
NEURAL REGENERATION RESEARCH｜Vol 17｜No. 5｜May 2022｜1003

Iron, the endolysosomal system and 
neuroinflammation: a matter of 
balance

Iron accumulation and neuroinflammation 
a r e  c a r d i n a l  f e a t u r e s  o f  m a n y 
neurodegenerative diseases (Urrutia et 
al., 2021). However, the hierarchy in the 
pathogenic mechanisms and the molecular 
connections between these processes are 
still obscure. In this perspective, we will 
discuss current evidence showing that aging, 
the main risk factor for neurodegenerative 
diseases, negatively impacts lysosomal 
function by triggering a paradoxical condition 
of iron accumulation accompanied by 
functional iron deficiency. This condition is 
self-sustaining in the neuroinflammatory 
process.

Iron and the endolysosomal system: Iron 
in its reduced state mediates the non-
enzymatic conversion of hydrogen peroxide 
to the highly reactive hydroxyl radical, which 
is associated with lipid peroxidation, protein 
oxidation and aggregation, and DNA damage. 
Conversely, iron is an essential cofactor in 
numerous physiological processes, including  
m i t o c h o n d r i a l  e n e r g y  m e t a b o l i s m , 
hydroxylation reactions, DNA replication and 
myelination. Therefore, iron content  and  
distribution at the subcellular level and 
between the several cell types present in the 
brain must be finely regulated to satisfy iron 
requirements while avoiding iron toxicity 
(Urrutia et al., 2021).

The three key steps in the cellular uptake 
of extracellular transferrin-bound iron 
d e p e n d  o n  t h e  a c i d i c  e nv i ro n m e n t 
o f  t h e  e n d o l y s o s o m a l  s y s t e m :  t h e 
dissociation of Fe3+ from transferrin; the 
subsequent reduction of Fe3+ to Fe2+ by 
the metalloreductase STEAP3, and finally 
the translocation of iron to the cytoplasm 
mediated by the divalent metal transporter 1. 
The endolysosomal system is also essential 
for the recycling of intracellular iron, 
through autophagy of iron-rich mitochondria 
(mitophagy) or of the iron storage protein 
ferritin (ferritinophagy) (Yambire et al., 
2019).

At the cellular level, the endolysosomal 
system plays a key role in achieving an 
adequate supply of iron to the mitochondria 
and the cytoplasm, the main compartments 
where iron is required (Weber et al., 2020). 

Interestingly, impaired endolysosomal 
acidification, a hallmark of aging (Colacurcio 
and Nixon,  2016),  has  been recent ly 
associated with iron dyshomeostasis and 
neuroinflammation in vivo (Halcrow et al., 
2021). Pharmacological or genetic-targeting 
of the vacuolar (v)-ATPase, which that 
maintains the acidic pH inside the lysosomes, 
results in functional iron deficiency in both 
the cytoplasm and the mitochondria. In 
the cytoplasm, iron deficiency triggers 
the accumulation of the hypoxia inducible 
factor-1ɑ, whose degradation depends 
on an i ron-dependent  hydroxy lat ion 
reaction. A decrease in the synthesis 
of deoxyribonucleotides triphosphate, 
catalyzed by a ribonucleotide reductase 
whose activity is dependent on iron, is 
also observed. Moreover, mitochondrial 
iron deficiency generates inefficiency in 
the electron transport chain, with lower 
oxygen consumption and higher generation 
of reactive oxygen species (ROS). Limited 
availability of cytosolic deoxyribonucleotides 
triphosphate disrupts mtDNA homeostasis 
and triggers a necrotic-l ike cell  death 
mechanism. Furthermore, iron sequestration 
in lysosomes increases the expression of 
pro-inflammatory cytokines (like tumor 
necrosis factor-ɑ) and interferon-responsive 
genes in cultured cortical neurons, triggering 
inflammatory signatures in the brain in vivo 
(Yambire et al., 2019).

Microglia in brain iron homeostasis: The 
above results show an intimate connection 
between inadequate intracellular iron 
distribution, which results in functional 
i r o n  d e f i c i e n c y,  a n d  t h e  o n s e t  o f 
neuroinflammatory processes. 

I n f l a m m ato r y  re s p o n s e s  a re  m a i n l y 
mediated by microglia, the innate immune 
cells that reside in the central nervous 
system. Microglia, like macrophages, can 
polarize along a continuum between a 
detrimental (M1) and a beneficial (M2) state. 
Both phenotypes differ markedly in their 
iron homeostatic mechanisms (Urrutia et 
al., 2021). Iron loading triggers polarization 
towards the proinflammatory M1 state and 
switches the M2 phenotype into M1. These 
changes could represent an adaptive survival 
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mechanism developed by microglia exposed 
to high iron levels.

M1 macrophages/microglia have high levels 
of ferritin light chain, which help to maintain 
low levels of the cytosolic labile (redox-active) 
iron pool. Additionally, they support ATP 
production by glycolysis, reducing the ROS-
producing mitochondrial energy metabolism. 
T he se  c hange s  co nfe r  res i stanc e  to 
ferroptosis, a ROS- and iron-dependent cell 
death process (Kapralov et al., 2020).

Recent evidence suggests that the microglia 
present in the brain of  patients with 
neurodegenerative diseases contribute to 
sequester iron in a non-bioavailable form, 
generating the paradox of a functional 
iron deficiency in the presence of iron 
accumulation at the tissular level (Urrutia 
et al., 2021). Remarkably, like M1 microglia, 
senescent cells accumulate large amounts 
of intracellular iron stored in ferritin. Due to 
a defect in ferritinophagy, this iron cannot 
become bioavailable, and these cells turn 
resistant to ferroptosis (Masaldan et al., 
2018).

N u m e r o u s  s t u d i e s  i n d i c a t e  t h a t  a 
subpopulation of dystrophic microglia, 
characterized by high levels of L-ferritin, 
is present in the brains of patients with 
Alzheimer’s disease and not in the brains 
of healthy aging people (Shahidehpour 
et al., 2021). Dystrophic microglia, which 
accumulate around amyloid plaques and 
tau-positive structures, are exhausted in 
their futile attempts to degrade protein 
aggregates and have decreased phagocytic 
capacity (Streit et al., 2009; Kenkhuis et al., 
2021). Arguably, this decreased phagocytic 
ability could be due to decreased lysosomal 
acidification, would explain the prominent 
accumulation of ferritin in these patients.

A l ink  between i ron dysregulat ion, 
e n d o l y s o s o m a l  a c i d i f i c a t i o n  a n d 
inflammation:  Based on the evidence 
discussed above, we propose a model 
that l inks iron dysregulation, both in 
neurons and microglia, with endolysosomal 
acidification, mitochondrial dysfunction and 
neuroinflammation (Figure 1).

As stated above, iron dyshomeostasis in 
the neurodegenerative aging brain not 
only involve iron accumulation, but also its 
abnormal distribution at the subcellular and 
tissular levels. As iron becomes unavailable, 
several mechanisms must be activated 
to ensure new iron entry into the brain, 
worsening the iron load. Hence, treatments 
that help to redistribute iron making it 
available for cellular processes, as low affinity 
iron chelators (Sohn et al., 2008), could be 
suitable.
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Ly s o s o m a l  d y s f u n c t i o n  re s u l t s  i n  a 
deterioration of mitochondrial functions 
and oxidative stress; hence, the existence 
of a lysosome-mitochondrial axis with a 
functional role in cell senescence has been 
proposed. Thus, enhancing the functioning 
of lysosomes, for example through the 
activation of  the master regulator of 
lysosomal homeostasis, the transcription 
factor TFEB (Bajaj et al., 2019), would offer 
a therapeutic alternative that targets the 
founding problem.

The model  depicted in  Figure 1  may 
h ave  p ro fo u n d  i m p l i cat i o n s  fo r  t h e 
pathophysiology of neurodegenerative 
diseases and foster future therapeutic 
developments.
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Figure 1 ｜ Aging- and disease-associated endolysosomal malfunction generates functional iron 
deficiency associated with iron accumulation and neuroinflammation. 
Impaired endolysosomal acidification is a cellular hallmark of aging and profoundly impacts neuronal 
iron homeostasis. The failure to obtain iron from the extracellular environment, added to a deficient 
intracellular iron recycling from mitochondria and ferritin, both dependent on acidic lysosomal pH, 
trigger mitochondrial dysfunction, a proinflammatory transcriptional signature and neuronal death. In 
dystrophic or senescent microglia, the same endolysosomal defect support phagocytosis and autophagy 
impairment, associated with iron sequestration in ferritin and conversion into a detrimental M1 state. 
Created with BioRender.com.


