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ARTICLE INFO ABSTRACT

Keywords: Mucormycosis has spread rapidly in the COVID-19 and post-COVID-19 patients having low im-
COVID-19 munity and co-morbidities. It is also related to excessive use of corticosteroids, immunosup-
SARS-CoV-2 . pressants, antibiotics, and unhygienic conditions. The efforts have been made to treat COVID-19
?;1;(;;11};135;: and post-COVID-19 associated mucormycosis. The first line of therapy includes liposomal
Steroids amphotericin B, amphotericin B lipid complex and amphotericin B deoxycholate, while pos-

Anti-fungal drugs aconazole and isavuconazole were effective as a second line of therapy. Notably, surgical

Anti-viral drugs debridement is an essential step in the treatment and is usually used along with antifungal
therapy in the first line of treatment.

We have discussed COVID-19 and post-COVID-19 associated mucormycosis patients along with
their co-morbidities and treatments. The discussion also included the role of iron and zinc in
COVID-19 associated mucormycosis (CAM), mechanism of COVID-19 associated mucormycosis
(CAM), its clinical trials, therapeutics of COVID-19 associated mucormycosis (CAM) involving
liposomal amphotericin B (LAmB), Amphotericin B and mechanism of their action, mechanism of
action of Azoles, different types of Covid-19 associated mucormycosis (CAM) patients including
those having pulmonary mucormycosis, rhino-cerebral mucormycosis, cutaneous mucormycosis,
rhino-orbital mucormycosis, gastrointestinal mucormycosis and sino-orbital mucormycosis and
their therapeutics and surgical management of mucormycosis.
Furthermore, a clean, hygienic, and healthy environment should be maintained to avoid

COVID-19 and post-COVID-19 associated mucormycosis. The early detection of COVID-19 asso-
ciated mucormycosis (CAM) and post-COVID-19 associated mucormycosis determines the pa-
tients’ outcome. The early diagnosis of post-COVID-19 associated mucormycosis can be achieved
by following up COVID-19 patients who had previously received corticosteroids as COVID-19
treatment. Thus, early detection and treatment of COVID-19 associated mucormycosis (CAM)
and post-COVID-19-associated mucormycosis may help control the high mortality rate and
facilitate better management.

1. Introduction

COVID-19 pandemic is responsible for several hundred thousand deaths [1]. The SARS-CoV-2 virus enters human cells through
angiotensin-converting enzyme 2 (ACE2) receptors, causing widespread cellular damage [2,3]. Alveolar damage, thrombosis, immune
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cell depletion and haemo phagocytosis have been reported in the autopsy of severe COVID-19 patients. Further, diseases such as
mucormycosis, pancreatitis, adrenal micro infarction and pericarditis have also been observed in the autopsy of COVID-19 patients [4].
In the immunocompromised COVID-19 patients with co-morbidities such as diabetes, there are higher chances of invasive fungal
infection, including aspergillosis, candidiasis, mucormycosis, or cryptococcosis [5].

Mucormycosis is an opportunistic and aggressive infection caused by mucor molds “mucoromycetes” that belong to the order of
Mucorales and phylum Mucormycota [6]. The common causative agents responsible for mucormycosis infections are Rhizopus, Lich-
theimia, Apophysomyces, Mucor, Rhizomucor species and sometimes also caused by Cunninghamella and Saksenaea species [7-9].
Mucorales are ubiquitously thermo-tolerant fungi whose distribution is different in the world, such as Rhizopus arrhizus, which is
common in India and France, while Cunninghamella sp is common in Spain [9]. Recently, mucormycosis was inaccurately called “Black
Fungus”; however, the fungi that cause mucormycosis have different colours [10].

COVID-19 associated mucormycosis (CAM) is caused by different Rhizopus sp. including Rhizopus arrhizus, Rhizopus microspores,
Rhizopus azygosporus, and Rhizopus oryzae [11-17]. Further, mucormycosis was also reported by Lichteimia (Absidia) sp. Notably,
co-infection with COVID-19 associated mucormycosis was also reported including Rhizopus arrhizus with Aspergillus fumigatus, Rhizopus
microspores with Aspergillus fumigatus, mucormycosis with Staphylococcus aureus and yeast [11,12,18,19]. In the majority of mucor-
mycosis related COVID-19 cases, diabetes was one of the reported co-morbidities, while mucormycosis was also reported in
non-diabetic 67-year old male. However, mucormycosis with aspergillosis was also reported in non-diabetic 45-year old male [16].
Rhizopus microspores were further reported in end-stage kidney disease with diabetic patients and also in acute myeloid leukemia
patients [13,17].

During the COVID-19 outbreak, there has been an increase in mucormyecosis. It is a life-threatening disease in immunocompromised
COVID-19 patients (Figs. 1 and 2). The fungal spores germinate to form hyphae that invade blood vessels and surrounding tissues,
obstructing blood flow and resulting in tissue necrosis. According to WHO, mucormycosis incidents are rare and happen in 0.005 to 1.7
per million populations globally during normal time, while in India, the prevalence of mucormycosis was estimated to be 140 per
million populations [20,21]. Kasatwar et al. [22] studied Coronavirus Associated Mucormycosis characteristics in India and suggested
the prevalence of Coronavirus Associated Mucormycosis was 2300/million in COVID-19 infections. Further, it was about 10-fold
higher when compared with the prevalence of mucormycosis in transplant recipients [22]. Notably, it has increased drastically
during COVID-19 due to the compromised host's immune system.

Mucormycosis occurs in both active and recovered cases of COVID-19 patients, especially in those who are diabetic and are taking
corticosteroids (Figs. 3 and 4). Notably, about 70% of rhino-orbital-cerebral mucormycosis cases are observed in diabetes patients with
ketoacidosis. Cutaneous or subcutaneous mucormycosis has mostly occurred after trauma [23]. Rhino-orbito-cerebral mucormycosis
(ROCM) and pulmonary mucormycosis have also occurred in patients with cancer chemotherapy or immunotherapy, hematological
stem cell transplants, solid organ transplants, immunosuppressive patients taking corticosteroid treatment, and neutropenic patients
[9,23,24].

Mucormycosis infects the upper respiratory tract, lung, eye, mouth, brain and skin causing blackening and further damage to the
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Fig. 1. Schematic representation of Covid-19 associated mucormycosis.
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Fig. 2. Consequences of COVID-19 in human resulting in favorable condition for mucormycosis.

infected organs, but it is not contagious. Fungal spores enter into the upper respiratory tract during inhalation and cause disease in the
susceptible host. The early sign of COVID-19 associated mucormycosis (CAM) involves fever, dyspnea, headache, coughing, bloody
vomit, pain, and redness around the eyes and/or nose, altered mental status. The symptoms change according to the system being
affected [25-27]. The unilateral facial pain or swelling, orbital swelling, or proptosis are also early symptoms of mucormycosis, while
tissue necrosis is a late symptom [19]. Notably, nose-sinus and rhino-orbital are the most susceptible for mucormycosis in COVID-19
patients [28].

This review adds new value to the previous literature by summarizing the existing literature providing comprehensive review on
the pathogenesis, and drug therapy in COVID-19 associated mucormycosis (CAM), different types of COVID-19 associated mucor-
mycosis (CAM) patients and their therapeutics, mucormycosis in COVID-19 and post-COVID-19 patients with metabolic disorders,
surgical management of mucormycosis, role of iron and zinc in CAM, clinical reports/trials including recent randomized controlled
trials, thereby providing a conceptual framework and critical analysis that advances the field of COVID-19 associated mucormycosis
(CAM) and their therapeutics. Further, it includes unique perspectives or insights by offering a more cohesive synthesis of current
knowledge, including identification of knowledge gaps that would guide future research and public health strategies, and also pro-
posals for future research directions. This review will enhance therapeutic strategies and improve quality-of-life outcomes in CAM
patients.

2. Role of iron and zinc in COVID-19 associated mucormycosis

The chance of SARS-CoV-2 infected patients having mucormycosis increases due to several factors, including extensive use of
steroids, iron, zinc supplements, low immunity, and co-morbidities [29]. Iron and zinc are among the most abundant transition metals
present in cells and are also involved in COVID-19 associated mucormycosis (CAM). Iron and zinc minerals not only favor mucorales,
but also other filamentous fungi including different species of Aspergillus. Mucorales and A. fumigatus are the major species causing
co-infection with COVID-19, which may be due to local climatic conditions. The uptake of iron is important in the pathogenesis of
mucormycosis [30,31]. There is an increase in the level of available serum iron in patients with hyperglycemia, diabetic ketoacidosis
(DKA), and those having treatment with deferoxamine, which helps in the growth of mucorales in serum [6].

The level of ferritin is increased in COVID-19 patients, and this increases the susceptibility towards mucormycosis [32-34].
Hyperferritinemia is one of the important prognostic and diagnostic biomarkers for COVID-19 disease [8]. Further, the increase of
serum ferritin is also an important manifestation in inflammatory reactions caused by COVID-19, which plays an important role in
cytokine storms [35]. Hyperferritinemia and inflammation were responsible for the dysregulation of iron homeostasis in COVID-19
patients [36]. Further, hyperferritinemia causes hepatic cell death, apoptosis and is responsible for the release of serum ferritin and
intracellularly stored free iron to the cell exterior. Unfortunately, opportunistic fungus like R. oryzae utilize a high level of free iron for
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Fig. 3. Choices of therapeutics for COVID-19 associated mucormycosis infection.

fungal proliferation and growth (Fig. 4). Further, inflammation causes an imbalance of hepcidin (Fig. 4), an iron regulatory hormone
that is also responsible for the increase of free iron levels in COVID-19 patients [37]. Further SARS-CoV-2 infection is responsible for
the initiation of the 1-beta chain of hemoglobin that causes dissociation of porphyrins from iron and rapid discharge of high amounts of
iron into circulation [8,38-40].

Notably, hyperferritinemia is not necessarily a parameter for iron overload [41]. In viral infections, including SARS-CoV-2
infection, or bacterial infections or inflammatory diseases, high serum ferritin is also generated by non-iron overload conditions
[41]. The classification of hyperferritinemia included >1.5 x ULN (upper limit of normal)-500 ng/mL of serum ferritin values as mild
increase, >500-3000 ng/mL of serum ferritin values as moderate increase and 3000—>100,000 ng/mL of serum ferritin values as
marked increase [41]. Interestingly, serum iron concentration, transferrin saturation, and liver MRI (magnetic resonance imaging) are
useful in differentiating between non-iron overload hyperferritinemia and iron overload hyperferritinemia [41]. A significantly high
serum ferritin level was observed in severe and critical groups of COVID-19 patients compared to the mild and moderate groups of
COVID-19 patients. Further, significantly high serum ferritin was reported in dead COVID-19 patients compared to surviving patients
of COVID-19 disease. The cutoff value of 635.25 ng/ml, identified by Youden's index was observed in patients with severe COVID-19
disease (with 76% sensitivity and 90.5% specificity). In comparison, the cutoff value of 760.65 ng/ml was observed to predict the
mortality of patients with COVID-19 disease (with 73.3% sensitivity and 84.1% specificity) [42]. Deng et al. [43] have observed
median ferritin concentration is significantly three times higher in the death/non-survival group of COVID-19 compared to the survival
group of COVID-19 (1722.25 pg/L vs. 501.90 pg/L, p < 0.01) [43].

Zinc is also important in fungal pathogenies and may increase the Rhizopus growth [7,44,45]. Zinc has the potential to promote in
vitro growth of isolates of Rhizopus arrhizus from COVID-19 associated mucormycosis (CAM). Further, a significant increase in fungal
biomass in the presence of zinc may cause mucormycosis despite having a normal immune function. Muthu et al. [46], reported
isolates of Rhizopus arrhizus from COVID-19 associated mucormycosis (CAM). patients who had high growth in zinc enriched culture
media for fungi. Further, viable count percentage suggested a significant increase of growth in 4 out of 8 isolates of Rhizopus arrhizus
from COVID-19 associated mucormycosis (CAM) and were observed in zinc enriched culture media. It had both an increase in colony
count and larger colonies. Further, in all 3 tested isolates of Rhizopus arrhizus, the increase in the mean fungal biomass with zinc was
also observed in a time-and concentration-dependent manner [46]. Further, high and increasing doses of zinc concentration were
unable to increase the colony numbers. Notably, serum zinc levels had no significant difference in COVID-19 associated mucormycosis
(CAM) cases, and COVID-19 controls showed no conclusive evidence about the role of zinc in favoring or not favoring mucormycosis.
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Fig. 4. Signaling pathways involved in creating favorable environment for COVID-19 associated mucormycosis.

Thus, the role of zinc level in mucormyecosis is still under investigation. However, the increased level of zinc may play a role in
spreading mucormycosis in COVID-19 patients.

3. Mechanistic and therapeutic details of COVID-19 associated mucormycosis
3.1. Mechanism of COVID-19 associated mucormycosis

The SARS-CoV-2 infection causes a significant reduction in the number of T lymphocytes, including CD4 " and CD8™ T cells, causing
lymphopenia or lymphocytopenia, thereby resulting in a high risk of infection from mucormycosis (Figs. 1 and 2) [47]. SARS-CoV-2
causes excessive production of pro-inflammatory cytokines, including hyperproduction of IL-1, IL-6, IL-12, IFN-y, and TNF-a, which
damages the lung cells. Interestingly, tocilizumab targets IL-6, azithromycin targets IL-6 and TNF-a, certolizumab targets TNF-a and
these are now used for the COVID-19 treatment [48].

Chronic inflammation causes insulin resistance by impairing the insulin signaling pathway in adipocytes and further leads to
several metabolic disorders, including cardiovascular disorders, hypertension, and diabetes [49]. COVID-19 may lead to reduced
oxygen levels, resulting in hypoxia and increased production of reactive oxygen species (ROS). Further, COVID-19 induces hyper-
glycemia [50] and makes glycemic control difficult, thereby creating a favorable environment for mucormycosis. (Figs. 2 and 4).
COVID-19 causes hyperferritinemia; elevated ferritin levels are responsible for the surplus intracellular iron, which produces ROS and
damages the tissue [29]. Interaction of labile Fe>* with hydrogen peroxide (H,0s) generates reactive oxygen species or lipid peroxides,
leading to hepatic cell death and extracellular release of labile iron and serum ferritin [8]. IL-6 triggers ferritin production and elevates
the synthesis of hepcidin that confiscates iron in enterocytes and macrophages to prevent them to efflux from these cells, thereby
enhancing intracellular iron load. Further, this surplus intracellular iron generates ROS that is responsible for tissue damage (Fig. 4).
Further, the release of free iron in circulation is utilized by mucorales [9].

Potenza et al. [51] have reported that mucorales specific T cells were detected in invasive mucormycosis (IM) hematological
patients during treatment, however, it was not detected before the treatment and after the cure. Mucorales specific T cells were
producing different cytokines mainly IL-4, IL-10, and IFN-y, and also IL-17, which belonged to CD4" and CD8" groups. Notably, these



B. Chatterjee and S.S. Thakur Heliyon 12 (2026) e44661

cytokines, especially IFN-y producing T cells were able to harm and directly damage the mucorales hyphae [51]. Liu et al. [52] have
studied peripheral blood and reported a significant decrease in the count of lymphocytes, T cells, especially CD8™ T cells, along with an
increase in the counts of neutrophils, IL-6, IL-10, IL-2 and IFN-y levels were observed in the case of severe COVID-19 patients compared
to mild COVID-19 patients [52]. Further, neutrophil-to-lymphocyte ratio (NLR) and neutrophil-to-CD8™ T cell ratio (N8R) with AUC =
0-93 and AUC = 0-94 can be used as a marker for the severity of COVID-19 as it is dynamically correlated with mucormycosis [52].

3.2. Clinical trials

Large multicentric and regional studies consistently identify diabetes and usage of corticosteroids as the predominant risk factors
for COVID-19 associated mucormycosis (CAM). In a worldwide study of 958 COVID-19 associated mucormycosis (CAM) cases from 45
countries, mainly with 844 cases of CAM from low or middle-income regions, Ozbek et al. [53] reported a mortality of 38.9%
(303/780) patients. Corticosteroid usage was documented in 78.5% (619/789) of patients, while diabetes was present in 77.9%
(738/948) of patients. CAM typically developed at a mean of 8 days after hospitalization and approximately 22 days after COVID-19
diagnosis. Advanced age, multiple co-morbidities, Aspergillus co-infection, and tocilizumab therapy further increased risk [53].

Similar findings were reported in smaller cohorts. Hussain et al. [54], in a cohort of 167 CAM patients, reported a mortality rate of
38.3%, with better survival (64.96%) among those receiving combined surgical and medical management. Diabetes (73.6%), hy-
pertension (22.8%), and renal failure (10.8%) were the most frequent comorbidities. Common clinical manifestations among CAM
patients included facial pain, ptosis, proptosis, reduced visual acuity, and vision loss [54]. An oral and maxillofacial surgery (OMFS)
based study involving 28 CAM patients found diabetes as a major co-morbidity in 27 cases, followed by hypertension in 8 cases. Some
patients had oxygen and steroid therapy. Reported cases of mucormycosis were mainly 10-14 days or more than 15 days gap after
COVID-19 recovery [55].

Indian studies reinforce these observations. The clinical profile of 115 patients affected with CAM from various parts of India was
studied, and it was found that corticosteroids were administered in all patients, and 85.2% of patients had diabetes, including 13.9 %
were newly diagnosed diabetic cases. Rhino-orbital involvement was the predominant presentation of mucormycosis, with an overall
mortality of 21.7% [56]. Observational study with 70 CAM patients [57], 131 Acute Invasive Fungal Rhinosinusitis patients in a
COVID hospital in Delhi identified diabetes, steroid usage for COVID-19, uncontrolled diabetes, and improper usage of corticosteroids
as major risk factors for this disease [57,58]. Notably, liposomal amphotericin B, posaconazole and voriconazole were used as medical
management and surgical treatment [58]. Further, similar major risk factors like diabetes, history of COVID-19, uncontrolled diabetes,
positive COVID-19, steroids usage, diabetic ketoacidosis [59,60] were also found in case-control studies from tertiary care centers in
Bhopal with 168 cases of mucormycosis [59] and in a tertiary care hospital in North India with 109 patients with suspected/confirmed
mucormycosis [60]. Notably, rhino-orbital (34.8%), rhino-orbital cerebral (20.18%), and pulmonary (23.8%) mucormycosis were the
most frequent clinical forms [60]. Comparable trends were also observed during the third wave of COVID-19 in Pakistan, where a
tertiary care hospital reported 43 cases of mucormycosis, out of which only 22 cases had a history of COVID-19, with diabetes as a
dominant co-morbidity, and all CAM patients had a history of corticosteroid usage [61].

Randomized clinical trials evaluating CAM management remain limited, particularly for pulmonary mucormycosis. A randomized
controlled trial (NCT04502381) compared intravenous liposomal amphotericin B alone versus its combination with adjunctive
nebulized amphotericin B deoxycholate in 32 patients with pulmonary mucormycosis. Diabetes and COVID-19 were common un-
derlying factors. While adjunctive nebulized therapy was safe, it did not significantly improve treatment outcomes at 6 weeks [62].
Another single-blinded randomized controlled trial conducted at All India Institute of Medical Sciences (AIIMS) Bhubaneswar (45
participants) demonstrated that postoperative application of liposomal Amphotericin-B gel reduced the need for revision surgery and
facilitated early recovery in CAM patients when compared with conventional Povidone-Iodine and saline nasal douching [63].

Several observational and interventional trials across different countries have further examined CAM epidemiology, risk factors,
complications, and outcomes. These include clinical trial studies in France (NCT04368221), Egypt (NCT05074043) and India
(NCT04935463) [64-66]. Collectively, these trials focus on identifying predictors of CAM, patterns and complications of mucormy-
cosis during COVID-19 or post COVID-19 treatment and its outcomes, vision loss in CAM, rhino-orbital mucormycosis in COVID-19
patients, management of Rhino-Orbito-Cerebral Mucormycosis in COVID-19 patients, ICU-related fungal infections, their preven-
tive strategies and steroid usage in COVID-19 patients [64-66].

Overall, available evidence highlights CAM is associated with high morbidity, variable prognosis, and recurrence, necessitating
early diagnosis, aggressive antifungal therapy, and prompt surgical debridement.

3.3. Therapeutics of COVID-19 associated mucormycosis

COVID-19 associated mucormycosis (CAM) may be treated using intravenous anti-fungal therapy and surgical excision, suggesting
the need for a multidisciplinary medical team. Liposomal amphotericin B emerged as favorite drug of choice for COVID-19 associated
mucormycosis (CAM) along with posaconazole, or isavuconazole. Treatment for COVID-19 associated mucormycosis (CAM) depends
upon the patient's condition, early diagnosis, infection site, and immunosuppression. Early diagnosis and treatment of mucormycosis
can reduce the mortality rate and also improve the outcome [67,68].

The Directorate General of Health Services (DGHS), India, has guidelines for the treatment of COVID-19 associated mucormycosis
(CAM) in India. Liposomal Amphotericin B at a dose 5 mg/kg body weight should be the preferred choice for COVID-19 associated
mucormycosis treatment while 10 mg/kg body weight may be given in case of CNS involvement. Further, it should be diluted in 5% or
10% dextrose because it is incompatible with normal saline/ringer lactate. After achieving a favorable response or stabilization of
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disease in some weeks, following which step down to oral posaconazole (300 mg delayed release tablets twice a day for 1 day followed
by 300 mg/d for 3-6 months in case of COVID-19 associated mucormycosis (CAM) (Fig. 3) or isavuconazole (200 mg 1 tablet 3 times
daily for 2 days followed by 200 mg daily for 3-6 months) may be suggested [9,69]. A study reported that posaconazole in the CAM
patient was initiated with an intravenous (IV) formulation at a dose of 300 mg twice a day, followed by the 300 mg gastro-resistant
posaconazole tablet once per day [70]. Posaconazole has formulations such as an oral suspension, a delayed-release tablet, and an
intravenous formulation [70].

Posaconazole or isavuconazole was suggested as maintenance therapy after their complete or partial response except in azoles
resistant organism. The maintenance therapy continues for about 4 to 6 weeks and may be needed for a longer duration of up to 3
months. Further, the duration of maintenance treatment is required to be personalized on the basis of COVID-19 comorbidities, type of
mucorales and coexisting illnesses. Salvage therapy with posaconazole or isavuconazole is suggested in the case of stable or progressive
disease [71]. The delayed-release tablet of posaconazole was favored over the suspension form. The posaconazole was preferred over
isavuconazole due to cost, availability and published evidence [71]. In a study reported by Mukherjee et al. [72] it was found that
according to the stage of Rhino-Orbital-Cerebral Mucormycosis (ROCM), the oral posaconazole step-down therapy was continued for
3, 4 and 1/2 months, and also 6 months, it was also elongated for another 6 weeks depending on the active case. Notably, the pos-
aconazole therapy was reported to be required utmost up to 7and1/2 months [72].

European Confederation of Medical Mycology (ECMM) and the International Society for Human and Animal Mycology (ISHAM)
had recommended liposomal/lipid amphotericin B for 3-6 weeks at a dose of 5 mg/kg/d or 10 mg/kg/d in case of CNS infection.
Amphotericin B Deoxycholate had been recommended at a dose of 1-1.5 kg/d for 3-6 weeks (Fig. 3). [9]. Amphotericin B had been
suggested as first-line therapy for mucormycosis, while posaconazole and isavuconazole were also effective in the absence of
amphotericin B and are second-line therapy (Figs. 3 and 4). Amphotericin B is a polyene anti-fungal compound produced by Strep-
tomyces nodosus, binding with ergosterol of fungal cell membrane, causing depolarization of fungal cell membrane and changes in the
permeability of cell membrane. Notably, the transmembrane channel is formed that helps the potassium (K1), sodium (Na™) and other
components to leak out of the fungal cell membrane, causing cell death. Further, it also produces oxygen radicals [28]. Notably,
itraconazole had also shown anti mucorales activity in vitro [9]. Various amphotericin B formulations were available, such as liposomal
amphotericin B, amphotericin B deoxycholate, amphotericin B lipid complex, amphotericin B colloidal dispersion, while liposomal
amphotericin is the best choice [9]. Deferasirox, an iron chelator may be helpful with anti-fungal therapy for COVID-19 associated
mucormycosis (CAM) patients having diabetes, while it can be avoided in hematological malignancy [24].

COVID-19 associated rhino-orbital-cerebral mucormycosis (CAROCM) is common in the ongoing pandemic followed by pulmonary
mucormycosis [73]. Optimal use of corticosteroids and controlling diabetes is a major step to prevent mucormycosis. Further, early
radiology-guided surgical intervention was needed to save the life. Orbital exenteration is required in the advanced stage of CAROCM
patients [74].

The Orbital exenteration is the surgical removal of the eyeball along with the adnexa that is required in case of extensive orbital
involvement in COVID 19 associated Rhino-orbital-mucormycosis. The indication for orbital exenteration includes significant prop-
tosis with fulminant orbital involvement, extensive intraconal involvement in the lateral compartment, globe invasion, ineffective
towards conservative surgery [75]. Maurya [76], suggested that the orbital exenteration may be considered only after careful
consideration to save the life of ROCM patient with a highly inflamed orbit, a painful blind eye, a frozen eyeball, and severe orbital and
CNS disease manifested [76]. In the advanced mucormycosis stage, extensive debridement of external infected tissues has been
suggested and it can be repeated in the case of recurrence [9,73].

Most of the guidelines for the treatment of mucormycosis have suggested liposomal amphotericin B (AmB) as the preferred choice.
Further, several adverse events were reported for AmB including acute renal injury, increased levels of creatinine in blood, renal
impairment, pyrexia, hypokalaemia, and multiorgan dysfunction syndrome [73,74]. To control the adverse effects during AmB
treatment, there is a need to evaluate the renal function and potassium level. A dose reduction of 50% AmB had been recommended in
case of renal impairment [73]. Isavuconazole or posaconazole can be used for mucormycosis as second-line therapy when patients are
contraindicated to AmB.

Although itraconazole had also shown anti mucorales activity in vitro [9], however, itraconazole MIC is generally low. Further, the
effect of itraconazole is limited against Mucor spp. Notably, itraconazole has been used against M. irregularis that causes cutaneous
mucormycosis in case of intolerance to amphotericin B. Itraconazole is not recommended for the treatment and management of
mucormycosis, while it may be used as intravenous therapy in the case of shortage of recommended antifungal for COVID-19
mucormycosis [77]. Dandu et al. [78] showed the potential role of oral Itraconazole in COVID-19-associated Rhino-orbito-cerebral
mucormycosis (ROCM) patients. The 12 out of 14 patients had diabetes, 10 out of 14 patients had bilateral sinus, 13 out of 14 patients
had orbital extension, 5 out of 14 patients had cavernous sinus, 3 out of 14 patients had cerebral part of the internal carotid artery, and
4 out of 14 patients had brain infarcts. Notably, all the 14 patients showed sensitivity to Itraconazole, with minimum inhibitory
concentration (MIC) < 1 pg/ml in 12 patients and MIC <2 pg/ml in 2 patients. Further, 11 out of 14 patients showed clinical
improvement and 6 out of 7 scanned patients showed radiological improvement during 6 months of follow-up. Itraconazole is a safe,
cheap, and effective treatment in sensitive cases [78].

Further, during treatment with itraconazole and posaconazole, monitoring was suggested at 5 and 7 days of treatments respec-
tively. Oral fluconazole, oral prophylaxis with itraconazole and voriconazole had been suggested in mucormycosis patients with
neutropenia or graft-versus-host-disease [79]. Azoles may be responsible for the enhancement of the colchicine and ruxolitinib
exposure; in this situation, itraconazole-colchicine co-administration might be avoided. Further use of AmB with steroids may cause
hypokalemia that needs optimal dose adjustments. Treatment choice for COVID-19 related mucormycosis is limited and is centered
around AmB and azoles that may create economic difficulties in case of the requirement of a large number when the mass population



B. Chatterjee and S.S. Thakur Heliyon 12 (2026) e44661

gets infected, thereby causing scarcity and unavailability of the medicines [80].

The requirement of the multidisciplinary team involving a microbiologist, neurology specialist, internal medicine expert, inten-
sivist, ophthalmologist, dentist, otorhinolaryngologist, maxillofacial specialist, and biochemist to handle the COVID-19-associated
mucormycosis patients has been suggested by the Indian Council for Medical Research (ICMR) [81].

3.3.1. Liposomal amphotericin B (LAmB), amphotericin B and mechanism of their action

Liposomal amphotericin B (LAmB) is a lipid formulation of amphotericin B and is one of the preferred choices for the treatment of
opportunistic fungal pathogens, including mucormycosis, aspergillosis, candidiasis, cryptococcal meningitis and also for visceral
leishmaniasis [82]. In the ongoing COVID-19 pandemic, liposomal amphotericin B has played an important role in the treatment of
COVID-19 associated mucormycosis (CAM). Amphotericin B is retained in the liposome and after contact between the liposome and
fungal, it detaches from the liposome and binds to ergosterol of the fungal membrane. LAmB has less nephrotoxicity and infusional
toxicity compared to other available formulations of amphotericin B. Polyenes can remain in tissues for an extended period, which
enhances their therapeutic effectiveness. The toxicity profile of LAmB is significantly improved compared to amphotericin B deoxy-
cholate (DAmB) [82].

Amphotericin B (AmB) has properties to bind with ergosterol of the fungal cell membrane, causing pore formation, ion leakage, and
finally fungal cell death. Notably, liposomes without AmB also bind to the fungal cell wall and do not cause rupture of the fungal cell
wall, but the empty liposome and fungal cell wall remain intact. Fortunately, amphotericin B-containing liposomes bind to the fungal
cell wall and cause fungal cell death, suggesting liposomal disruption and release of amphotericin B that finally binds to ergosterol of
the fungal cell membrane [83]. The fungal cell wall has sterol present in the cell wall known as ergosterol, while the principal
component of liposome is cholesterol [84]. Notably, amphotericin B has a higher binding affinity for ergosterol compared to
cholesterol; therefore, liposome disruption occurred, and amphotericin B is released. This is further transferred to the cell membrane
and exercises its anti-fungal activity by the formation of pores or transmembrane channels, a change in membrane permeability, ion
leakage and causes fungal cell death [84]. Amphotericin B binds irreversibly to ergosterol of the fungal cell membrane. Fortunately,
body temperature is very suitable for the transfer of amphotericin B from the liposome to the fungus [85].

LAmB has great properties to prolonged mean residence time in tissues that suggest without compromising efficacy it may be given
intermittently, short course, or single-dose according to the situation of the patient. Further, it may help to decrease the cost, reduce
the adverse events, and also may be used in ambulatory settings. LAmB showed a long terminal half-life in plasma. Further, higher
amphotericin B was observed in plasma compared to amphotericin B deoxycholate. Notably, biologically active amphotericin B
resulted only after the direct contact of LAmB with fungus [86]. LAmB showed less nephorotoxicity compared to other lipid formu-
lations of amphotericin B including amphotericin B deoxycholate [87]. Renal toxicity may occur due to free or readily diffusible
amphotericin B coming in contact with renal distal tubules while LAmB is encapsulated in liposome therefore unable to interact with
various sub-compartments in the kidney. Additionally, no glomerular filtration occurred due to the size of liposomes that suggest lower
renal toxicity of LAmB [88]. LAmB has lower toxicity compared to other polyene formulations including DAmB and amphotericin B
lipid complex (ABLC) [89]. LAmB may cause deranged liver function tests while the mechanism of hepatotoxicity with LAmB still not
known [90,91].

Mucormycosis is rare and devastating infection and commonly occurred by Rhizopus sp that preferably target immunosuppressed
patients and patients with diabetic ketoacidosis (Fig. 4). The polyenes are the first line of therapeutics, such as LAmB, which is mostly
used for mucormycosis [92].

Intra-orbital injection of amphotericin B: In a study, Murthy et al. [93] suggested that the amphotericin B injection into the orbit
using an IV cannula, is a viable and simple treatment option for COVID-19-associated rhino-orbital mucormycosis. Further, the
application of retrobulbar injection is to halt orbital progression, provide globe sparing, avoid exenteration and use to save the eyeball
in ROCM patients [93]. Retrobulbar injection of amphotericin B may be considered safe, protective and an alternative intervention
against orbital exenteration in COVID-19 Associated Orbital Mucormycosis patients [94].

Ramamurthy et al. [95] studied 82 eyes of post-COVID-19 ROCM and suggested the transcutaneous retrobulbar injection of
amphotericin B (TRAMB) was an adequate and safe treatment in the mild to moderate ROCM and a good adjunct with other in-
terventions in the severe cases [95]. In a study by Shakrawal et al. [96], they studied forty-four eyes of 42 patients of post-COVID-19
ROCM and suggested the TRAMB as an adjuvant therapy for COVID-19 ROCM to decrease the disease progression, stabilization of
orbital involvement, help to preserve the globe or sight and as alternate to orbital exenterations [96].

Local irrigation of amphotericin B: Interestingly, a Rhino-orbital mucormycosis COVID-19 patient was denied orbital exenter-
ation and the patient survived with systemic amphotericin B, daily endoscopic sinus debridement and irrigation with diluted
amphotericin B [97]. Acharya et al. [98] reported a study where IV liposomal amphotericin B was administered in 25
COVID-19-Associated Rhino-Orbital Mucormycosis patient, while transcutaneous retro-orbital amphotericin B deoxycholate was
received by 24 patients and amphotericin B irrigation of the wounds was done for all 25 patients. Further, alternate-day suction and
amphotericin B nasal irrigation were performed in a surgical debridement patient [98]. Ramamurthy et al. [95] reported orbitotomy
and debridement with amphotericin B irrigation in post-COVID-19 ROCM patients [95]. The Irrigation with amphotericin B (1 mg/ml)
of orbit and sinuses helps in increasing the local concentration of the drug and provides better outcomes [99].

3.3.2. Mechanism of action of azoles

Isavuconzaole disturbs the synthesis of ergosterol by inhibiting cytochrome P450-dependent enzyme lanosterol 14a-demethylase
that involve in the conversion of lanosterol to ergosterol and causes changes in the structure and function of the fungal membrane and
ultimately cell death [100,101]. Isavuconazole injection had been recommended at a dose of 200 mg tid on day 1-2 and 200 mg/d from
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day 3 to 3-6 months in case of COVID-19 associated mucormycosis (CAM) (Fig. 3) [9,69]. Posaconazole inhibits the cytochrome P-450
dependent enzyme, sterol 14a-demethylase of fungi by binding to its heme cofactor, which stops the synthesis of ergosterol and causes
cell death. Posaconazole injection had been recommended at a dose of 300 mg bid on day 1 and 300 mg/d for 3-6 months in case of
COVID-19 associated mucormycosis (CAM) (Fig. 3). [9,69]. Itraconazole inhibits the cytochrome P-450 enzyme 14-a demethylase and
ceases the synthesis of ergosterol and finally causes cell death. Itraconazole injection had been recommended at a dose of 200 mg tid
for 3 weeks itraconazole injection (Fig. 3). [9].

4. Types of COVID-19 associated mucormycosis patients and their therapeutics
4.1. Pulmonary mucorniycosis

Pasero et al. have reported the first case of COVID-19 with mucormycosis in Italy in a 66-year old male COVID-19 patient
developing cavitary pulmonary mucormycosis. SARS-CoV-2 infection may cause an alteration of the immune system and co-infection
caused by opportunistic fungi Rhizopus species in lungs with significant parenchymal damage [47]. Another case was of a person
admitted to a hospital in the USA with viral pneumonia and COVID-19 symptoms. Treatment had been done for COVID-19 with
antibiotics, antiviral therapy, high-dose glucocorticoids, and interleukin antagonists. Later, bronchopleural fistula and mucormycosis
were confirmed during the hospitalization. Further, it was confirmed that the lung parenchyma was invaded by mucormycosis with
Rhizopus species. Inmuno-compromised health was responsible for the development of mucormycosis and bronchopleural fistula
[102]. In addition, Garg et al. have reported pulmonary mucormycosis in a 55-year-old male COVID-19 patient in India with diabetes
and end-stage kidney disease. Mucormycosis was detected after 21 days of hospitalization of COVID-19 patients. A further cause of
mucormycosis by Rhizopus microsporus was confirmed by Lactophenol cotton blue (LCB) mount and MALDI-TOF with a good
discriminatory score of 2.1. Treatment of mucormycosis has been done using 5 g of liposomal amphotericin B and COVID-19 patient
was discharged after 54 days from hospitalization [13].

4.2. Rhino-cerebral mucormycosis

Alekseyev et al. [103] have reported rhino-cerebral mucormycosis in a COVID-19 patient with type 1 diabetes mellitus in a
41-year-old man in the USA. The patient was treated with steroids and hydroxychloroquine. Further treatment with insulin drip,
cefepime, IV abelcet (Amphotericin B lipid Complex), and three surgical debridements had been carried out successfully. In addition,
the patient was prescribed anticoagulant coumadin and antifungal IV abelcet during his homestay [103].

4.3. Cutaneous mucormycosis

A cutaneous mucormycosis was reported in a 68 year male COVID-19 patient in the USA with diabetes, a recent history of heart
transplant recipient and was using immunosuppressive medication [15].

4.4. Rhino-orbital mucormycosis

A rhino-orbital mucormycosis was reported in both a 54-year old man and a 40-year old woman with severe COVID-19 in Iran. As
part of COVID-19 treatment, these patients have received corticosteroids and were later treated with amphotericin B for rhino-orbital
mucormycosis. One of the patients died due to intracranial space involvement, while the other was successfully treated [97].
Mekonnen et al. have reported a case of fatal acute invasive rhino-orbital mucormycosis in a 60-year old man in the USA infected with
COVID-19 and had insulin-dependent diabetes, asthma, hypertension, and hyperlipidemia, Further, Rhizopus species was confirmed
and treated with liposomal amphotericin B. The patient has been treated for COVID-19 with dexamethasone and convalescent plasma.
Notably, dexamethasone was responsible for causing uncontrolled hyperglycemia with insulin usage. Further, the patient was tran-
sitioned to posaconazole from liposomal amphotericin B due to acute kidney injury [104]. A fatal rhino-orbital mucormycosis in a
24-year-old female with COVID-19 was reported in Mexico City with a past history of obesity. She has been treated with imipe-
nem/linezolid and amphotericin B as empirical treatment [105].

4.5. Gastrointestinal mucormycosis

A fatal gastrointestinal mucormycosis was found in an 86-year-old male COVID-19 patient in Brazil with a history of arterial
hypertension. He received the treatment of ceftriaxone, azithromycin, oseltamivir, and hydrocortisone. He developed melena and
severe anemia. Esophagogastroduodenoscopy (EGD) discovered two big gastric ulcers with necrotic debris and a deep hemorrhagic
base. The biopsies confirmed the presence of gastrointestinal mucormycosis [106].

4.6. Sino-orbital mucormycosis
Maini et al. [107] have reported post-COVID-19 infection of sino-orbital mucormycosis in a 38-year-old male in India caused by

Rhizopus oryzae. On the 18th day of his COVID-19 recovery, the patient had developed pain in the left eye and chemosis was confirmed
by magnetic resonance imaging (MRI) and functional endoscopic sinus surgery. The treatment with fluconazole, amphotericin B and



B. Chatterjee and S.S. Thakur Heliyon 12 (2026) e44661

surgical debridement helped the patient to recover from mucormycosis with some residual deformity [107]. Fluconazole was used
against white fungi such as Candida sp. and amphotericin B was used against mucormycosis such as Rhizopus sp [107].

5. Mucormycosis in COVID-19 and post-COVID-19 patients with metabolic disorders

A high number of COVID-19 infections in diabetic patients is making way for mucormycosis. John et al. have reviewed 41 cases of
mucormycosis associated with COVID-19 and observed that a majority of cases are related to diabetes mellitus with severe or critical
COVID-19. Poorly controlled diabetic patients were at risk for mucormycosis. Most of the cases have been reported in males, and the
affected organs were rhino-orbital or rhino-cerebral in diabetes patients [108]. Another study by Moorthy et al. reported 16 cases of
mucormyecosis in India. The majority of mucormycosis patients were diabetic and infected with COVID-19 earlier and had used steroids
for COVID-19 treatment. All the patients had sinusitis, and the majority of patients reported a loss of vision, and maxillary necrosis
[18].

Sharma et al. [109] have reported that 23 patients (15 males and 8 females) in India with mucormycosis were related to COVID-19
and were administered steroids during their treatment. Notably, four patients were COVID-19 infected, while 19 patients had a history
of COVID-19. Within them, 14 patients had diabetes and hypertension, while 7 patients had only diabetes. The infection was reported
in the ethmoid group of sinus air cells and also in the maxillary sinus. It was found that about 10 patients were related to intra-orbital
infections [109]. The study suggested that mucormycosis was occurring in both COVID-19 and post-COVID-19 patients.

6. Surgical management of mucormycosis

The mucormycosis treatments require both well synchronized surgical and medical approach. Notably, the surgical debridement is
required to remove the devitalized tissue. The COVID-19 associated mucormycosis (CAM) impacts the sinuses in the majority of cases
followed by the rhino-orbital cerebral region. The surgical intervention is important due to the poor penetration of antifungal agents at
the infection site because of the thrombosis of blood vessel and tissue necrosis [110].

The surgery had significantly better outcomes in rhino-orbital cerebral mucormyecosis, especially in patients without confirmed
CNS involvement, as the mortality was found to be 14% (4 of 29) in the patients with surgery while the patients that received systemic
antifungals alone, a mortality of 63% (5 of 8) was observed. In the case of rhino-orbital cerebral mucormycosis with proven CNS
involvement, a mortality of 71% (5 of 7 patients) was observed for given systemic antifungals alone, while 57% (8 of 14 patients)
mortality was found in patients who had surgery [111]. Another study reported 40 patients having neurological manifestations out of
200 rhino-orbito-cerebral mucormycosis (ROCM) during COVID-19 pandemic. The liposomal amphotericin B and surgical treatment
were provided to all the confirmed cases. The neurosurgical intervention with sinus debridement and antifungal treatment was carried
out on 7 out of 40 patients with focal lesions in the brain and skull bone. Thus, this study provided different clinical manifestations of
ROCM in Indian patients to enable quick diagnosis and invasive surgical approaches may be individualized to lessen the morbidities
[112]. Further, another study involving 544 rhino-orbito-cerebral mucormycosis patients including 410 diabetes mellitus patients, it
was found, 25 patients were only alive who used only antifungal drug treatment while 428 patients were alive when antifungal drugs
were combined with surgical intervention. Thus, surgical debridement is very important along with antifungal treatment to save the
life of COVID-19 associated rhino-orbito-cerebral mucormycosis patients [113].

Sen et al. [114] reported studies of 2826 Indian patients affected with COVID-19-associated rhino-orbital-cerebral mucormycosis
(ROCM) from January 1, 2020, to May 26, 2021. Notably, 51.9 years was the patient's mean age with 71 % male dominance. Further,
87% patients had corticosteroid treatment and 78 % had Diabetes mellitus. The onset of symptoms of ROCM was observed in 56 %
patients within 14 days after COVID-19 diagnosis, while 44% patients had a delayed onset of ROCM beyond 14 days. Further, 72% of
patients had involvement of the orbit. The treatment included intravenous amphotericin B in 73 % patients. Further, 56% patients
received functional endoscopic sinus surgery (FESS)/paranasal sinus (PNS) debridement, while 15% of patients received orbital
exenteration and 17% patients had both FESS/PNS debridement and orbital exenteration. The mortality rate was found to be 14%. The
common influencing factor for COVID-19-associated ROCM development involved corticosteroids and diabetes. The early diagnosis,
early treatment with amphotericin B, aggressive surgical debridement of the PNS, and orbital exenteration wherever needed were
important for the successful management of ROCM [114]. Rao et al. [115] suggested the combined medical and surgical treatment had
a lesser recurrence, lower mortality and better results based on studies of 180 patients suspected or confirmed with
Rhino-orbital-cerebral mucormycosis or undergone surgery and/or medical treatment or both. Notably, 77.8% patients had
post-COVID status and diabetes mellitus was a common risk factor. Interestingly, liposomal Amphotericin B was an efficient antifungal
with controllable side effects. Further, 24% of patients were treated with only medical treatment, while 76% of patients had expe-
rienced endoscopic or open surgery. A significantly reduced 16.1% mortality and 40% recurrence were observed among 138 operated
patients. Further, the radical debridement showed minimal recurrence rates [115]. A study involved 56 patients having COVID-19
associated mucormycosis (CAM), uncontrolled diabetes and steroid treatment. It was found that 43 patients had nasal endoscopic
debridement, while 14 patients had maxillectomy. Further, 5 patients needed a temporalis flap and 3 patients needed orbital exen-
teration. All the patients were treated with lyophilized amphotericin B (deoxycholate) along with surgical debridement and the
mortality was found to be 26.31% as a result of early diagnosis, medical treatment and surgical management [116]. Another study
involved 287 mucormycosis patients, including 187 patients related to CAM. It was found 71.1% (204/287)) patients had both medical
and surgical management. Further, uncontrolled diabetes was found to be most common factor in the CAM patient [117]. Joshi et al.
[118] studied 25 COVID-19 hospitalized patients with rhino-orbital-cerebral mucormycosis (ROCM) confirmed by fungal culture.
Notably, 22 patients had diabetes and two patients had HIV infection. All the patients were treated with IV amphotericin B in the ICU
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and 10 patients had surgical débridement with orbital exenteration; however, 14 patients died [118].
7. Conclusions

Notably, mucormycosis was occurring in both active COVID-19 and post-COVID-19 patients. Most of the mucormycosis patients
had COVID-19 treatment with steroids and had a history of diabetes and hypertension. Notably, low immunity and immunocom-
promised conditions make the environment suitable for mucormycosis.

Many options have been used for the treatment of COVID-19 and post-COVID-19 associated mucormycosis. The first line of therapy
includes liposomal amphotericin B, amphotericin B lipid complex and amphotericin B deoxycholate. Further, rescue therapy in the
form of posaconazole, deferasirox, adjunctive cytokine therapy, and hyperbaric oxygen [119] could be given when this ailment is not
responding to preferred first-line treatment; however, these require additional investigations. Additionally, surgical debridement of
mucormycosis was also required to optimize the cure rate.

This review also includes the increased role of iron and zinc in COVID-19 associated mucormycosis (CAM), mechanism of COVID-
19 associated mucormycosis (CAM), its clinical trials, therapeutics of COVID-19 associated mucormycosis (CAM), different types of
COVID-19 associated mucormycosis (CAM) patients including those having pulmonary mucormycosis, rhino-cerebral mucormycosis,
cutaneous mucormycosis, rhino-orbital mucormycosis, gastrointestinal mucormycosis and sino-orbital mucormycosis and their
therapeutics; mucormycosis in COVID-19 and post-COVID-19 patients with metabolic disorders, and surgical management of
mucormycosis highlighting the potential therapeutic targets for timely intervention and adjunct therapy. This review will enhance the
therapeutic strategies and improve the quality-of-life outcomes in CAM patients.

8. Knowledge gaps
Despite the studies about COVID-19 associated mucormycosis and their therapeutics, the knowledge gap remains, which includes.

e detection of early biomarkers for COVID-19 associated mucormycosis remains understudied;

e lack of extensive clinical trials for combination therapy of LAmB with posaconazole or isavuconazole and echinocandin in COVID-
19 associated mucormycosis;

e molecular level multi-Omics comparison between Covid-19 associated mucormycosis isolates and non-Covid-19 associated
mucormycosis isolates were understudied.

9. Future research directions

The early detection of COVID-19 associated mucormycosis and post-COVID-19 associated mucormycosis determines the patient's
outcome [71]. Notably, the early diagnosis of post-COVID-19 associated mucormycosis can be achieved by follow-up of the COVID-19
patients, who had received corticosteroids during their COVID-19 treatment [68]. Early detection and treatment of the COVID-19
associated mucormycosis and post-COVID-19 associated mucormycosis may reduce the high mortality rate and provide better man-
agement of the mucormycosis [68,71,120].

Multi-Omics studies at genomic, transcriptomic, and proteomic levels should be undertaken that may reveal the pathogenesis of
mucormyecosis in Covid-19 associated mucormycosis and non-Covid-19 associated mucormycosis.

In order to reduce the mucormycosis mortality rate, combination therapy of LAmB with posaconazole or isavuconazole and
echinocandin needs to be extensively studied in a clinical trial in future.

Notably, a clean, hygienic and healthy environment may help COVID-19 patients to avoid the infection by mucormycosis. Further,
the hygienic condition needs to be maintained for months after recovery from COVID-19 infections until the immune system returns to
its normal condition.
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