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Abstract

Deferoxamine mesylate (DFO) is an FDA-approved, hexadentate iron chelator routinely used to 

alleviate systemic iron burden in thalassemia major and sickle cell patients. Iron accumulation 

in these disease states results from the repeated blood transfusions required to manage these 

conditions. Iron accumulation has also been implicated in the pathogenesis of Alzheimer’s disease 

(AD), Parkinson’s disease (PD), and secondary injury following intracerebral hemorrhage (ICH). 

Chelation of brain iron is thus a promising therapeutic strategy for improving behavioral outcomes 

and slowing neurodegeneration in the aforementioned disease states, though the effectiveness 

of DFO treatment is limited on several accounts. Systemically administered DFO results in 

nonspecific toxicity at high doses, and the drug’s short half-life leads to low patient compliance. 

Mixed reports of DFO’s ability to cross the blood–brain barrier (BBB) also appear in literature. 

These limitations necessitate novel DFO formulations prior to the drug’s widespread use in 

managing neurodegeneration. Herein, we discuss the various dosing regimens and formulations 

employed in intranasal (IN) or systemic DFO treatment, as well as the physiological and 

behavioral outcomes observed in animal models of AD, PD, and ICH. The clinical progress 

of chelation therapy with DFO in managing neurodegeneration is also evaluated. Finally, 

the elimination of intranasally administered particles via the glymphatic system and efflux 

transporters is discussed. Abundant preclinical evidence suggests that intranasal DFO treatment 

improves memory retention and behavioral outcome in rodent models of AD, PD, and ICH. 

Several other biochemical and physiological metrics, such as tau phosphorylation, the survival 

of tyrosine hydroxylase-positive neurons, and infarct volume, are also positively affected by 

intranasal DFO treatment. However, dosing regimens are inconsistent across studies, and little 

is known about brain DFO concentration following treatment. Systemic DFO treatment yields 

similar results, and some complex formulations have been developed to improve permeability 

across the BBB. However, despite the success in preclinical models, clinical translation is 
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limited with most clinical evidence investigating DFO treatment in ICH patients, where high-dose 

treatment has proven dangerous and dosing regimens are not consistent across studies. DFO is 

a strong drug candidate for managing neurodegeneration in the aging population, but before it 

can be routinely implemented as a therapeutic agent, dosing regimens must be standardized, and 

brain DFO content following drug administration must be understood and controlled via novel 

formulations.
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INTRODUCTION: THERAPEUTIC EFFICACY AND CLINICAL LIMITATIONS 

OF DEFEROXAMINE

Deferoxamine mesylate (DFO) is a small molecule iron chelator used to treat acute iron 

poisoning and chronic iron overload (IO), such as that acquired from frequent blood 

transfusions in thalassemia major and sickle cell patients.1 Iron chelators typically contain 

oxygen, sulfur, and nitrogen atoms.2,3 Given that iron coordinates six ligands in an 

octahedral complex, high-affinity iron chelators are generally hexadentate and bind iron in a 

1:1 ratio.1 Iron transport and storage in vivo is tightly regulated as exogenous iron mediates 

organ dysfunction through the production of reactive oxygen species (ROS) via the Fenton 

reaction.4–6 Iron accumulation occurs readily in hereditary or diseased conditions as there is 

no bodily mechanism for the passive excretion of free iron,6 and DFO provides a means to 

alleviate iron burden in clinical settings.

Though DFO has great potential to mitigate iron accumulation in clinical settings, 

its widespread use is limited by adverse side effects. DFO treatment is associated 

with numerous systemic toxicities, such as toxicity to the cardiovascular, respiratory, 

gastrointestinal, cutaneous, and nervous systems,7 as well as ototoxicity, ocular toxicity, 

and affected renal and liver function at doses greater than 2.5 g per infusion.8,9 DFO is 

hepatically metabolized by oxidative deamination.10 When systemically administered to 

treat IO patients, such issues can be mitigated by incorporating DFO into macromolecules 

that prolong circulation time, though these macromolecules must be biodegradable and 

environmentally responsive to safely promote chelate excretion.11–13 Ward et al. determined 

that DFO can cross the blood–brain barrier (BBB) and decrease iron content in both the 

cerebellum and the cerebral cortex at 30 mg/kg in rats, though other reports suggests 

that DFO is impermeable to the BBB when compared to other iron chelators and 
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must be administered in higher doses to be neuroprotective.14,15 In addition to these 

concerns, DFO possesses a short half-life (approximately 20–30 min) and patients typically 

require continuous subcutaneous injections 5–7 days a week, thus resulting in low patient 

compliance.8,9 The adverse health effects associated with high doses of systemically 

administered DFO in tandem with DFO’s low patient compliance merit the investigation 

of alternative means of administration for targeted delivery to the central nervous system 

(CNS). When DFO was administered intranasally (IN) to seven patients with IO in doses of 

0.75–3.0 g, the few side effects observed consisted of mild nasal irritation and a bad taste in 

the mouth.16 This report suggests an encouraging alternative for delivering DFO to the CNS 

to treat Alzheimer’s disease (AD), Parkinson’s disease (PD), and secondary injury following 

intracerebral hemorrhage (ICH).

Herein, we review the preclinical and clinical evidence supporting the use of chelation 

therapy with DFO in treating AD, PD, and secondary injury following ICH. It is noteworthy 

that iron accumulation is known to contribute to pathogenesis in other neurodegenerative 

disorders such as Huntington’s disease17,18 and amyotrophic lateral sclerosis (ALS),19 

and that chelation therapy with DFO has shown efficacy in animal models of these 

neurodegenerative disorders,20,21 though such evidence is not within the scope of this 

article. In addition to the preclinical and clinical progress of chelation therapy with DFO 

in treating AD, PD, and secondary injury following ICH, we also discuss progress in the 

development of sophisticated nanoformulations of DFO designed to treat these conditions, 

with an emphasis on IN delivery, and highlight the necessity for such nanoformulations 

based on the limitations presented above. The mechanism and challenges associated with IN 

delivery are briefly discussed, and conclusions and perspectives for the field are suggested.

MECHANISMS OF NOSE-TO-BRAIN DELIVERY AND THE ASSOCIATED 

CHALLENGES

Nose-to-brain transport via IN administration is a promising alternative to systemic 

administration as this method bypasses the BBB and first-pass metabolism, results in the 

rapid onset of therapeutic effect, improves drug concentration in the brain, reduces systemic 

side effects, and is minimally invasive to patients.22–24 Direct nose-to-brain transport can 

occur along the olfactory nerve pathway and the trigeminal nerve pathway.22,25–27 The 

olfactory region of the nasal cavity is located on the superior aspect and is connected to 

the olfactory bulb of the brain via olfactory nerves.25 The middle region of the nasal cavity, 

the respiratory region, is innervated by the trigeminal nerve, which originates in the pons 

of the brain-stem.25 The trigeminal nerve also innervates the olfactory region.22,28 The 

respiratory region has a very large surface area, ∼130 cm2, and is highly vascularized.29,30 

Due to this high vascularity, a significant portion of the drug that reaches the respiratory 

region enters the bloodstream and is circulated systemically.25 Though drugs absorbed 

into the bloodstream may enter the brain through the BBB, this constitutes a minor 

pathway.25 IN administered drugs can be dispersed throughout the brain following direct 

neuronal transport via the olfactory and trigeminal nerves, and such transport can occur 

via both intracellular and extracellular pathways.31 The intracellular pathway begins with 

internalization via pinocytosis or receptor-mediated endocytosis to a lesser extent, and the 
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resulting endosomes are subsequently trafficked along the axon.25 Neuronal translocation 

is a slow process due to diffusion within the nasal cavity, endocytosis at the membrane, 

Golgi vesicle trafficking, and vesicle binding prior to exocytosis at the nerve terminal.25 In 

the extracellular pathway, administered drugs cross olfactory or respiratory epithelium and 

diffuse through tight junctions in the paracellular space.25 Small, hydrophilic drugs are more 

likely to enter the brain by this mechanism, and this mechanism is significantly faster than 

its intracellular counterpart.32

Despite the great potential of this strategy, several factors of nasal physiology present 

challenges to IN drug delivery. Mucociliary clearance (MCC) results in the transport 

of mucous to the nasopharynx, where it is swallowed and ultimately deposited in the 

gastrointestinal tract.23,33,28 This process occurs every 15–20 min.23,34 In this process, 

particulate degree entrapped in mucus is cleared by the “conveyor belt mechanism” of 

beating cilia.34 Increased production of mucus or a decrease in mucus viscosity may result 

in an increased rate of MCC.34 The nasal epithelium is also rich in degradative enzymes 

such as carboxyl esterases, aldehyde dehydrogenases, epoxide hydrolases, cytochrome P450 

isoenzymes, and various proteolytic enzymes, thus the need for novel IN formulations 

capable of increasing mucoadhesion and protecting drugs against degradation.34 As a 

result of such physiology, drugs administered IN often demonstrate poor retention time 

and inadequate permeation across the membrane, thus limiting bioavailability following 

administration. Drug physicochemical properties such as molecular weight, pKa, and 

hydrophilicity also significantly impact nasal absorption, as does formulation viscosity, 

pH, and composition.34 Notably, certain pharmaceutical excipients are known to cause 

nasal irritation, which may result in decreased patient compliance.34 To combat the 

challenges associated with nasal physiology, various nanoparticle and microparticle 

formulations containing prodrugs, mucoadhesive polymers, absorption enhancers, and 

enzymatic inhibitors have been developed to improve nasal drug absorption.34

ALZHEIMER’S DISEASE

Impact of Iron Accumulation.

AD is a neurodegenerative condition frequently observed in the elderly population that 

results in memory loss, language disorders, loss of directionality, and anxious behavior as 

well as impaired bodily function and mental cognition in late-stage patients.35–37 From 

a histopathological standpoint, AD is characterized by senile plaques (SP) formed from 

the deposition of extracellular β-amyloid (Aβ) protein and neurofibrillary tangles (NFTs) 

resulting from the hyperphosphorylation of the tau proteins of neuronal microtubules.36 

Brain iron content has been found to increase with age, and MRI confirms a more 

significant increase in iron content in the brains of AD patients.39 Experimental evidence 

indicates elevated levels of zinc, copper, and iron in SP of AD patients, and it is 

suggested that trace metals may increase β-amyloid protein aggregation and SP toxicity 

by generating free radicals.40,41 β-Amyloid protein binds and stabilizes iron ions through 

three histidine residues and one tyrosine residue, which reduces the peptide’s helix structure 

and increases β sheet content, thus enhancing peptide–peptide interaction and increasing 

fibril formation.42–44 Aβ42 does not form β-pleated amyloid when incubated with DFO 
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in vitro in the presence or absence of aluminum or iron.45 In the post-mortem studies of 

10 AD patients, iron was stripped from the NFTs of fixed hippocampal tissue at room 

temperature after 20 min exposure to 0.1 M DFO, though a 15 h incubation was required to 

strip iron bound to SP.46 DFO has also been observed to protect against lipopolysaccharide 

(LPS)-induced neuroinflammation and the associated cognitive deficits in adult mice when 

administered intracerebroventricularly.47

Preclinical Studies of IN DFO.

IN delivery of DFO consistently decreases memory loss, improves spatial learning, and 

corrects for altered behavior when administered to AD models of mice and rats at 

various doses and dosing intervals (Table 1). Increased expression and phosphorylation 

of amyloid precursor protein 695 (APP695), increased amyloidogenic APP cleavage, 

increased Aβ deposition, and thus impaired spatial learning and memory were observed 

when transgenic mice expressing presenilin-1 (PS1) and APP were watered with high-dose 

iron.48 IN administration of 200 mg/kg DFO every other day for 90 days reversed the 

aforementioned behavioral alterations by shifting APP processing to a nonamyloidogenic 

pathway, consequently reducing the Aβ burden.48 When administered to APP/PS1 amyloid 

mice from 36 to 54 weeks of age (3 times per week for 18 weeks), chronic low dose IN DFO 

decreased the loss of reference and working memory in Morris and radial arm water mazes, 

decreased soluble Aβ40 and Aβ42 deposition in the cortex and hippocampus, and decreased 

the activity of glycogen synthase kinase 3β (GSK3β), resulting in lower oxidative stress 

and impacting several targets implicated in the neuropathology of AD.49 Further research 

has confirmed that high-dose iron treatment increases tau phosphorylation at the Thr205, 

Thr231, and Ser396 sites, thus facilitating NFT formation in double transgenic mice, though 

this induced hyperphosphorylation is significantly reduced by IN DFO administration 

as DFO decreases the activity of iron-induced cyclin-dependent kinase 5 (CDK5) and 

GSK3β.50 Interestingly, IN DFO administration was found to inhibit tau phosphorylation at 

only the Ser396 site.50 In APP/PS1 mice, IN DFO has also been found to upregulate the 

P38/HIF-1α pathway and multiple proteins encoded by HIF-1-dependent neuroprotective-

adaptive genes, such as transferrin receptor (TFR), divalent metal transporter 1 (DMT1), 

and brain-derived neurotrophic factor (BDNF).51 Iron chelation is thought to stabilize 

the transcriptional complex HIF-1 and activate a signal transduction pathway for hypoxic 

adaptation.52–54

Similarly, when P301L mice exhibiting hyperphosphorylated tau accumulation were treated 

with 2.4 mg of IN DFO three times a week for five months, TG-DFO mice performed 

comparably to WT mice in radial arm water maze behavioral testing, while the performance 

of TG-saline mice was considerably worse.55 P301L transgenic mice also exhibited 

significantly lower pGSK3β and HIF-1α levels than WT mice, and treatment with DFO 

reduced these differences, though no significant decrease in phosphorylated tau was 

observed in the brain tissue of DFO-treated mice.55 IN DFO has also been found to 

improve outcome in intracerebroventricular streptozotocin (ICV STZ) rat models of sporadic 

AD, which differ from the aforementioned models in that they exhibit irregular insulin 

metabolism in addition to oxidative stress.56 ICV STZ rats treated with IN DFO both 

pre- and post-surgery demonstrated shorter escape latencies in spatial memory tests with 
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the Morris water maze, while pre-treatment decreased foot slips on the tapered balance 

beam test.56 Additionally, brain tissue analysis revealed decreased oxidative stress, greater 

insulin receptor expression levels, and decreased ratio of pGSK3β/GSK3β in ICV STZ rats 

pre-treated with DFO compared to sham-saline and post-treated STZ-DFO rats.56

Hanson et al. reported that IN DFO reaches detectable concentrations in all areas of 

the CNS.57 The largest concentrations of DFO were recorded in the olfactory bulb and 

trigeminal nerve, which are the proposed pathways for IN drug delivery to the brain.57 

IN DFO resulted in limited systemic exposure (8.5 μM in the kidneys and 5.2 μM in the 

blood).57 Hanson et al. also observed improved performance in the Morris water maze and 

reduced brain aluminum concentrations in IN DFO-treated APP/PS1 mice when compared 

to transgenic mice receiving vehicle.57

Preclinical Studies of Systemic DFO.

Systemically administered DFO also demonstrates therapeutic potential in various animal 

models of AD (Table 2). Aluminum has been suggested as a causal agent in AD 

pathogenesis given its deposition in NFTs, determined via laser microprobe mass 

analysis, and epidemiological studies of drinking water.58 Intracisternal injection of 

aluminum maltolate to New Zealand white rabbits modeled AD by inducing neurofibrillary 

degeneration in neuronal cell bodies and brain and spinal cord neurites.59 When 

administered 2 days prior to sacrifice on day 4, 6, or 8, intramuscular (IM) DFO injections 

reduced the number of NFT-positive neurons in aluminum-treated rabbits as quantified by 

tau monoclonal antibody staining.59

Chronic oral exposure (6 months) to aluminum in female amyloid beta peptide (AβPP) 

transgenic mice also models AD.60 When these mice received subcutaneous (SC) DFO 

treatment (0.20 mmol/kg/day twice per week for 6 months beginning at 5 months of age), 

a direct correlation between the overexpression of antioxidant enzyme mRNA and DFO 

treatment was not observed, so experimental evidence did not indicate that DFO treatment 

aids in preventing prooxidant events.60

Clinical Studies of IN and Systemic DFO.

According to Agrawal et al., PubMed and clinicaltrials.gov, no clinical studies investigating 

the therapeutic benefit of IN DFO in AD patients have been conducted to date.61 However, 

a two-year, single-blind clinical study in 1991 found that IM administered DFO (125 mg 

twice a day, 5 days per week) reduced the rate of decline of daily living skills in DFO-

treated AD patients by half when compared to a group treated with an oral placebo and 

a no-treatment group, thus suggesting that IM DFO slows the progression of AD (Table 

3).62 Weight loss and loss of appetite have been observed as side effects in DFO-treated 

patients, along with the increased formation of a monoamine oxidase catalyzed metabolite, 

MF01.62,63 Disease progression has also been monitored with a videotaped home behavior 

instrument with strong criterion references over the course of two years, and trace metal 

analysis of autopsied brain tissue indicated that DFO-treated patients had neocortical 

aluminum concentrations similar to the control group.64 An actively recruiting Phase II 

randomized, multicenter, double-blind, placebo-controlled clinical trial investigating the 
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safety and efficacy of 600 mg delayed-release deferiprone oral tablets in slowing dementia 

progression in prodromal AD and mild AD patients is in progress (ClinicalTrials.gov 

Identifier: NCT03234686).

PARKINSON’S DISEASE

Impact of Iron Accumulation.

PD is a progressive neurodegenerative disorder that manifests as tremors, rigidity, and 

bradykinesia and is characterized by the loss of dopaminergic neurons in the substantia 

nigra (SN) and subsequent dopamine depletion in the striatum.65,66 Though the mechanism 

of pathogenesis is not well-understood, iron accumulation in dopaminergic and glial cells 

of the SN has been observed in PD animal models as well as post-mortem brains, and 

the severity of motor symptoms in PD patients parallels iron levels in the SN.67–70 Iron 

is thought to contribute to dopaminergic cell death by catalyzing the production of ROS 

from hydrogen peroxide, a byproduct of dopamine catabolism, thus resulting in oxidative 

stress, lipid peroxidation, and membrane fluidity.15,71 Brain-permeable iron chelators have 

been shown to inhibit iron-induced lipid peroxidation when injected intraventricularly and 

intraperitoneally (IP) in rats, thus reinforcing the role of iron in PD pathogenesis.15

Preclinical Studies of IN DFO.

IN DFO has also demonstrated neuroprotective effects in animal models of PD (Table 4). 

PD can be induced in rats via a unilateral injection of 6-hydroxydopamine (6-OHDA) 

into the medial forebrain bundle.72 Pre-treatment with IN DFO in the 4 days prior 

to 6-OHDA injection and post-treatment twice a week for one month after injection 

resulted in a decreased number of contralateral turns in an apomorphine-induced rotational 

test, decreased limb asymmetry, and increased preservation of tyrosine hydroxylase 

immunoreactive neurons in the SN of IN DFO rats when compared to rats that received IN 

saline.72 Neurodegeneration of dopaminergic neurons can also be induced via injection of 

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP).73 IN DFO administered every other 

day for 4 weeks (200 mg/kg dose) following MPTP injection effectively increased the 

survival of tyrosine hydroxylase-containing neurons, decreased the activity of astrocytes in 

the SN and striatum, alleviated motor defects in an open field test, and upregulated HIF-1α 
protein, tyrosine hydroxylase, vascular endothelial growth factor (VEGF), and growth-

associated protein 43 (GAP43).73 IN DFO treatment also downregulated α-synuclein, 

DMT1, and transferrin receptor (TFR) by inhibiting the phosphorylation of c-Jun N-terminal 

kinase (JNK) and inducing the phosphorylation of extracellular regulated protein kinases 

(ERK) and mitogen-activated protein kinase (MAPK)/P38 kinase.73 Unilateral injection of 

a recombinant adeno-associated viral vector (rAAV) encoding α-synuclein to rat midbrain 

also produces a PD model.74 When α-synuclein rat models were treated 3 times per week 

with 6 mg doses of IN DFO for either 3 or 7 weeks beginning 1 week after surgery, data 

indicated a decrease in α-synuclein accumulation in striatal fibers at the terminal level and 

partial improvement in motor behavior in stepping tests, drug-induced rotational tests, and 

cylinder tests, though IN DFO did not protect against dopaminergic cell death in this time 

frame or dosage.74 IN DFO also decreased early VMAT2+ accumulation but did not stop its 

incorporation over time.74
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Preclinical Studies of Systemic DFO.

Systemic administration of DFO has also been proven to slow disease progression in 

animal models of PD (Table 5). When administered systemically to the 6-OHDA rat model 

previously described, DFO (30 mg/kg), deferiprone (10 mg/kg), and desferasirox (20 mg/kg) 

attenuated the loss of dopaminergic neurons and striatal dopamine content, and when used 

in pretreatment via a microdialysis probe into the striatum, prevented the generation of 

hydroxyl radicals.75

When administered IP at 30 mg/kg 3 times per week for 2 weeks, DFO decreased brain 

iron content in the cerebellum and cerebral cortex of ferrocene-loaded rats, thus altering 

dopamine metabolism by reducing dopamine turnover and DOPAC, a dopamine metabolite, 

2 and 4 weeks after treatment.14 IP administration of DFO (60 mg/kg/day) to rotenone-

induced PD male Wistar rats inhibited iron deposition in the SN, the striatum globus 

pallidus, the hippocampus, and the cerebellum and reduced the loss of tyrosine hydroxylase-

positive cells.76 Similarly, IP DFO (50 mg/kg) prevented the loss of dopaminergic neurons 

and maintained striatal dopamine levels in the 6-OHDA PD model.77 Following an identical 

dosing regimen, Lv et al. found that combined treatment with DFO and curcumin amplified 

the neuroprotective effects of DFO in 6-OHDA Sprague–Dawley rats.78 Curcumin is 

a polyphenolic pharmaceutical agent that possesses anti-inflammatory, anti-oxidant, anti-

proliferative, and anti-angiogenic properties.79

Clinical Studies of IN and Systemic DFO.

Per clinicaltrials.gov, Google Scholar, and PubMed, at the time of this review, no clinical 

trials investigating the effects of DFO treatment on outcome in PD patients have been 

conducted. However, a translational study employing mitochondria from both peripheral 

blood mononuclear cells from PD patients and human mesencephalic dopaminergic cells 

and an MPTP mouse model found that deferiprone reduced labile iron in the mitochondria 

and induced cryoprotection and available dopamine content in the mouse model more 

profoundly than DFO.80 A double-blind, randomized, placebo-controlled Phase II clinical 

trial indicated that the oral administration of deferiprone (30 mg/kg/day in two doses) 

improved motor signs at 6 months and decreased handicap and IO at 1 year in 40 early-stage 

PD patients (within four years of onset) (ClinicalTrials.gov: NCT00943748).80 Numerous 

clinical trials evaluating the efficacy and safety of deferiprone in the treatment of PD, 

including dose-ranging studies, ex vivo studies of PD patient peripheral blood mononuclear 

cells and platelets, and conservative iron chelation studies, reiterate the benefits of 

chelation therapy in treating neurodegenerative diseases (ClinicalTrials.gov Identifiers: 

NCT02728843, NCT02880033, NCT00943748, NCT02655315, NCT01539837).81–83

INTRACEREBRAL HEMORRHAGE

Impact of Iron Accumulation.

ICH is a subtype of stroke resulting from the rupture of blood vessels in the brain.84,85 

ICH accounts for 10–15% of strokes worldwide and is often correlated to inadequate 

control of blood pressure and the overprescription of anticoagulants, thrombolytics, and 

antiplatelet agents.84,86 Experimental evidence suggests that hemoglobin is a mediator of 
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neurotoxicity when injected into the brain in vivo or added to cultured neurons in vitro.87 

Hemorrhaged blood is rich in hemoproteins that release biliverdin, carbon monoxide, and 

free iron upon breakdown by heme oxygenase.85 Iron toxicity results from free radical 

production via the Fenton reaction, and oxidative stress causes mitochondrial fragmentation 

in hippocampal neurons, perihematomal edema, and ultimately, glial and neuronal cell 

death.88 When administered to anesthetized felines and Sprague–Dawley rats, hemoglobin 

inhibits Na/K ATPase and catalyzes lipid peroxidation in CNS homogenates by hydroxyl 

radical formation, thus promoting delayed edema formation and secondary neuronal injury 

after ICH upon the lysis of red blood cells (RBCs).89,90

Preclinical Studies of IN DFO.

Preliminary experimental evidence suggests that IN DFO demonstrates neuroprotective 

effects following stroke in an ischemic stroke rat model (Table 6). Most notably, Hanson 

et al. reported that when administered IN, a 6 mg dose of DFO resulted in a brain 

concentration of 0.9–18.5 μM after 30 min, where brain concentration at the same time 

interval was 0.1–0.5 μM following IV administration in rat models of middle cerebral 

artery occlusion (MCAO).91 Both pre-treatment (three 6 mg doses 48 h prior to MCAO) 

and post-treatment (six 6 mg doses immediately after reperfusion) with IN DFO decreased 

infarct volume by 55% relative to the control.91

Preclinical Studies of Systemic DFO.

Abundant preclinical evidence supports DFO as a candidate in the treatment of secondary 

injury following ICH. Cui et al. reported that in 20 unique studies, DFO reduced brain 

water content by 85.7% and improved neurobehavioral score by –1.08 in various animal 

models of ICH, though additional confirmation may be necessary due to poor study quality 

and publication bias.92 The same body of evidence also indicated that DFO is most 

effective when administered 2–4 h after ICH at a dose of 10–50 mg/kg via the IM and 

IP routes.92 DFO facilitates neuroprotection after injury through an antioxidative mechanism 

and neurorepair via HIF-1α activation in both ICH and ischemic stroke.93 IM DFO 

decreases ICH-induced perihematomal iron accumulation, neuronal injury, perihematomal 

white matter edema, and tumor necrosis factor-μα (TNF-μα) and receptor-interacting 

protein kinase 1 (RIPK1) levels in the brains of piglet models of ICH.94,95 Activation of 

the death-domain receptor RIPK1 by TNF-μα contributes to necroptosis, a nonapoptotic 

cell-death pathway observed in delayed neuronal injury.96 Tabular data for this topic is 

provided in the aforementioned review.

Clinical Studies of IN and Systemic DFO.

Zeng et al. recently reviewed clinical studies of DFO intervention after ICH, though the two 

reports highlighted are of small sample size and are therefore not conclusive in determining 

the safety or effectiveness of DFO intervention in neurological outcome.97 Yu et al. reports 

that IV DFO intervention (32 mg/kg/day for 3 days, where the infusion rate did not exceed 

7.5 mg/kg/hour and 6000 mg/day was the maximum dose regardless of patient weight) 

reduced relative edema volume and hematoma absorption after 15 days of treatment, though 

no significant differences in neurological scores were observed between the control and 

treatment groups after 15 and 30 days. This clinical study was randomized, controlled, and 
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had 42 participants.98 Wu et al. reports a similar outcome: when 29 participants were treated 

with 20 mg/kg/day of IV DFO for 3 consecutive days after the first admission, the control 

group’s relative edema volume was higher at days 7 and 14, and the treatment group had a 

better neurological function at these checkpoints than did the control group.97 However, no 

significant difference in neurological function was observed between the two groups after 

90 days, as consistent with the aforementioned clinical study.97Tabular data for this topic is 

provided in the aforementioned review.

An open-label Phase I study indicated that IV DFO is safe at a maximum tolerated dose 

(MTD) of 62 mg/kg/day up to 6000 mg/day without any serious adverse events (SAEs) 

or increased mortality.99 DFO also has modest effects in reducing blood pressure, and 

clinical evidence supports that the reduction of blood pressure in ICH patients is not 

only safe but may reduce neurological deterioration if done aggressively in the first 24 

h.100 A multicenter, double-blind, Phase II clinical trial in which 324 patients exhibiting 

spontaneous ICH were randomized and treated with either IV DFO (62 mg/kg/day 

for 5 consecutive days) or a saline placebo was conducted to access the feasibility 

of high-dose IV DFO administration in Phase III Clinical Trials (ClinicalTrials.gov 

Identifier: NCT01662895).101 The aforementioned study was terminated due to an increased 

incidence of acute respiratory distress syndrome (ARDS) (ClinicalTrials.gov Identifier: 

NCT01662895).

DFO has also been found to accelerate hematoma absorption and inhibit edema formation 

after isolated traumatic ICH.102 Patients were admitted within 8 h of incident, and those 

in the experimental group were given 20 mg/kg/day of IV DFO for 5 days.102There was 

no significant difference in hematoma volume after 2 weeks, though hematoma volume 

decreased more rapidly in the experimental group.102 It is noteworthy that the assignment of 

patients to the experimental and control groups was nonrandom and 94 patients were used 

in the final analysis after propensity-score matching analysis; an attending neurosurgeon 

classified patients, though no rationale is given for classification.102

In 2019, a multicenter, double-blind, placebo-controlled Phase II clinical trial with 294 

participants found that IV DFO treatment (32 mg/kg/day for 3 consecutive days) was 

safe and did not result in treatment-related deaths or SAEs (Clinical-Trials.gov Identifier: 

NCT02175225).103 Good clinical outcome, the primary outcome, was measured via a 

modified Rankin scale score of 0–2 after 90 days.103 However, a futility analysis at the 

90% upper confidence bound indicated that in a Phase III clinical trial, IV DFO treatment 

at this dose and dosing interval would not significantly improve good clinical outcome at 90 

days.103

In addition to these studies, a distinct Phase I dose-finding and safety study of DFO in 

20 ICH patients was marked completed as of January 2018, though no data was linked to 

the identifier as of May 2019 (ClinicalTrials.gov Identifier: NCT00598572). Various dosing 

regimens, 7 mg/kg to 125 mg/kg, were tested in cohorts of 3 subjects. The maximum 

allowable dose was 6000 mg/day regardless of patient weight. An actively recruiting, 

randomized Phase I clinical trial evaluating the efficacy and safety of DFO treatment for 

ICH is in progress as of May 2019 (ClinicalTrials.gov Identifier: NCT02367248). The 
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treatment regimen entails a continuous IV infusion of DFO in 20 mL of sterile water (40 

mg/kg/day up to 6000 mg/day) for 5 consecutive days beginning 12 h after the onset of 

symptoms. In the study, DFO is an active comparator to the Phase II drug Xingnaojing, a 

traditional Chinese medicine consisting of four Chinese herbs.104

IN NANOFORMULATIONS OF DFO

Alzheimer’s Disease.

Though no IN nanoformulations of DFO or other iron chelators have been designed 

specifically to treat AD, IN nanoformulations of DFO that are broadly designated to 

treat neurodegeneration have been reported. For example, Rassu et al. has investigated 

means of increasing the nose-to-brain transport of DFO through solid formulations 

based on the absorption enhancers chitosan and methyl-β-cyclodextrin.105 Cyclodextrins 

form inclusion complexes with membrane lipids such as cholesterol, sphingomyelin, 

and phosphatidylcholine to compromise membrane integrity and decrease rigidity, while 

chitosan reversibly opens tight junctions and absorbs water from the mucus layer to form 

a gel-like layer along the epithelium and improve bioavailability.106,107 In vitro, methyl-β-

cyclodextrin microparticles increased DFO permeation across lipophilic membranes and 

a monolayer of neuron-like PC 12 cells relative to chitosan-based formulations, though 

neither formulation improved DFO permeation across epithelial-like Caco-2 monolayers.105 

Additionally, IN administration of a 200 μg dose of DFO encapsulated in these 

microparticles resulted in uptake to the cerebrospinal fluid 30 min after insufflation, with 

systemic absolute bioavailability of 6% and 15% for chitosan and methyl-β-cyclodextrin, 

respectively.105 No uptake was observed for DFO in a water solution.105 Other examples 

of the efficacy of β-cyclodextrin-mediated IN drug delivery have been reported. Thermally 

cross-linked bovine serum albumin nanoparticles carrying β-cyclodextrin or its hydrophilic 

derivatives (hydroxypropyl β-cyclodextrin and sulphobutylether β-cyclodextrin) loaded by 

soaking with the cholinesterase inhibitor Tacrine demonstrated increased mucoadhesion and 

sustained drug release over the course of 400 min in vitro.108 Ex vivo permeation studies 

also indicated that cyclodextrin-containing albumin nanoparticles demonstrated increased 

permeation across sheep nasal mucosa than albumin nanoparticles alone.108 It is noteworthy 

that ethanol was employed in the coacervation of albumin as opposed to acetone as acetone 

can damage nasal mucosa in millimolar concentrations.109

Though IN and systemic nanochelator formulations are limited in the context of AD, the 

use of nanotechnology in treating this condition has been explored extensively. Agrawal et 

al. has reviewed the use of surface-modified liposomes110 and other nanotechnologies such 

as nanogels, nanodispersions, lipid-based systems, nanoemulsions, and other nanoparticles 

designed to permeate the BBB,111 along with liposomal technologies for IN delivery.110 

A few notable IN delivery strategies are summarized here. Ionically cross-linked piperine 

(PIP)-loaded chitosan (CS)/tripolyphosphate (TPP) nanoparticles have proved efficacious 

in the treatment of AD when IN administered.112 Nanoparticles loaded with the alkaloid 

phytopharmaceutical PIP demonstrated both an antioxidant effect and Ach esterase 

inhibition in rat models of AD (ICV injection of colchicine) without brain toxicity or 

nasal irritation.112 The IN dose was 20-fold less than the previously employed oral 
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dose, which displayed hydrophobicity and extensive presystemic metabolism.112 PEG-

surface-modified liposomes containing the peptide H102, a β sheet breaker designed to 

specifically bind the monomer Aβ1–42 and prevent its misfolding and aggregation, have 

also been effective in penetrating human airway serous Calu-3 cell line monolayers in 
vitro and ameliorating spatial memory impairment, increasing the activity of ChAT and 

inhibiting senile plaque formation in rat models of AD (bilateral injection of Aβ1–40 into 

hippocampus) when compared to IN H102 solution containing 1% chitosan absorption 

enhancer.113 Similarly, radioactive tracing with the encapsulated 125I-labeled basic fibroblast 

growth factor (bFGF) following IN administration of Solanum tuberosum lectin (STL) 

conjugated poly(ethylene glycol)-poly(lactic-co-glycolic acid) (PEG-PLGA) nanoparticles 

to β-amyloid25–35 rat models of AD revealed greater concentration in the olfactory bulb, 

cerebellum, and cerebrum as well as the increased neuroprotective effect of bFGF in 

comparison to IN solution and unmodified nanoparticles. Histopathology assays did not 

indicate safety issues or immunogenic responses from the STL-bFGF-NP.114

Parkinson’s Disease.

A few examples of systemic nanoformulations of DFO designed to treat PD have 

been reported, though IN nanochelator formulations remain limited. To promote delivery 

across the BBB, DFO was encapsulated in the hydrophilic core of methoxypoly(ethylene 

glycol)-poly-(lactic-co-glycolic acid) (mPEG–PLGA) amphiphilic copolymers, and this core 

nanoparticle was then conjugated to the brain-targeting peptide rabies virus glycoprotein 

(RVG) 29, which is proposed to trigger specific receptor-mediated endocytosis at the 

extracellular surface of brain microvascular endothelial cells and neurons.115 When 

administered to MPTP-induced PD mice at 35 mg/kg IV once every other day for 12 days 

following MPTP injection, RVG29-DFO mice stayed longer on a rotating rod than PD mice, 

free DFO mice, and mice treated with mPEG–PLGA-DFO.115 RVG29-DFO-treated mice 

also demonstrated reduced loss of tyrosine hydroxylase-positive neurons.115

Lipophilic conjugates of DFO have also been evaluated for therapeutic potential in an 

MPTP mouse model of PD as they are more permeable with respect to the BBB.116 The 

hydrophobicity of DFO was increased by conjugating the following ancillary antioxidant 

compounds to the amine terminus: a truncated Vitamin E variant, carboxylic acid derivatives 

of edaravone, and a methylated derivative of 3-(6-hydroxy-2-methylchroman-2-yl)propionic 

acid.116 In addition to an added antioxidant mechanism facilitated by the ancillary group, 

the lipophilic conjugates showed increased plasma protein binding and a statistically 

significant increase in neuronal cell counts and motor function when administered to MPTP 

mouse models of PD.116 Liddell et al. observed similar results in vitro, where lipophilic 

DFO analogs produced via conjugation to adamantane derivatives or deferasirox improved 

outcome in numerous cell lines.117

Mursaleen et al. evaluated the in vitro efficacy of nanoformulations combining DFO and 

the antioxidant Curcumin in combatting oxidative stress and rotenone-induced decreases in 

cell viability in SH-SY5Y cells.118 When Curcumin and DFO were combined in Pluronic 

F68 nanocarriers with dequilinium, a mitochondrial targeting agent, viability increased 

up to 10%, and all nanoformulations of DFO or Curcumin with or without dequilinium 
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prevented lipid peroxidation. Though an in vivo model was not employed, this approach 

demonstrates the utility of antioxidant and iron-chelating drugs when used in combination to 

treat disorders of the CNS.

The various IN and systemic nanotechnologies that have been leveraged to treat PD 

have been extensively reviewed,119–121 so only a few studies will be reiterated here. A 

nanoparticle employing non-Fe hemin as the iron chelator and protected by a zwitterionic 

species was conjugated to HIV-1 trans-activating transcriptor (TAT) to promote delivery 

across the BBB.122 Though this formulation does not incorporate DFO, it enhanced chelator 

lifetime and alleviated both physiological and behavioral deficits in Parkinsonian mice, thus 

reinforcing the potential of chelation therapy in treating PD and providing a useful strategy 

to promote BBB permeability. Odorranalectin (OL), a small lectin capable of binding the 

sugar L-fucose on the olfactory epithelium of the glycosylated nasal mucosa, has also been 

leveraged.123,124 When OL was conjugated to PEG-PLGA nanoparticles and the tracer 

DiR encapsulated, in vivo fluorescence imaging revealed greater fluorescence intensity 

in the brains of mice administered OL nanoparticles than mice treated with unmodified 

nanoparticles.124 Additionally, OL nanoparticles containing the macromolecular drug 

urocortin peptide (UCN) demonstrated improved therapeutic efficacy in 6-OHDA-induced 

hemiparkinsonian rats in apomorphine-induced rotation behavior tests, neurotransmitter 

determination, and tyrosine hydroxylase tests when compared to unmodified nanoparticles 

and UCN solution.124 Unlike wheat germ agglutinin (WGA) and other large lectin members 

that improve brain delivery of peptide-loaded nanoparticles, OL is advantageous in that 

it is less immunogenic due to its relatively low molecular weight.124–127 Though this 

nanoparticle has not been investigated in tandem with chelation therapy, it represents an 

interesting avenue for potential exploration.

Intracerebral Hemorrhage.

IN and systemic nanochelator formulations of DFO for ICH have yet to be explored 

in the literature, though a novel carbon nanoparticle formulation has been used to 

deliver DFO IP following induced ICH.128 In this report, highly oxidized hydrophilic 

carbon clusters (HCCs) were PEGylated and loaded with DFO. DFO loading onto 

the nanoparticle was calculated via thermogravimetric analysis. PEG-HCCs demonstrate 

antioxidative properties by mimicking superoxide dismutase activity. In vitro, PEG-HCCs 

decreased the accumulation of ROS and damage to both nuclear and mitochondrial 

DNA and also partially attenuated cell death in hemin-treated cultures. DFO-PEG-HCC 

multifunctional nanoparticles decreased DNA damage markers compared to DFO or PEG-

HCC treatment alone, and DFO-PEG-HCCs prevented senescence and ferroptosis in vitro. 

When administered IP to a C57BL/6 mouse model 30 min after ICH was induced, DFO-

PEG-HCCs attenuated genomic damage in both the nucleus and mitochondria and decreased 

senesce markers compared to untreated ICH controls. ICH was induced by injecting blood 

lysed via freeze–thawing to maximize exposure to blood components. The data from this 

study suggests that when used in combination, antioxidative and iron-chelating therapeutics 

may improve outcome following ICH. The various nanochelators designed to treat AD, PD, 

and ICH that have been evaluated in vivo are tabulated in Table 7.
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Other Nanoformulations of DFO.

Numerous transfusional nanoformulations of DFO have been developed to improve patient 

compliance in the treatment of secondary IO resulting from the repeated blood transfusions 

necessary to combat hemochromatosis and hemoglobinopathies. In a recent review, Jones 

et al. highlighted the use of polymeric materials, dendrimers, polyrotaxanes, micelles, 

nanogels, liposomes, and nanoparticles in fabricating nanochelators that increase circulation 

time and mitigate adverse effects.129 Many natural and synthetic materials have been 

leveraged in both conjugation and controlled release strategies. For instance, DFO has 

been conjugated to starch, polylysine, and polyrotaxane polymers as well as hyper-branched 

polyglycerol dendrimers and acrylate-based nanogels to increase half-life while promoting 

elimination in vivo. In the way of controlled release, mPEG–PLGA nanoparticles and 

phosphatidyl choline cholesterol liposomes have been used to encapsulate DFO and show 

promising results in mouse models.129 However, while nanochelators hold tremendous 

potential in treating IO, the authors note that more standardized approaches are required 

to accurately evaluate clinical potential.129

Transdermal nanoformulations of DFO have also been reported to treat ulcers and accelerate 

skin wound healing. For example, reverse micelles encapsulating polyvinylpyrrolidone 

(PVP)-DFO aggregates have been incorporated in an ethyl cellulose topical patch to treat 

pressure-induced diabetic ulcers.130 Encapsulation of DFO within reverse micelles resulted 

in sustained release in vitro, and hypoxia-inducible factor-1 alpha (HIF-1α) stabilization 

occurred in a dose-dependent manner in vivo. Transdermal DFO was found to increase 

the rate of wound closure, dermal thickness, and VEGF expression, while promoting 

vascularization in mice. Additionally, when employed prophylactically, this transdermal 

DFO formulation treatment prevented ulcer formation in a mouse model. Mechanistically, 

DFO restores the HIF-1α activity that is diminished in diabetic patients by preventing 

oxidative stress. Reverse micelle technology has also been employed to evaluate the effects 

of DFO treatment on outcome in an in vivo model of breast reconstruction after radiation.131 

In a follow-up study, Duscher et al. reported an enhanced transdermal DFO formulation 

that employed reverse micelle encapsulation but eliminated plasticizers, emulsifiers, and 

surfactants that were not compatible with FDA regulations.132 The enhanced formulation 

also had increased surface area for drug release due to its microtextured surface and 

facilitated accelerated wound healing in a mouse model compared to DFO drip-on and 

DFO spray, as well as the original formulation. Interestingly, diabetic wounds treated with 

the enhanced transdermal formulation also demonstrated improved biomechanical properties 

compared to other methods of DFO administration. Similarly, transferosomes loaded with 

DFO have been investigated for their efficacy in treating pressure ulcers. Transferosomes 

composed of soybean phosphatidylcholine (SPC) and surfactant at variable SPC amounts 

and ratios were optimized in a factorial study to tune entrapment efficiency, particle size, ζ 
potential, and in vitro drug release.133 The most successful formulation was studied in vivo, 

and transferosome-loaded gels more effectively reduced wound area and increased collagen 

deposition and neovascularization in streptozotocin-induced diabetic rats compared to DFO 

solution-loaded gels and plain gels. Lecithin-based nanoparticles have yielded similar results 

in treating cutaneous wounds in vivo compared to simpler DFO formulations,134 and 

topical lecithin-based nanoparticle formulations containing DFO have also been used to 
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promote microvascular regeneration and repair during airway transplant surgical procedures 

in vivo.135

IN VIVO CLEARANCE MECHANISMS AND DRUG ELIMINATION

IN formulations must not only overcome physiological barriers to brain targeting such as 

MCC and enzymatic degradation but should also be degradable and readily eliminated from 

the brain via the glymphatic system. Briefly, the glymphatic system eliminates macroscopic 

waste such as soluble metabolites and proteins via a series of perivascular tunnels and the 

interchange of cerebrospinal fluid (CSF) and interstitial fluid (ISF).136,137 CSF influx in 

awake mice was reduced by 90% compared to unconscious mice when measured in vivo 
by 2-photon imaging, thus suggesting that the glymphatic system is active during sleep and 

that the primary biological function of sleep is neurotoxic waste clearance as opposed to 

rest.136,138 For a full review of the glymphatic system and its physiology, see Jessen et 

al.136 In addition to the glymphatic system, efflux transporters are also critical in expelling 

drugs and toxic metabolites from the brain. Such proteins belong to the ATP binding 

cassette (ABC) family and are capable of pumping a wide range of lipophilic substrates 

that have diffused into the cells composing the BBB back into the blood via the hydrolysis 

of ATP.139–143 Several efflux transporters exist in the BBB, the most common of which 

are p-glycoprotein, breast cancer resistance protein, and the multidrug resistance-associated 

protein family.139–143 While efflux transporters protect the brain from harmful chemical 

species in circulation, they also contribute to pharmacoresistance and make many CNS 

disorders difficult to treat.139–143 These transporters influence not only elimination but also 

drug distribution to the CNS, and a better understanding of their substrate scope could lead 

to the development of more effective DFO nanoformulations for treating AD, PD, and ICH.

Though no biodegradable IN DFO delivery systems have been reported to date, 

biodegradable mucoadhesive particulates and microspheres have been studied. Spherical 

polymeric starch microspheres cross-linked with epichlorhydrine demonstrated an in vitro 
release rate of 73.11–86.21% and displayed good mucoadhesive properties and swelling.144 

Dry powder degradable starch microspheres of 45 μm diameter have been used to deliver IN 

insulin in rat models, where peak insulin concentration was reached within 8 min of dosing 

at 30% bioavailability.145 Holmberg et al. reports that inhalation of 10 mg of degradable 

starch microspheres by a healthy adult once daily for 8 days does not alter MCC or nasal 

cavity geometry, thus indicating that starch microspheres do not adversely affect MCC or 

mucosa congestion.146

CONCLUSIONS AND FUTURE DIRECTIONS

The neuroprotective effects of the hexadentate iron chelator DFO in animal models 

of AD, PD, and secondary injury following ICH are strongly supported by abundant 

preclinical evidence. When administered to animal models of the aforementioned disease 

states either IN, systemically, or IP, DFO consistently improves behavioral outcome and 

alleviates oxidative stress (Figure 1) For AD, IN administered DFO has been consistently 

efficacious in multiple animal models, while systemically administered DFO has yielded 

mixed results in preclinical studies. IN administration of DFO has been more thoroughly 
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characterized compared to systemically administered DFO in animal models and thus 

provides a more direct route toward clinical implementation in the immediate future. In 

the way of PD, numerous efficacious IP formulations have been presented, though this 

route of administration is not frequently employed in treating humans. Both IN administered 

DFO and complex systemic nanoformulations of DFO show promise in treating PD, though 

the limited availability of such preclinical studies makes it difficult to predict which route 

may be translated more rapidly. Lastly, in the case of ICH, systemically administered DFO 

has been evaluated both preclinically and clinically, though many of these studies did not 

advance chelation therapy toward routine clinical implementation. Though IN formulations 

of DFO are few in number, they merit further exploration as a promising method to 

facilitate translation, as do complex nanoformulations designed for treating secondary 

injuries following ICH. Overall, IN administration of DFO appears promising in treating 

CNS disorders, as do many complex systemic nanoformulations designed to permeate the 

BBB. However, tremendous variation is observed in the dosing regimens employed in 

DFO treatment, and little data exists regarding the quantity of DFO that reaches the brain 

following administration, and these parameters should be more thoroughly characterized 

prior to clinical testing.

Though promising clinical trials indicate the potential of chelation therapy in treating 

neurodegeneration, the non-specific toxicity of DFO when administered systemically at high 

doses and the intensive regimen of parenteral injections result in low patient compliance 

and, in some cases, the occurrence of serious adverse events. As is the case for preclinical 

studies, significant variations in maximum tolerable dose are observed in clinical studies, 

and consistent dosing regimens remain elusive. Further studies should confirm the amount of 

DFO that reaches the brain when administered by various routes in the clinic.

IN administration of DFO offers offers promise in increasing patient compliance as this 

route is noninvasive and avoids systemic toxicity. More complex formulations (Figure 

2) may lead to increased efficacy in treatment compared to traditional saline vehicles as 

these formulations protect against MCC and degradation by enzymes in the nasal mucosa. 

Alternatively, systemic formulations designed to prolong circulation time and decrease the 

minimum therapeutic dose may also prove useful in clinical application. Finally, the fate 

of the chelates resulting from successful DFO treatment in the brain has not been well 

characterized. It is possible that such chelates may cause chronic toxicity if not eliminated 

by efflux across the BBB or via the glymphatic system, so further study of their elimination 

is merited. Biodegradable IN and systemic formulations of DFO are thus of great clinical 

interest and merit further exploration for treating neurodegenerative disease.
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DFO deferoxamine

IO iron overload
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ROS reactive oxygen species

BBB blood–brain barrier

CNS central nervous system

IN intranasal

MCC mucocilliary clearance

IV intravenous

IM intramuscular

IP intraperitoneal

SC subcutaneous

AD Alzheimer’s disease

SP senile plaques

PD Parkinson’s disease

ICH intracerebral hemorrhage

RBCs red blood cells

SN substantia nigra
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Figure 1. 
Challenges and opportunities for deferoxamine delivery to treat Alzheimer’s disease, 

Parkinson’s disease, and secondary injury following intracerebral hemorrhage. Systemically 

and intranasally administered deferoxamine improves outcome in animal models, though 

deferoxamine administration has several clinical limitations. The use of nanoformulations of 

deferoxamine provides an avenue for clinical translation.
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Figure 2. 
Various strategies incorporated in systemic and intranasal nanoformulations of DFO to 

improve the efficacy of chelation therapy in treating Alzheimer’s disease, Parkinson’s 

disease, and secondary injury following intracerebral hemorrhage. Strategies such as the 

synergistic leverage of antioxidant species or targeting chemical moieties can be used in 

conjunction with delivery systems to ultimately improve biochemical, physiological, and 

behavioral outcomes in animal models.
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Table 3.

Outcomes of Clinical Trials of DFO in AD Patients

source formulation dose administered outcome

McLachlan et al.62 IM DFO 125 mg twice/day, 5 days/ week DFO treatment reduced the decline in daily living skills compared to 
placebo and oral treatment
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