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Abstract Mucorales is the cause of mucormycosis,

an emerging opportunistic infection in the era of

coronavirus disease 2019 (COVID-19) pandemic.

Condition of hyperglycemia, diabetes mellitus, and

acidosis; dysregulated iron homeostasis in the form of

hyperferritinemic syndrome, and high concentration

of iron in circulation; and endothelial injury related to

abundance glucose regulated protein 78 (GRP78),

which are present in severe COVID-19, could favor

Mucorales infection. In this short communication, we

summarized how the dysregulated iron homeostasis in

severe acute respiratory syndrome coronavirus-2

(SARS-CoV-2) infection benefits Mucorales.
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Mucormycosis is an emerging infection in the era of

COVID-19 pandemic, as it shares the same risk factors

with severe COVID-19 which are uncontrolled dia-

betes mellitus (DM) the use of corticosteroids as

treatment of severe or critical COVID-19, and exces-

sive overuse of corticosteroids to treat COVID-19

[1–3]. A recent review of 41 COVID-19 patients with

mucormycosis showed that 39%was already suffering

from mucormycosis at admission, 67% had uncontro-

lable DM, 44% was in diabetic ketoacidosis (DKA)

state at admission, 98% received systemic corticos-

teroids, and in-hospital mortality rate was 49% [2].

The most frequent species found was Rhizopus spp.,

followed by Lichtheimia spp., and Mucor spp. The

review showed that the pathophysiology of mucormy-

cosis could be associated to hyperglycemia, alteration

in iron metabolism in the form of hyperferritinemic

syndrome and high concentration of iron in circula-

tion, endothelial injury related to glucose regulated

protein 78 (GRP78) that were pathognomonic findings

in severe COVID-19 [2]. Here we describe the

potential mechanism on how Mucorales benefits from

the dysregulated iron homeostasis in SARS-CoV-2

infection.

Mucorales are fungi within the subphylum

Mucormycotina of the phylum Mucoromycota, and a

few of fungi from this order can cause mucormycosis

[4]. The most common cause of mucormycosis are

Rhizopus arrhizus and R. microsporus that account

for 57% of all cases. The genus Rhizomucor was the
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cause of outbreaks related to contaminated air while

transmission by direct contact were related to

Lichtheimia spp. and Mucor circinelloides [5, 6].

Mucormycosis is classified according to the location

of infection, which could be pulmonary, rhinocerebral,

rhinoorbital, gastrointestinal, cutaneous, or dissemi-

nated, and some uncommon infection such as

osteomyelitis, kidney, peritonitis, and endocarditis

[5]. Devastating consequences of mucormycosis is

caused by the rapid invasion of blood vessels, that

further progressed to thrombosis and tissue necrosis

[7, 8]. The characteristics of human pathogenic

Mucorales associated with the aggressive nature of

mucormycosis are its rapid growth, ability to tolerate

high temperature, ability to acquire iron from their

host, ability to attach on endothelial cell via specific

receptors, and ability to down regulate host-immune

genes thus escaping immune system [8, 9].

The ability of Mucorales to acquire iron from their

host is important as they are unable to survive in iron-

deprived condition [7]. Mucorales has developed ways

to acquire iron from their host via two mechanisms

which are (1) siderophores and (2) high-affinity iron

uptake [5]. Siderophores are iron chelators, that can be

classified as (1) intrinsic siderophores, which are

synthesized by the fungi, for example rhizoferrin, and

(2) extrinsic siderophores, which are synthesized by

other microorganisms and are called xenosiderophores

[7]. Iron chelator such as deferoxamine, deferiprone,

or deferasirox, is used in patients with increased risk of

iron overload for example in end stage renal disease

patients on renal replacement therapy or multiple

transfusions patients. While deferiprone or deferasirox

could not be used as xenosiderophores, deferoxamine

that binds with iron from transferrin to form ferriox-

amine that could function as xenosiderophore for

Mucorales [7, 8, 10, 11]. Ferrioxamine then induced

expression of Fob1 and Fob2 proteins on the fungal

surface, where the iron is transported inside by the

high-affinity iron uptake [11]. The high-affinity iron

uptake mechanism is comprised of three proteins

which are (1)Fre (a plasmamembrane ferric reductase

encoded by FRE genes) which reduce Fe3? to Fe2?,

(2) Fet3 is an iron transport multicopper ferrooxidase

encoded by FET3 genes which oxidizes Fe2? to Fe3?,

and (3) Ftr1 is a high affinity iron permease encoded

by FTR1 gene which transport Fe3? inside the fungal

cell [12, 13]. Ftr1 also facilitates transport of iron from

heme or ferrioxamine [14]. There is a greater number

of genes involved in siderophores and high-affinity

iron uptake mechanism in the genome of the oppor-

tunistic pathogen Mucor indicus compared to other

Mucorales. In the M. indicus genome, the rfs rhizo-

ferrin biosynthesis gene, MirB-like siderophore per-

mease encoding gene which are responsible for the

siderophore pathways, FET3b and FET3c genes were

duplicated. On the other hand, the two cheese-

associated species i.e. M. fuscus and M. lanceolatus

had fewer number of genes involved in iron uptake in

the genomes [15]. A review stated that the iron

concentration in the environment regulates the expres-

sion of high-affinity iron uptake genes especially the

FET3 and FTR1 genes. Thus, it emphasizes the crucial

role of the high-affinity iron uptake mechanism,

associated with the susceptibility of mucormycosis

in patients with unbalanced iron concentration [13]

(Fig. 1).

Mucorales express spore coat homolog (CotH)

proteins to adhere to endothelial cells [7, 16]. The

commonly isolated species in mucormycosis such as

Rhizopus, Mucor, Rhizomucor, Cokeromyces, and

Lichtheimia contained 3–7 CotH gene copies, while

the rarely isolated species such as Mortierella and

Apophysomyces only contained 1–2 gene copies.

These findings suggest that the CotH-like genes are

associated with Mucorales’ ability to cause invasive

disease [17]. Binding of CotH proteins to the host

endothelial receptor glucose regulated protein 78

(GRP78) leads to fungal endocytosis [16, 18].

GRP78, a member of HSP70 family is a heat shock

protein usually found in the endoplasmic reticulum

(ER) of endothelial cells. GRP78 is a protein induced

by glucose starvation and marker of ER stress [19]. In

a condition of acidosis, elevated concentration of iron

and glucose, GRP78 is overexpressed and released

from ER of the endothelial cells to the surface where it

interact with CotH proteins [3]. These conditions also

lead to overexpression of CotH proteins in Mucorales

[7]. A review stated that although the binding of CotH

proteins and GRP78 is an important part of endothelial

cells invasion byMucorales, this binding does not play

a role in the initial fungal adherence to endothelial

cells [7].

Free iron is not available in human plasma because

it is chelated to ferritin and lactoferrin [12]. In patients

with acidosis and elevated concentration of glucose

seen in diabetic ketoacidosis (DKA), the low blood pH

destabilizes and dissociates iron from ferritin and
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lactoferrin, resulting in increased concentration of free

ferric (Fe3?) in plasma [20]. This increased concen-

tration leads to uptake of free Fe3? via high affinity

iron uptake mechanism, providing iron that is needed

for the growth of Mucorales [13]. Increased glucose

and iron concentration also impair the phagocyte

function such as phagocytosis and chemotaxis [19]. As

stated previously, acidosis and increased glucose and

iron concentration also induce overexpression of

GRP78 and CotH which important for endothelial

cells invasion byMucorales [7, 18]. A study found that

a ketone reductase system has been found in Rhizopus

oryzae and might also contribute to its dissemination

only under ketoacidotic condition such as DKA, and

not under acidosis caused by other conditions. This

study also found that sodium bicarbonate could

reverse the effect of ketoacidosis and protected mice

from mucormycosis [21]. All the above explains why

diabetic patients especially DKA patients are suscep-

tibility of to mucormycosis. The use of systemic

corticosteroids could affect glucose homeostasis and

also impair the phagocyte function making patients

vulnerable to opportunistic mycoses including

mucormycosis [2].

A study found that ORF1ab, ORF10, ORF3a

proteins of SARS-CoV-2 coordinately attack the 1-b
chain of hemoglobin then dissociate the iron to form

the porphyrin and releasing iron in to circulation, the

ORF8 protein and surface glycoprotein of SARS-

CoV-2 could form a complex with the resulted

porphyrin. The loss of iron from hemoglobin disrupts

the hemoglobin’s ability to bind with oxygen, pre-

venting oxygen delivery to body organs and causing

hypoxia [22]. This explains the severe hypoxia that is

not corrected with high oxygen therapy. The high free

iron in the circulation then leads to widespread

inflammation, including oxidative damage to the

lung’s tissue and alveolar macrophages [23]. The high

iron level during severe inflammatory conditions will

worsen inflammation and also induce a pro-coagulant

Fig. 1 Potential mechanism on how Mucorales benefits from

the dysregulated iron homeostasis in SARS-CoV-2 infection.

(A) SARS-CoV-2 proteins (orf1ab, ORF10, ORF3a) attack 1-b
chain of hemoglobin of erythrocyte and dissociate iron (Fe) to

circulation. Glucose and H? also dissociate Fe from

hemoglobin. (B) SARS-CoV-2 causes IL-6 overexpression

and has hepcidin-mimetic effects that increase ferritin level.

High level of Fe chelates with ferritin, causing hyperferritinemia

that result in widespread inflammation, oxidative damage and

procoagulant state. (C) Systemic corticosteroid causes increased

serum glucose, and together with H? and Fe promote

overexpression of GRP78, that binds to Mucorales’ CotH to

facilitate endothelial cells invasion. (D) Mucorales acquire Fe

through high affinity iron uptake (Ftr1, Fet3), intrinsic

siderophores, and xenosiderophores. Fe is essential for Muco-

rales growth and CotH overexpression to invade endothelial

cells
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state. The compensatory mechanism for the hemoglo-

bin’s loss of iron is by boosting ferritin production that

caused hyperferritinemia [23]. This state of hyperfer-

ritinemia is the indicator of the ‘‘hyperferritinemic

syndromes’’ which is associated with some inflam-

matory conditions [24]. It was observed that serum

ferritin level above 300 lg/l was associated with

COVID-19 severity and mortality [25]. Ferritin syn-

thesis in COVID-19 was thought to be induced by

inflammatory stimuli including cytokines, such as

interleukin-6 (IL-6), where high IL-6 concentrations

in COVID-19 patients was associated with severe

disease [26]. The hepcidin-mimic effects of SARS-

CoV-2 might also contribute to increased ferritin level

that is not related to the inflammatory state, and finally

increase coagulopathy risk [27]. There has been no

prospective study on the association between iron

profile of COVID-19 patients with severity and

mortality. So far there have only been retrospective

studies, thus no definitive association could be drawn.

The SARS-CoV-2 attack on the 1-b chain of

hemoglobin would have resulted in high free iron

levels in the serum of COVID-19 patients. A study on

the association between serum iron level with severity

and mortality of COVID-19 patients reported that 90%

of patients had abnormally low serum iron levels, and

that low serum iron on admission was associated with

severity of the disease, but not associated with

mortality of COVID-19 patients [28]. It could be

plausible that the high free iron in the circulation has

already depleted after being used in the widespread

inflammation or stored in ferritin to compensate for

hemoglobin’s loss of iron.

In the presence of Mucorales in COVID-19

patients, the low iron serum level would activate

siderophores and high-affinity iron uptake of Muco-

rales. These mechanisms would further deplete serum

iron that was already low and worsen the hemoglobin

disruption in COVID-19 patients, making the organ

hypoxia in worse. The ferritin level would also

increase to further compensate iron loss from

hemoglobin, worsening the inflammatory state and

its consequence such as coagulopathy.

Studies have found that GRP78 is overexpressed in

numerous coronaviruses infection, such as Middle

East Respiratory Syndrome coronavirus (MERS-CoV)

and severe acute respiratory syndrome coronavirus

(SARS-CoV) infections [29, 30], and that SARS-CoV

infection induces ER stress [31]. A recent study found

that GRP78 is associated with internalization of

SARS-CoV-2 into host cells [32]. The GRP78 level

is also found to be higher in the COVID-19 pneumonia

patients compared to both healthy and COVID-19

patients without pneumonia [33]. In COVID-19

patients without pneumonia, the pulmonary endothe-

lial cell ER stress caused by SARS-CoV-2 would

increase GRP78 level and facilitate internalization of

the virus, pulmonary endothelial cell dysfunction,

pneumonia, and ARDS [34] In COVID-19 patients

with mucormycosis, it is plausible that the CotH

proteins of Mucorales would bind easily to the already

overexpressed GRP78 and leads to the fungal endo-

cytosis to endothelial cell.

Hyperglycemia complicated by DKA and medica-

tions with systemic corticosteroids which are frequent

in many COVID-19 patients also added susceptibility

of to mucormycosis [35]. Elevated blood glucose and

DKA cause dissociation of iron from ferritin and

lactoferrin, resulting in increased concentration of free

ferric (Fe3?) in plasma that is needed for Mucorales

growth. Elevated blood glucose and DKA also lead to

overexpression and release of GRP78 from ER of the

endothelial cells to interact with Mucorales’ CotH

proteins. Systemic corticosteroids would affect glu-

cose level and also impair the phagocyte function

against mucorales’ invasion.

We can conclude that the dysregulated iron home-

ostasis in SARS-CoV-2 infection caused by virus’

attack on 1-b chain of hemoglobin, resulting high

serum iron concentration, overexpression of GRP78,

and later hyperferritinemia. GRP78 abundance will

facilitate Mucorales invasion of endothelial cell

through binding with CotH proteins. Hyperferritine-

mia will lower serum iron as ferritin chelates free iron

from serum. The low serum iron induces Mucorales to

acquire iron through siderophores and high-affinity

iron uptake mechanisms, resulting in overgrowth of

Mucorales with devastating and often fatal conse-

quences. There is currently no data on the iron status of

COVID-19 patients with mucormycosis, thus data of

iron status in these patients would give us a better

picture in understanding the role of iron in the

Mucorales’ pathogenesis in COVID-19 patients.

123

880 Mycopathologia (2021) 186:877–882



References

1. Garg D, Muthu V, Sehgal IS, Ramachandran R, Kaur H,

Bhalla A, Puri GD, Chakrabarti A, Agarwal R. Coronavirus

disease (Covid-19) associated mucormycosis (CAM): case

report and systematic review of literature. Mycopathologia.

2021;186:289–98. https://doi.org/10.1007/s11046-021-

00528-2.

2. John TM, Jacob CN, Kontoyiannis DP. When uncontrolled

diabetes mellitus and severe COVID-19 converge: the per-

fect storm for mucormycosis. J Fungi. 2021;7:298. https://

doi.org/10.3390/jof7040298.

3. Gupta A, Sharma A, Chakrabarti A. The emergence of post-

COVID-19 mucormycosis in India: can we prevent it?

Indian J Ophthalmol. 2021;69(7):1645–7. https://doi.org/

10.4103/ijo.IJO_1392_21 (PMID: 34146000).
4. Spatafora JW, Chang Y, Benny GL, Lazarus K, Smith ME,

Berbee ML, Bonito G, Corradi N, Grigoriev I, Gryganskyi

A, James TY, O’Donnell K, Roberson RW, Taylor TN,

Uehling J, Vilgalys R, White MM. A phylum-level phylo-

genetic classification of zygomycete fungi based on gen-

ome-scale data. Mycologia. 2016;108(5):1028–46.

5. Farmakiotis D, Kontoyiannis DP. Mucormycoses. Infect

Dis Clin North Am. 2016;30:143–63.

6. Walther G, Wagner L, Kurzai O. Outbreaks of mucorales

and the species involved. Mycopathologia.

2020;185:765–81. https://doi.org/10.1007/s11046-019-

00403-1.

7. George P, Constantinos T. Recent advances in the patho-

genesis of mucormycoses. Clin Ther. 2018;40(6):894–902.

https://doi.org/10.1016/j.clinthera.2018.03.009.

8. Petrikkos G, Skiada A, Lortholary O, Roilides E, Walsh TJ,

Kontoyiannis DP. Epidemiology and clinical manifestations

of mucormycosis. Clin Infect Dis. 2012;54:S23-34.

9. Lewis RE, Kontoyiannis DP. Epidemiology and treatment

of mucormycosis. Future Microbiol. 2013;8:1163–75.

10. Liu M, Lin L, Gebremariam T, Luo G, Skory CD, French

SW, Chou TF, Edwards JE, Ibrahim AS. Fob1 and Fob2

proteins are virulence determinants of Rhizopus oryzae via

facilitating iron uptake from ferrioxamine. PLoS Pathog.

2015;11:e1004842.

11. Ibrahim AS, Edwards JE, Fu Y, Spellberg B. Deferiprone

iron chelation as a novel therapy for experimental

mucormycosis. J Antimicrob Chemother. 2006;58:1070–3.
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