multicenter trials 
and registries. In the absence of positive mycology culture data, early clinical detection, prompt treatment, and 
tissue biopsy are essential to confirm the specific morphologic features of the fungal agent. This review delves 
into the history, pathogens, and pathogenesis of mucormycosis, its opportunistic nature in COVID or immuno- 
compromised individuals, and the latest advancements in therapeutics. Additionally, it offers a forward-looking 
perspective on potential pharmacological targets for future drug development. 
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. Introduction 

In the wake of the COVID-19 pandemic, mucormycosis,
lso known as “Zygomycosis, ” emerged as a unique fun-
al infection that posed significant challenges to health-
are systems worldwide [1] . As we reflect on the ex-
eriences of the past years, it became evident that cer-
ain groups of people, particularly those recovering from
OVID-19, were at higher risk of contracting this aggres-
ive fungal infection [2] . Among patients with COVID-
9, a range of complications including heart disorders,
rrhythmias, thromboembolic disorders, and secondary
Abbreviations: PCR, polymerase chain reaction; DM, diabetes mellitus; DNA, deox
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nfections heightened the risk factors during their recov-
ry [3] . Moreover, studies revealed that immune suppres-
ion or pre-existing chronic conditions played a crucial
ole in the development of mucormycosis [4] . The mech-
nisms of mucormycosis manifestation indicated that the
old often gained entry through the respiratory tract,
articularly via the nose and sinuses in the head and
eck regions, with the potential to progress to orbital and
ntracranial structures. Early diagnosis and intervention
ere crucial for improved prognosis and reduced morbid-

ty [5] . With advances in diagnostic techniques, successful
dentification of mucormycosis became possible through
yribonucleic acid; IFI, invasive fungal infections; AMB, amphotericin-B. 
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irect microscopic analysis, histopathology, systemic cul-
ure [ 1 , 3 ], 𝛽-D-glucan, galactomannan, and polymerase
hain reaction (PCR) based assays. This comprehensive
iagnostic rationale played a significant role in improv-
ng patient outcomes. The mortality rate associated with
ucormycosis remained a concern, with a notable im-
act on diverse populations [6] . While the exact cause
f mucormycosis in COVID-19 patients remained uncer-
ain, experts speculated that the use of steroids during
OVID-19 treatment might lead to immunological com-
romise, increasing susceptibility to the fungal infection
7] . Researchers hypothesized that the coexistence of fun-
al infections with COVID-19 might have led to poten-
ial misdiagnoses, drawing lessons from previous severe
cute respiratory syndrome (SARS) and influenza data
8] . Critically immune-compromised COVID-19 patients
ere particularly at risk of developing invasive mycoses

9] . As we move into the future, the lessons learned from
he COVID-19 era underscore the importance of vigilance
n managing infectious diseases. It is imperative to prior-
tize measures to reduce immunosuppression when treat-
ng COVID-19 patients to mitigate the risk of mucormyco-
is. Continuous research and vigilance will be essential to
tay ahead of emerging infections. In 2023 and beyond,
ealthcare systems must continue to implement robust
afety measures to protect patients, especially those re-
overing from improved strains of COVID-19. Improved
nfection control protocols and early detection methods
an contribute to the prevention and management of mu-
ormycosis [10] . The collaboration between experts, sci-
ntists, and healthcare professionals will be vital in facing
uture health challenges effectively. 

.1. History of mucormycosis 

Nothing has changed in the diagnosis and outcome of
ucormycosis in its history, from Paltauf’s first case in
umans in 1885, to the publication of the first obser-
ation of rhino-orbital cerebral mucormycosis in 1943,
o another study in 1955 of the first confirmed survivor
11] . Mucormycosis in any form; cerebral, cutaneous,
hinocerebral, intestinal, or pulmonary is still uncom-
on, but it should be suspected in diabetic or immuno-

ompromised patients [12] . The normal therapies include
mphotericin-B administration, surgical debridement of
ontaminated tissue, correction of the underlying cause,
nd adjunctive hyperbaric oxygen (HBO) therapy [13] .
he typical outcome of mucormycosis was usually fa-
al but when breakthrough occurred in 1953, Charles
mith and William Winn contributed with the discovery
f amphotericin-B. This pivotal discovery originated from
 soil sample collected in Venezuela’s Orinoco Basin [14] .
ucormycosis is much less common than candidiasis or

spergillosis [15] . Its prevalence, on the other hand, has
ecently risen. According to Brown’s pioneered review,
2

ygomycosis has become more common in the United
tates over the last 14 years, with this fungal infection
eing found in up to 6.8% of patients at autopsy [16] . An-
ther research found that the virus is spreading through
urope. Better diagnostic methods, increased diabetes
ellitus (DM) occurrence, and the use of immunosuppres-

ive agents in the modern therapeutic era all contribute to
his rise [17] . Three prior retrospective studies, conducted
n 1971, 1994, and 1999, revealed an unexplained male
ender preference for zygomycosis. The male-to-female
atio ranged from 2.4:1 to 3:1 [18] . Roden and other re-
earch associates published a broader research report in
005 that supported this finding: 65 percent of the cases
tudied were male. In previous review studies, the aver-
ge age was in the 30s to 40s [19] . Nevertheless, invasive
ycosis can afflict a remarkably broad spectrum of indi-

iduals, spanning from neonates to the elderly [20] . 

.2. Mucormycosis and the microorganisms involved 

Mucormycetes, the fungi that activate mucormycosis,
an be included in soil and rotting organic matter such
s leaves, compost piles, and sewage sludge across the
orld. It has been determined through numerous studies
nd reviews that they are more abundant in the soil than
n the air, and that they are more prevalent in the summer
nd fall than in the winter and spring [21] . Mucormycetes
re challenging to prevent, because most people regularly
ncounter microscopic fungal spores. These fungi typi-
ally have little impact on the majority of individuals
22] . However, individuals with compromised immune
ystems are at higher risk of developing infections if they
nhale mucormycetes spores, leads to lung or sinus infec-
ions that may progress to other parts of the body. Mu-
ormycosis can be caused by various fungi [23] , with mu-
ormycetes belonging to the scientific order Mucorales.
he most common culprits responsible for mucormyco-
is are species of Rhizopus and Mucor [24] . Other fun-
al species known to cause these infections include Rhi-

omucor , Syncephalastrum , Cunninghamella bertholletiae ,
pophysomyces , Lichtheimia (formerly Absidia ), Saksenaea ,
nd Rhizomucor [25] . 

.3. Physical and historical impact 

According to some peer-reviewed journals, mucormy-
osis can infect a variety of organ systems. It has a wide
ange of clinical symptoms, but it is characterized by
apid progression [26] . The clinical manifestations are
rimarily determined by the fungus’s mode of entry and
he underlying disease. Spores that are aspirated into the
aranasal sinuses and then enter the blood vessels in the
issues cause rhino-cerebral mucormycosis [27] . It has
een studied that nasal cough or mucous discharge is the
ost common symptom, but facial numbness, blurred vi-

ion, sinus drainage, nasofrontal discomfort, ocular pain,
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ever, diplopia, and chemosis are all other possible side
ffects [28] . Intranasal lesions are characterized by pain-
ess ulcers with exudation and necrotic tissue that de-
elop quickly over days. A low threshold for having a
iopsy to rule out mucormycosis should be preserved in
n immunocompromised patient who has persistent nasal
ymptoms (often called “invasive fungal sinusitis ” or IFS)
29] . Pulmonary mucormycosis is a rapidly progressive
nfection that occurs after inhalation of spores into the
ronchioles and alveoli [30] . Fever, hemoptysis, dyspnea,
nd cough are the most common symptoms. Patients with
ematological disorders are more likely to develop this
linical type. Bronchitis, bronchopneumonia, and even
ulmonary embolism are all symptoms of this pulmonary
isease [31] . It can induce cavitary symptoms that re-
emble tuberculosis or a milder allergic fungal infection,
nd it can potentially spread to other tissues including
he mediastinum and heart [32] . Cutaneous mucormyco-
is may occur as a primary or secondary infection. The
kin infection occurs as a result of direct inoculation in
he primary disease and as a result of transmission from
ther locations in the secondary disease [33] . People who
ave burn wounds and traumatic skin wounds are more
ikely to develop the primary kind, which often manifests
s a single, indurated zone of cellulitis that develops into
 necrotic lesion; other expressions include abscess for-
ation, skin edema, and tissue necrosis [34] . Consuming

nfected food can result in gastrointestinal illness, while
he utilization of contaminated herbal remedies has also
een associated with the emergence of gastrointestinal
isorders. Gradual discomforts of the gastric, esophageal,
nd intestinal mucosa can occur, along with diarrhoea,
ematemesis, and melena as symptoms [35] . Necrotic ul-
ers can cause perforation and peritonitis. Bowel corrup-
ion and hemorrhagic shock are often associated with a
Fig. 1. Pathogenesis o

3

oor prognosis [36] . Gastro intestinal (GI) symptoms are
ncommon, but rescue is feasible in the most profoundly
mmunocompromised individuals, due to the large im-
une tissue present in the GI tract, including cases in-

olving leukemia patients and intestine transplant recip-
ents [37] . The disseminated form of mucormycosis can
evelop from any original location of infection and ex-
ibit ill-defined symptoms that make diagnosis extremely
ifficult [38] . A metastatic skin lesion, however, unmis-
akably indicates widespread mucormycosis and a dismal
rognosis [39] . 

. Mucormycosis pathogenesis 

Infections are caused by a group of fungi, zygomycetes
hich includes organisms like Mucorales and Ento-
ophthorales [40] . They are known as zygomycoses.
ntomophthorales are uncommon causes of entomoph-
horomycosis, a form of subcutaneous and mucocuta-
eous infection that primarily affects immunocompetent
osts in developing countries [41] . Mucormycosis is a
ethal fungal infection that impacts highly immunocom-
romised hosts in developed countries [42] . Mucorales
re fungi that can be found in abundance in soil and
otting matter [43] . Rhizopus is a fungus that can be
ound in moldy bread. Since these fungi are so common,
ost people come into contact with them on a regular

r weekly basis [44] . Despite this, they seldom cause dis-
ase due to the low virulence of the organisms; instead,
hey only affect people who have compromised immune
ystems [45] . Immunocompetent hosts with poorly reg-
lated diabetes mellitus (especially ketoacidosis), gluco-
orticoids, and thrombocytopenia in the setting of hema-
ologic or solid malignant tumors, implantation, iron de-
ciency anemia, and burns are at risk [46] ( Fig. 1 ). 
f mucormycosis. 
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.1. Host defense mechanism 

According to comprehensive research, mononuclear
nd polymorphonuclear phagocytes play a crucial role
n eliminating Mucorales, utilizing oxidative metabolites
nd cationic peptides, in individuals with normal immune
unction [47] . These metabolites and peptides are collec-
ively referred to as defensins [48] . Clinical evidence sug-
ests that these phagocytes are instrumental in bolster-
ng the host defense mechanism against mucormycosis. A
eview of multiple studies indicates that neutropenic pa-
ients are at heightened risk of developing mucormycosis
49] . Patients with phagocyte dysfunction are also at an
levated risk of getting affected by the invasive and op-
ortunistic infection, mucormycosis [50] . Both oxidative
nd non-oxidative mechanisms, hyperglycemia and aci-
osis are acknowledged to inhibit the phagocytes from
raveling forward and destroying organisms [51] . Fur-
hermore, ketoacidosis, diabetes, and steroids all affect
he function of these phagocytes, but the exact mecha-
isms are unclear [52] . 

.2. Involvement of iron in the mechanism of pathogenesis 

The susceptibility to mucormycosis is influenced by
actors such as elevated usable serum iron, particularly
n patients with conditions like diabetic ketoacidosis. Re-
earch indicates that conditions like acidosis can lead to
igher levels of usable serum iron, potentially facilitat-
ng the growth of Mucor spp. Ferroptosis, a form of reg-
lated cell death characterized by iron-dependent lipid
eroxidation, may play a role in this process. Increased
ron availability in conditions such as acidosis could con-
ribute to cellular oxidative stress and promote ferropto-
is, thereby exacerbating tissue damage and creating a
onducive environment for mucormycosis infection ac-
ording to the clinical features that have been recently
eviewed by a few researchers. Thus, deferoxamine have
 significantly higher risk of developing hostile mucormy-
osis [53] . Nevertheless, after achieving clarity in many
tudies it has been revised that deferoxamine does not
ctivate mucormycosis infections by iron chelation [54] .
hizopus spp. is reportedly found to use deferoxamine as
 siderophore that is responsible for supplying previously
naccessible iron to the fungal organism, even though it
erves as an iron chelator in the human host [55] . De-
eroxamine can consume eight and forty times the iron
f Aspergillus fumigatus and Candida albicans respectively,
hich is linearly related to serum growth of Rhizopus spp.

56] . A serious illness known as rhinocerebral mycosis
an develop in people with diabetic ketoacidosis. Much
vidence outlined the fact that individuals having sys-
emic acidosis are vulnerable to having higher amounts of
sable serum iron, which is most likely because of the iron
eleased from the binding proteins in the occurrence of
4

cidosis [57] . Few conducted studies have acknowledged
he presence of sera in diabetic ketoacidosis patients, for
xample, for enhancing Rhizopus oryzae ( R. oryzae ) devel-
pment in the presence of acidic pH [58] . It did not sup-
ort the presence of alkaline pH. The availability of serum
ron was found to be higher in acidic sera that supported
. oryzae growth [59] . It appears that acidosis temporar-

ly impairs transferrin’s ability to bind iron because simu-
ating acidosis reduces the capacity of sera obtained from
ealthy executives ( Fig. 2 ). As a result, patients with dia-
etic ketoacidosis are more susceptible to mucormycosis,
hich is possibly attributable to a rise in sufficient serum

ron during the condition [60] . 

. Interactions between fungi and endothelial cells 

The nearly universal survival of extensive angioinva-
ion followed by the resulting vessel thrombosis and tis-
ue necrosis is one of the most relevant outcomes of mu-
ormycosis infections [61] . Angioinvasion is linked to the
rganism’s inclination to spread hematogenously from
he initial infection site to other target organs [62] . As
 result, endothelial cell disruption and penetration into
lood vessels is conceivably a crucial stage in the organ-
sm’s pathogenetic approach [63] . R. oryzae spores in vitro

an bind to proteins such as laminin and collagen type IV
ut not germlings (i.e., pregerminated spores) R. oryzae

pores can attach them [64] . Likewise, R. oryzae spores
arginally better bind to subendotheral matrix proteins

han R. oryzae hyphae, but spores and hyphae bind to
ndothelial cells of the human umbilical vein conversely
65] . Since subendothelial matrix proteins bind to spores
nd germs but the adherence of spores and germs to en-
othelial cells is the same, endothelial cell adhesions from
. oryzae can be different from adhesins to the suben-
othelial matrix proteins [66] . In vitro , scientists discov-
red that R. oryzae germlings cause damage to endothelial
ells [67] . Endothelial cells must phagocytose R. oryzae to
ause this damage, which is independent of serum factors
68] . Surprisingly, endothelial cell damage was not de-
endent on R. oryzae viability, but dead R. oryzae allowed
hagocytosis to inflict damage [69] . The exact mecha-
isms by which dead R. oryzae causes tissue damage are
nknown [70] . 

A consistent increase in mucormycosis prevalence has
lso been shown in several studies, with several con-
ributing causes recognized [71] . First, medical advance-
ents have increased the number of people who are im-
unosuppressed as a result of the transplantation of solid

rgans and bone marrow [72] . Correspondingly, persis-
ent acute neutropenia following intensive treatment in
ematological patients and individuals having solid tu-
ors jeopardize the lethal factors leading to mucormy-

osis [73] . Furthermore, invasive fungal infections (IFI)
ave been recorded in individuals receiving prophylaxis
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Fig. 2. Schematic representation of regulated cell death characterized by iron dependent lipid peroxidation. 
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ntifungal therapy [74] . According to recent research,
M is becoming less of a primary mucormycosis risk fac-

or in affluent countries. This development could be ex-
lained by better DM control and the widespread use of
tatins with antifungal effects. DM, on the other hand,
ontinues to be the most predisposing condition in poorer
ations because of a dearth of accessibility in healthcare
ectors and poor control [75] . Hyperglycemia, whether
ith or without diabetic ketoacidosis, is linked to a reduc-

ion in neutrophil activity [76] . An endothelial cell recep-
or is responsible for upsurging an endocytic process. It
otably permits the fungus to invade blood vessels and tis-
ues. That endothelial cell is known as glucose-regulated
rotein 78 (GRP78) [77] . 

A cohort study in Arab countries was conducted and
t was revealed that a database of all the patients suffer-
ng from mucormycosis has been compiled. The registry
ncludes the details of the infectious disease, microbio-
ogical aspects of the invasive infection that has been di-
gnosed, and pathology laboratory studies. Histopatho-
ogical confirmation and/or culture from sterile areas
ere used to diagnose eighteen (18) instances. The slides
ere examined by two pathologists. In the event of a dis-
greement, a third pathologist was consulted. Fungal cul-
ure was performed on all tissues. The samples are cul-
ivated on Sabouraud dextrose agar, enrichment broth
brain heart infusion), and standard bacteria medium af-
er tissue processing. The cultures are incubated for 8
eeks at 25–30 degrees Celsius. Every 48 h, the cultures
5

re red. When growth was detected, colony morphology
as used to make a macroscopic identification, while lac-

ophenol stain was used to make a microscopic identi-
cation. The final identification of isolated species was
one retrospectively in Riyadh and Saudi Arabia using
olecular sequencing. Deoxyribonucleic acid (DNA) was

solated from paraffin-embedded tissue blocks that had
een formalin-fixed. The segments were deparaffinized
wo times in xylene and then rinsed thrice in ethanol at
arious concentrations. After mechanical homogenization
ith a TissueLyser, DNA was extracted using a QIAamp
NA FFPE Tissue Kit (Qiagen) [78] . The internal tran-

cribed spacer section of the fungal rDNA was amplified
nd then used to detect and identify Mucor species [79] .
emographic data, fundamental risk factors, clinical spec-

fications and/or trials, infection site, laboratory con-
traints, radiological characteristics, microbiology out-
omes, histopathology reports, type of treatments, and
linical outcomes were all examined and determined in
ll patient records. According to the researchers, instances
ere characterized as proven invasive mould infections

IMIs) in all categories of cases. Demographics, clinical
ymptoms, predisposing variables, microbiology, treat-
ent regimens, and outcomes have all been examined.
he patients’ median age was 43.45 years (range: 13–72
ears, with 72% of men) [80] . Mucormycosis was found
n 18 individuals after microscopic testing. Both cultures
nd histological findings for mucormycosis were positive
n 4 cases. Fungal isolates of Apophysomyces variabilis (5
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C  
nstances), Rhizopus oryzae (3 cases), Rhizopus microsporus

2 cases), and Lichtheimia corymbifera (2 cases) were dis-
overed using molecular testing (1 case). Seven of the
solates were found to be unclassifiable. Aspergillus niger,

ochliobolus hawaiiensis, Penicillium spp., and Rhodotulla

pp. were found to be co-infected in five people. R. oryzae

as found to be the causative factor in 42.9% of rhino-
rbit-cerebral mucormycosis cases, whereas A. variabilis

as shown to be the causative factor in 71% of cuta-
eous cases [81] ( Fig. 2 ). The most common types of mu-
ormycosis were cutaneous and rhino-cerebral mucormy-
osis (77.8%), gastrointestinal mucormycosis (2%), and
isseminated and renal mucormycosis (2%) (1 patient
ach). Six of the patients had sinus or sino-orbital ill-
ess, and two of them had infections that spread to their
rains. Overall, 33.3% and 38.9% of the cases had dia-
etes mellitus and trauma as underlying causes, respec-
ively [82] . Motor vehicle collisions (MVCs) accounted
or 43.0% of all trauma cases, resulting in cutaneous and
oft-tissue mucormycosis in predominantly immunocom-
etent patients. Correspondingly, DM was the primary
tiology of rhino-orbito-cerebral mucormycosis in 57.0%
f patients. Diabetic ketoacidosis affected only one dia-
etic patient. The studies and research have revealed that
n three of the patients, a hematological malignancy fa-
ored mucormycosis, and two of them had a neutrophil
ount of zero [83] . There was no evidence of a break-
hrough infection in any of the individuals. Subsequently,
xtensive surgical debridement was paired with liposomal
mphotericin-B (LAmB) treatment in all patients, in ad-
ition to any underlying etiology being controlled. Four
atients were given an antifungal cocktail. Overall, there
as a 27.8% mortality rate. The other research works
lso determined that DM was considered to be one of the
ost influencing factors in contrast to European coun-

ries, although, in other research, only 33% of patients
ere found to have presented with diabetic ketoacidosis.
ven though acidosis promotes fungus development, un-
ontrolled diabetics’ phagocytic activity can be impaired
y hyperglycemia alone. Mucormycosis of the gastroin-
estinal tract is rare and difficult to detect antemortem.
urthermore, it has been related to about 85% of the
ortality rate. In the same study, two out of the three

astrointestinal mucormycosis patients reportedly expe-
ienced intestinal ischemia and gangrene, while the third
erson only presented with stomach discomfort followed
y multiple splenic infarctions; According to the reports,
heir fatality rate read 66.7% [84] . There was a paucity
f randomized clinical efficacy trials that were signifi-
antly well-designed. Despite this fact, it is widely ac-
epted that rigorous surgical debridement accompanied
y efficient antifungal medicines is the keystone of the
herapeutic approach. Infections of the skin and soft tis-
ues, as well as rhino-orbits-cerebral illness, necessitate
ppropriate surgery. All of the patients in that research
6

ere given a high dose of LAmB (510 mg/kg/day), as
ell as repeated surgical debridement and therapy for di-
betes if it was present. LAmB at a dose of 10 mg/kg/day
as been demonstrated to be both efficacious and safe
n the treatment and management of mucormycosis [85]
 Fig. 3 ). Isavuconazole was recently approved as a first-
ine treatment for mucormycosis in the United States
86] . Posaconazole was utilized as a step-down therapy or
hen LAmB was not tolerated because the medicine was
ot available to us [87] . In the established mucormycosis,
here is insufficient evidence to justify the use of a combi-
ation of olyenes and azoles or polyenes with echinocan-
ins [88] . A combination of LAmB plus posaconazole or
AmB and voriconazole, on the other hand, was found
o be effective and potent for trauma-related IFI. The es-
ablished study found that the group had a low mortal-
ty rate of 27.8% [89] . Mortality rates vary between 40%
nd 80% depending on the underlying predisposing fac-
ors and infection site. Patients who are immunocompe-
ent have a lower mortality rate than those who are im-
unocompromised. Localized sinus and skin infections
ay also have reduced fatality rates. This could be the

eason for the study’s lower fatality rate. The identifica-
ion of infection down to the species level was strength of
hat study that was established [90] . While this informa-
ion may not be useful in advising treatment, it can help
ith disease epidemiology. The retrospective approach of

he study has some disadvantages, such as inaccurate case
ollecting. The hospital provides trauma and haemato-
ncology services as a tertiary care facility. As a result,
hen compared to other centers, the respective findings
ay seem inflated [91] . 
Another study was reviewed broadly by recognized sci-

ntists and their backend team on the invasive mucormy-
osis after COVID-19 in transplanted hearts of some pa-
ients [92] . Mucormycosis is more common in patients
ith underlying co-morbidities, according to the find-

ngs of this study (including organ transplantation). Dur-
ng the ongoing impact of the novel Coronavirus pan-
emic, healthcare professionals presented with some gen-
rated relevant reports. The reports showed an increased
umber of bacterial and fungal co-infections in COVID-
9 patients. One of the most significant and deadly co-
nfection was COVID-19-associated pulmonary aspergillo-
is (CAPA) that has been discovered at the same time
93] . Hematologic malignancies, solid organ transplant
ecipients (SOTRs), stem cell transplantation, sustained
nd chronic neutropenia, diabetes mellitus (DM), and iron
verload deferoxamine were reportedly presented as the
isk factors for mucormycosis [94] . Mucormycosis ac-
ounts for 2%–6% of IFIs [95] . The ongoing COVID-19
andemic has resulted in more than 110 million illnesses
nd 2.4 million fatalities worldwide, thanks to the novel
evere-acute-respiratory-syndrome-coronavirus-2 (SARS- 
oV-2) [96] . The development of bacterial and fungal co-
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Fig. 3. Diagrammatic illustration of the key steps of molecular identification of pathogenic fungi. 
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nfections in COVID-19 patients is becoming more com-
on. In this study, the experience of a heart-transplanted

ecipient with cutaneous black fungus after COVID-19
as well documented, and the potential mechanisms
round the manifestation of mucormycosis after COVID-
9 were reported too [97] . Patients who have had their
kin barrier disrupted (burns, trauma, catheter insertion,
njections) or who have had continuous skin maceration
re more likely to develop cutaneous mucormycosis. Sec-
ndary vascular invasion and hematogenous spread are
ess common, although the fungus can penetrate neigh-
oring fat, muscle, fascia, and even bone. Cutaneous mu-
ormycosis with hematogenous dissemination carries a
igh fatality rate [98] . Treatment strategies for mucormy-
osis typically encompass early detection, reversal of co-
orbid conditions (if feasible), surgical excision of in-

ected tissue, and administration of appropriate antifun-
al agents [99] . Patients undergoing organ transplanta-
ion or implantation procedures are particularly suscepti-
le to mucormycosis invasion [99] . 

After comprehensive review of multiple studies and re-
earch findings, esteemed teams of scientists conducted
xploratory case studies to investigate the elevated risk
actors associated with mucormycosis. In one retrospec-
ive and interventional study, six COVID-19 patients who
eveloped rhino-orbital mucormycosis were treated at a
ertiary ophthalmology center in India [100] . All patients
ad Type 2 diabetes and were male, with an average
ge of (60.5 ± 12) years. Systemic corticosteroids were
dministered for COVID-19 treatment in all patients ex-
ept one. The average duration between COVID-19 di-
gnosis and onset of mucor symptoms was found to be
15.6 ± 9.6) days. Following endoscopic sinus debride-
7

ent, only two of the six patients required ocular ex-
nteration, but all six were alive at the latest follow-
p. The researchers underscored the importance of main-
aining a high index of suspicion, early diagnosis, and
ppropriate therapy for patient survival. In another re-
ort, a 56-year-old man admitted to the hospital with
OVID-19 succumbed to mucormycosis while receiving
emodialysis for end-stage renal illness [101] . The pa-
ient was asymptomatic for four days before being ad-
itted to the hospital for exhaustion and breathing prob-

ems [102] . Four days later, the patient tested positive
or SARS-CoV-2 by Reverse transcription-PCR (RT-PCR).
he patient was given methylprednisolone, tocilizumab,
nd a single dose of convalescent plasma upon arrival.
egative results were obtained from blood cultures used

o identify bacterial and fungal infections. After being
ischarged home seven days later, the patient was read-
itted five days later with nonspecific exhaustion, short-
ess of breath, and hemoptysis [102] . The patient started
eceiving empirical antibiotic medication for probable
neumonia related to healthcare. A chest X-ray taken later
evealed both lung fields in both lung fields had increased
irspace density and pleural effusion. The third day saw
he start of an empirical treatment with liposomal am-
hotericin B after a repeat sputum investigation revealed
he presence of filamentous fungus [103] . Despite con-
inued pleural effusion drainage with a pigtail catheter
ver the next three days, the results of a repeat chest
T were unchanged. Rhizopus azygosporous was also di-
gnosed after repeated sample analysis, and the patient
as given the necessary treatment [104] . The patient was
ospitalized for 17 days before succumbing to cardiac
rrest despite intensive treatment. Severe COVID-19 has
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Fig. 4. Process of host defense mechanism and ferroptosis in zygomycetes infection. 
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een associated with an increased risk of invasive fun-
al infections, particularly in individuals receiving im-
unosuppressive drugs such as corticosteroids and IL-6

nhibitors like tocilizumab. The incidence of mucormy-
osis cases may be underestimated due to the lack of
on-invasive diagnostic tools for invasive fungal diseases
105] . 

In another retrospective case study, a 61-year-old
oman with no preexisting medical conditions was hos-
italized for two weeks due to COVID-19 infection. She
eceived remdesivir, interferon-alpha, and systemic cor-
icosteroid treatment without requiring mechanical ven-
ilation or intubation [106] . About a week after dis-
harge, she developed right hemifacial pain, hemifa-
ial numbness, decreased visual acuity, and chemosis.
pon readmission, diagnostic endoscopy, MRI, and sub-

equent CT scans confirmed invasive mucormycosis infec-
ion [107] . The patient, despite having no prior medical
onditions, experienced hyperglycemia and immunosup-
ression due to corticosteroid injection administered by
he researchers. COVID-19-induced immunological dys-
egulation further exacerbated the emergence of invasive
ucormycosis, emphasizing the importance of early di-

gnosis by healthcare professionals [108] . 
In another case, a 24-year-old woman from Mexico

ity, with a history of obesity and COVID-19 positiv-
ty, presented with left midface pain persisting for at
east six days. Within two days, she also developed left
id swelling and decreased sensation in the maxillary
egion, prompting her to seek emergency care. When
ral amoxicillin-clavulanate failed to alleviate symptoms,
8

n invasive fungal infection was suspected. Subsequent
hinoscopy and contrast-enhanced CT scans of the head
nd chest confirmed the diagnosis of rhino-orbital mu-
ormycosis [109] . This patient experienced metabolic aci-
osis, lung issues, and acute renal injury due to dissem-
nated intravascular coagulopathy, all compounded by
eptic shock, leading to multi-organ failure and even-
ual death. The researchers noted that the woman had
n immunological state induced by diabetic ketoacidosis,
endering her susceptible to coinfections with COVID-19
nd mucormycosis. Delayed diagnosis and treatment con-
ributed to the unfavorable outcome [110] . 

In another case, a 60-year-old male patient with a
ecade-long history of diabetes presented with profound
yspnea, high fever, rapid breathing, and overall discom-
ort. On the 10th day of hospitalization for COVID-19
reatment, he developed bilateral eyelid swelling, partic-
larly prominent in the right eye. Brain MRI revealed soft
issue enlargement in the orbital and paranasal sinus re-
ions, along with mucosal thickening. A nasal swab cul-
ured on Sabouraud’s dextrose agar confirmed the pres-
nce of an invasive fungal infection, likely mucormyco-
is. Given diabetes’ strong association with mucormyco-
is, it’s plausible that the patient either had an undiag-
osed mucor infection prior to contracting COVID-19 or
hat it exacerbated due to further immunological dysregu-
ation. The risk of opportunistic infections such mucormy-
osis has been linked to the use of steroids and mono-
lonal antibodies in the treatment of COVID-19. Due to
he serious consequences of opportunistic co-infections,
articularly invasive fungal infections in the context of
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Table 1 

Diagnosis process and chemical used. 

Method of diagnosis Process of detection Chemicals used for visualization 

1. Histopathologic Test It identifies the presence of fungus as well as any 
pathogens present in the specimen from a culture. 

a) GMS highlights the fungal wall [116] . 
b) PAS provides a better view of surrounding tissue [116] . 

2. Direct Microscopic Test Immunophenotyping with monoclonal antibodies 
against fungi has been found as aid of detection. 

Blankophor or calcofluor white in combination with KOH provides 
a speculative visualization [117] . 

3. Molecular Methods of 
Diagnosis 

It is the molecular approach to detecting ITS 
region. 
Most commonly sequenced is DNA region of fungi. 

PCR-Based technique using Tris-HCl, KCl, MgCl2 , such as, Nested 
PCR, electrospray ionization, mass spectroscopy, HRMA has been 
developed for tissue visualization [ 100 , 119 ]. 
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OVID-19, it is essential for healthcare professionals, es-
ecially physicians, to exercise caution, remain aware of
he infection risk, and diligently implement necessary pre-
autions [111] ( Fig. 4 ). 

. Biochemical aspects of mucormycosis 

The lack of a non-invasive, quick, and reliable diag-
ostic test has been a major stumbling block in treat-
ent. A key unsolved need in modern mycology is the
evelopment of a culture-independent biomarker for the
arly detection of mucormycosis [112] . Several method-
logies have been introduced, including immunohisto-
hemistry (IHC) to validate the histopathologic diagno-
is of obtrusive fungus infection, PCR on formalin fixed
araffin embedded (FFPE) or fresh tissue, body fluids
ike bronchoalveolar fluid (BAL), and intensity modula-
ion from serum/blood [113] . Other emerging technolo-
ies include serologic testing, matrix-aided laser desorp-
ion/ionization time-of-flight mass spectrometry (MALDI-
OF/MS), metabolomics, and metagenomic shotgun se-
uencing [114] ( Table 1 ). 

. Histopathologic tests 

In individuals with pulmonary mucormycosis, biopsies
f damaged tissues or bronchoalveolar lavage (BAL) are
sed to confirm the diagnosis. Histopathology plays a piv-
tal role in diagnostics as it helps discern the presence
f fungus as a potential antigen within a specimen, dis-
inguishing it from culture contaminants. Additionally, it
s indispensable in ascertaining the occurrence of blood
essel invasion, and it has the capacity to unveil fun-
al illnesses attributed to various other fungal species
115] . In contrast to Aspergillus species or other hyaline
ungi, Mucorales typically produce unpigmented, broad,
lender-walled, ribbon-like hyphae characterized by min-
mal septations (pauciseptate) and perpendicular branch-
ng. Hematoxylin and eosin (H&E) staining may only re-
eal the cell wall without internal structures or, occasion-
lly, highly deteriorated hyphae. Grocott methenamine -
ilver (GMS) and periodic acid-schiff (PAS) stains can
oth help highlight the fungal wall, with PAS offering a
learer view of the surrounding tissue compared to GMS
116] . 
9

.1. Direct microscopic method 

Potassium hydroxide (KOH) wet mounts can serve as
 rapid preliminary diagnostic method for mucormyco-
is via direct microscopy. This method is suitable for all
amples submitted to the clinical laboratory, especially
hen fluorescent brighteners like Blankophor and Cal-

ofluor White are utilized alongside KOH. This combina-
ion facilitates the improved detection of distinctive fun-
al hyphae, requiring the utilization of a fluorescent mi-
roscope within this particular context [117] . When deal-
ng with invasive fungal infections during surgical opera-
ions, direct microscopy of fresh specimens is a beneficial
nd affordable way to quickly make an initial diagnosis
nd define precise surgical limits. A thorough diagnostic
trategy should combine this procedure with histopathol-
gy, which is strongly recommended. These techniques,
n the other hand, are unable to determine fungi down
o the genus or species level. When negative cultures are
stablished, another method, immunophenotyping with
onoclonal antibodies against R. arrhizus has been found

o aid in the diagnosis. It has been shown to be useful in
istinguishing aspergillosis from mucormycosis and has
een acknowledged as a moderate recommendation in the
ecent ECMM/MSGERC guidelines [118] . 

.2. Recent molecular methods for the diagnosis 

Molecular approaches have emerged to become an im-
ortant tool for confirming infections and detecting the
trains involved in invasive fungal infection. As a re-
ult, methods have been developed to properly recognize
trains. Conversely, the previously grown strains in cul-
ures explored various methods to detect mucoromycetes
n tissues. In general, the ITS region is the most com-
only sequenced DNA region in fungi. The most valuable

ool for molecular systematics, at both the species level
nd within individual species. has historically been recog-
ized as the dependable method of ITS sequencing. As a
esult, it is strongly advised to use it as the main technique
or identifying Mucorales species. PCR-based methodolo-
ies, including nested PCR, real-time PCR (qPCR), nested
CR coupled with RFLP, PCR integrated with electro-
pray ionization mass spectrometry (PCR/ESI-MS), and
CR/high-resolution melt analysis (HRMA), have all been
evised for the detection of tissue samples [119] . Nu-
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[

erous methods have been shown to be effective when
sed on fresh or extremely frozen specimens rather than
hose embedded in paraffin. The success of the approach
s largely due to the choice of PCR targets. Multiplex PCR
echniques that use universal fungal primers developed
or the ITS genomic region or custom primers created for
 specific set of mucoralean genera or species, followed by
equencing of the amplified DNA, are widely available.
nstances of such targets encompass the CotH gene, the
ytochrome b gene, the rnl mitochondrial gene, and 28S
DNA, which is exclusive to Mucorales [120] . 

. Updated therapeutics 

This paper, has detailed in brief the current scenario
egarding the treatment options and regimens that have
een obtained from a few analytical studies followed by
he clinical in-vitro and in-vivo experiments. 

.1. Complications in assessing treatment strategies in 

ucormycosis 

Mucormycosis, being a rare disease, has no existing
orthcoming and/or expected randomized outcomes from
linical studies. Scientists and researchers are continu-
usly facing difficulties in determining and evaluating
obust treatment strategies for the causes of mucormy-
osis. The current therapeutic approach focuses mainly
n solitary, systematic reviews with a small number of
atients with high diversity in their manifestation and
isk factors, methodologically flawed databases, and “ex-
ert opinions. ” Inadequate diagnostic efforts were in-
estigated, relying on mishandled tissue cultures and/or
verlooked histology instances, which consequently in-
roduced biases in treatment decisions, particularly steer-
ng towards culture and/or histology-positive cases asso-
iated with heightened disease risks, or specific patient
ohorts like sinusitis or trauma patients, where tissue ac-
essibility is more precarious. The obtained data of poor
uality has been reflected in the recently issued European
uidelines, which have a substandard scaling of evidence
nd, consequently, their utility raises controversies and
ebates on clinical practices [121] . 

.2. Therapeutic principles for mucormycosis 

Multiple therapies, either occurring concurrently or
t different times and intensities, are used to treat mu-
ormycosis. The core tenets underpinning the therapeutic
anagement of mucormycosis encompass risk assessment

or disease severity, informed by diverse analytical, clini-
al, and laboratory findings; timely commencement of ef-
ective antifungal treatment, whether through monother-
py or combination therapy; followed by vigorous surgi-
al excision of necrotic lesions; and the reversal of im-
10
unosuppression, involving the cessation of chemother-
py and elevation of immunoglobulin levels [122] . It is
xpected that the tissue invasion and its sequelae pro-
ression can be prevented successfully if diagnosed ear-
ier with proper intervention. Subsequently, the necessity
f extensive surgery and successive distortion may be re-
uced, thereby improving the survival rate. Mucormyco-
is, if left untreated, can be invasively fatal. After going
hrough a cohort study having 70 patients with hemato-
ogical malignancies and mucormycosis, it has been found
hat when compared to early diagnosis, delaying antifun-
al therapy for 6 days after diagnosis resulted in a 2-fold
ncrease in fatality rate. Another study of 929 confirmed
ases of mucormycosis found that antifungal therapy fol-
owed by surgery was strongly related to higher survival
ates (69%), but fatality was practically certain (97%) for
ndividuals who did not receive any treatment [123] . 

.3. Use of antifungal agents in the treatment and 

anagement of mucormycosis 

After subsequent reviews and studies, only
mphotericin-B (AMB) and its lipid formulation has
een confirmed as a first-line therapy for mucormycosis.
savuconazole has also been studied and confirmed as a
rst-line therapy for mucormycosis along with AMB. The
ffectiveness of these drugs is based on minimal clinical
ata as well as preclinical in vitro / in vivo evidence of
ucorales’ activity. It should be noted, however, that

one of these drugs have any proven minimum inhibitory
oncentration (MIC) breakpoints. However, it has also
een studied that posaconazole can be also used for
he management of mucormycosis but, as a salvage
herapy. Regardless of the lack of reliable clinical evi-
ence, treating mucormycosis in immunocompromised
ndividuals with a combination of antifungal agents is
ecoming more prevalent. Synergistic impact and ex-
anded exposure are the benefits of such a therapeutic
pproach, whereas possible antagonistic activity, drug
nteractions, toxicity studies, and elevated price are the
eported drawbacks. The data concerning the efficacy
f the AMB + triazole combination in mucormycosis
reatment remains inconclusive. The combination of a
olyene with posaconazole has shown synergistic effects
n vitro , but in vivo investigations in mouse models of
ucormycosis exhibited no such notable improvements
hen the drugs were taken simultaneously [124] . In a

tudy involving neutropenic mice infected with R. oryzae,

t was noted that the combination of amphotericin B and
osaconazole did not appear to enhance the survival rate
r reduce the fungal load in organs beyond the results
ttained with AMB monotherapy. There have been a few
uman studies conducted, assessing the combination of
olyene and triazole for the treatment of mucormycosis
125] . 
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.4. Surgical methods for the management of mucormycosis 

At the heart of mucormycosis treatment lies the sur-
ical removal of necrotic tissues. The fusion of surgical
ntervention with appropriate systemic antifungal treat-
ent has been demonstrated to significantly boost sur-

ival rates in pulmonary mucormycosis, in contrast to re-
ying solely on antifungal therapy. Hemoptysis owing to
avitation of lesions near hilar vessels is a marker that di-
ects the lesion to be resected right away. Surgery may
e curative in some cases with localized illness [126] .
RI may be useful in determining the respectability of

esions in individuals with rhino-orbital mucormycosis.
onversely, in the treatment of rhino-orbital-cerebral ill-
ess, surgical excision of contaminated tissues is critical.
t must be noted, however, that attributable to selection
iases, determining the influence of surgery on outcome
s challenging. In patients with primary, limited illness or
ajor medical comorbidities, an endoscopic approach is

avored over open surgery [127] . 

.5. Adjunctive therapeutically approaches 

From a few studies, it has been reported that most
f the deaths due to mucormycosis have been caused
ue to the low recovery status of the functioning of
one marrow. The individuals might have required pro-
onged immunosuppressive therapy. Immunosuppressive
eversal has been considered as one of the most signifi-
ant therapeutic approaches for the management of mu-
ormycosis. Surgery and the administration of the pre-
entioned antifungal agents have also contributed ratio-
ally to this novel therapeutic approach. Therefore, us-
ng hematopoietic growth factors or white cell transfu-
ions can affordably put in the efforts to reverse neutrope-
ia in hematologic patients [128] . Iron chelators have
een recommended as a viable supplementary therapy,
s they reduce accessible iron and hence prevent fun-
al development. In a mouse model, preclinical results
emonstrated that Deferasirox, a novel iron chelator with
o siderophore capacity, enhanced survival. Nonetheless,
 subsequent prospective, randomized investigation con-
ucted among patients with hematologic malignancies re-
ealed an association between the use of LAMB in combi-
ation with Deferasirox and an elevated risk of mortality.
hile Deferasirox doesn’t seem to be effective in patients
ith hematologic malignancies and mucormycosis, it re-
ains a viable treatment choice for other high-risk indi-

iduals, such as those with diabetes [129] . Despite the
imited availability of in vitro data and case reports, there
as been endorsement of immune augmentation tech-
iques, such as administering granulocyte (macrophage)
olony-stimulating factor or interferon, as a supplemen-
ary therapy. Granulocyte infusions also have been un-
ertaken, with mixed results and the possibility of inflam-
11
atory lung damage. Statins have exhibited anti- Rhizopus

pp. efficacy in vitro and in vivo , but clinical data is insuf-
cient. Due to the limited availability of data, the relative
ffectiveness of supplementary therapies must be weighed
gainst the expense and risk of harm for each patient in-
ividually [130] . 

.6. Novel antifungal agents to combat Mucorales 

Even after receiving antifungal therapy, most of the
ematological patients die from the invasive infection.
hese reports put up the evidence that mucormycosis is
ot like other fungal infections such as candidiasis and as-
ergillosis. Conversely, it can be highlighted readily that
here is a need for novel antifungal agents that will target
nd effectively help combat the Mucorales. Mucorales, on
he other hand, have a hard time finding unique targets
131] . In laboratory experiments, VT-1161, an experi-
ental drug, displayed activity against Mucorales, includ-

ng R. oryzae, Lichtheimia , and Cunninghamella . This new
ompound serves as an inhibitor of the fungus CYP 51.
n the other hand, APX001A, an antifungal medication,

argets Gwt1, a critical component in the conserved glyco-
yl phosphatidyl inositol (GPI) post-translational modifi-
ation pathway responsible for surface protein alteration
n eukaryotic cells [132] . Although it has only minor an-
imicrobial action against other Mucorales in vitro . Phase
 clinical studies for APX001A have begun [133] . Finally,
aspofungin, a new drug, has been discovered that has
een further found to inhibit the growth of abundant
ungi in vitro , including Rhizopus [134–137] . 

. Conclusion 

In retrospect, the importance of vigilance among clin-
cians in managing mucormycosis in COVID-19 infected
ndividuals becomes evident. This rather uncommon con-
ition demands further investigation to fully understand
ts potential and impact on global health. The rising
revalence of mucormycosis and its geographical links
o diverse contagious Mucorales causes underscore the
eed for comprehensive epidemiological studies in vari-
us countries where data remains scarce. Diagnosing mu-
ormycosis remains challenging, emphasizing the critical
ole of early suspicion and prompt intervention to im-
rove prognostic outcomes. Limited data on treatment
ptions adds to the complexity faced by healthcare pro-
essionals in managing this formidable illness. It is pru-
ent to exercise caution when interpreting case reports
nd single-institution retrospective case series, given the
otential for inherent biases. Managing mucormycosis ne-
essitates a multifaceted strategy, considering a range of
ost-related, microbiological, surgical, and pharmaceuti-
al elements that impact results and formulate tailored
reatment scenarios. Future efforts must focus on identi-
ying novel pharmacological targets through “pragmatic ”
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rospective, multicenter studies, and registries to develop
ore effective treatment strategies. Retrospective studies
ave highlighted the importance of early clinical detec-
ion and timely medication, alongside tissue biopsy, to ac-
urately identify the unique morphologic features of the
ungal agent in the absence of positive mycology culture
esults. Looking ahead to 2024 and beyond, healthcare
ystems worldwide must be prepared to tackle powerful
trains of mucormycosis. Enhanced surveillance, research
ollaborations, and investment in healthcare infrastruc-
ure will be necessary to effectively manage the growing
ncidence of this disease. The interdisciplinary approach
ust be encouraged, as the involvement of dermatologists

n diagnosing rhino-orbital-cerebral mucormycosis exem-
lifies the need for diverse expertise in combatting this
ondition. By embracing ongoing research, updated ther-
peutics, and coordinated efforts, we can strive to mit-
gate the impact of mucormycosis and enhance patient
utcomes in the years to come. 
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