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Introduction
Late-Onset Alzheimer’s Disease and Failed Rejuvenation 
of Aged Neurons

Late-onset Alzheimer’s disease (LOAD) is an increasing 
socioeconomic burden worldwide. Unfortunately, its cause remains 
a medical mystery. Neurons are largely non-proliferative, and 
they usually cannot be replaced through cell division. Therefore, 
rejuvenation of aging neurons is an essential way for keeping brains’ 
functionality up to old age. Recently, mounting evidence supports 
that LOAD may be a result from abnormal neuronal aging due to 
either accelerated aging process or impairment in rejuvenation of 
aged neurons [1-5]. Rejuvenation mechanisms in neurons include 
repair of aging-associated DNA damage, autophagic digestion of 
metabolic molecules and/or damaged neuronal proteins such  

 
as abnormal tau, and glymphatic drainage of abnormal neuron-
associated proteins/wastes such as amyloid [6-10]. In fact, linkages 
between defective rejuvenation mechanisms and LOAD have 
been either partially demonstrated in several animal models, or 
statistically established by clinical observations. In familial early-
onset type, Alzheimer’s characteristics (i.e., tauopathy and amyloid 
plaques) are caused by structural alteration of those proteins 
due to mutations in genes such as APP and MAPT. However, it 
remains a puzzle why failed rejuvenation mechanisms would lead 
to LOAD with nearly identical characteristics to familial type of 
Alzheimer’s disease. Although a single rejuvenation mechanism 
can be well linked to LOAD, so far animal models with deficiency 
in one single mechanism (e.g., autophagy or glymphatic) do not 
develop any Alzheimer’s like symptoms in mice without mutant 
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human APP or MAPT transgenes. Those recent studies suggest 
requirement of deficiency in multiple rejuvenation mechanisms 
for LOAD developing. It is possible that there is a potential up-
stream regulatory factor or system that governs overall neuronal 
rejuvenations, and thus, its deficiency may impair all neuronal 
rejuvenations.

Unrepaired DNA Double-Strand Breaks (DSB) In Aged 
Neurons May Impair Their Rejuvenation 

Similar to other cells, accumulation of oxidative damages in 
various biomolecules is an important part of neuronal aging. We 
have discovered a sudden oxidative damages surge in the cortical/
hippocampal neurons at middle age in mice (40 weeks ≈ human 
46 years); such damage surge does not occur in any glial cells, 
or other organs [11,12]. Interestingly, sudden aging in brains at 
middle age has also been described in humans [13,14]. Oxidative 
damages in DNA lead to double-strand breaks (DSB), which must 
be repaired immediately. Otherwise, accumulated DSBs trigger 
genomic instability, which incapacitates stressed neurons to 
rejuvenate themselves or die through apoptosis. Accumulation of 
DSBs in Alzheimer’s brains have been reported [1,2,15-19]. It may 
initiate a chronic path from neuronal malfunction at middle age to 
neurodegeneration and dementia at old age. If it is the case, middle 
age may be a time window for early diagnosis or intervention of 
LOAD before irreversible neuron loss. DSBs-related genomic 
instability in neurons has been postulated as a potential cause for 
LOAD. There are two possible mechanisms that cause accumulation 
of DSBs in neurons: accelerated generation of DSB, or failure in 
DSB repair. DSB repair mechanisms have been well elucidated. 
Our study demonstrated that failure in DSB repair may be a major 
reason for DSB accumulation in neurons after middle age, at least 
in mice [11]. Which molecules or pathways regulate or initiate DSB 
repair in oxidatively stressed neurons?

Interleukin33-ST2-NFkB axis is critical for initiating 
DSB repair in neurons

Interleukin33 (IL33) is a member of the interleukin1 cytokine 
family and was first discovered as a nuclear protein [20]. After 
cleavage of nuclear IL33, a mature cytokine domain (cIL33) is 
released, which, in turn, binds to receptor ST2 to trigger NFκB 
pathway [21]. It was previously considered a multifunctional 
cytokine in immune defense/response. However, constitutive 
expression of IL33 in a wide range of tissues or cells including the 
brain suggests its potential roles beyond immune system [22-25]. 
It may be involved in the injury healing in central nervous system 
and other diseases such as cardiovascular diseases [26-29]. IL33 
has been genetically linked to human Alzheimer’s disease and 
shows a beneficial effect in a mouse Alzheimer’s model [30,31]. Our 

previous study has demonstrated role of IL33 in tissue homeostasis 
in degenerative ovarian tissue [32]. Importantly, we also discovered 
a high level of IL33 expression in astrocytes; up to surprisingly 
70% of astrocytes in certain brain regions would contain nuclear 
IL33 at old age, with constant release of cIL33 in brains [11]. In 
addition, we not only revealed neuronal expression of ST2, but also 
detected activation of NFκB pathway in neurons in NFκB/luciferase 
reporter transgenic mice. Thus, there exists an IL33-ST2-NFκB axis 
in neurons in brains [Fig. 1]. Importantly, IL33-NFκB axis has been 
detected in brains of human Alzheimer’s disease as well [33].  Using 
IL33 deficient (Il33-/-) mice, we discovered that astrocyte IL33 
(but not exogenous IL33) is essential for neurons to control sudden 
oxidative damages at middle age, and its deficiency in mice caused 
abnormal tau deposition and late-onset neurodegeneration in the 
cerebral cortex and hippocampus, accompanied by Alzheimer’s-
like cognition and memory impairment [11,12]. Those observations 
raised an interesting question: Is astrocyte IL33 governs overall 
neuronal rejuvenation by regulation of DSB repair after oxidative 
damage surge? Our two sets of discoveries answer this question. 
First, IL33-deficient mice show a rapid accumulation of DSBs in 
neurons after the oxidative damage surge (Figure 2A). Second, 
DSB accumulation is due to failure in initiating DSB repair [Figure 
2B]. Thus, neuronal IL33-ST2-NFκB axis is critical for initiation of 
DSB repair. Involvement of NFκB pathway in DSB repair in various 
tissues including aged brains has been reported [34-36]. At this 
moment, we are still exploring how NFκB pathway is involved in 
regulation of DSB repair in stressed neurons. Neuroinflammation 
has recently been considered as a cause or a promotor for LOAD. 
However, it is an unlikely scenario that IL33 involved in LOAD 
through promoting neuroinflammation.

Defective interleukin33-ST2-NFkB axis: a novel model 
for LOAD 

Our study has shown that IL33 deficiency first fails initiation 
of DSB repair. Accumulation of DSBs in neurons, in turn, disrupts 
multiple rejuvenation mechanisms such as neuronal autophagy and 
glymphatic drainage [11,37]. As we have discussed earlier, defects 
in those mechanisms have been linked to LOAD. It is not surprised 
that IL33 deficient mice develop chronic neurodegenerative 
diseases, following a similar course to, and shares hallmarks with 
sporadic LOAD: massive synapse and neurite loss in the cortex 
and hippocampus after middle age, abnormal tau deposition in 
neurons and chronic neurodegeneration, and finally cognition 
impairment and memory loss at late life after a long asymptomatic 
period [11]. Although two types of Alzheimer’s disease display 
similar pathological characteristics (i.e., tau deposition and 
amyloid plaques), those in LOAD are unrelated to genomic 
mutation. From this point of view, neurodegenerative disease in 
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IL33-deificency mice mimics LOAD better than other genomic 
mutation-based Alzheimer’s models. In fact, there are only a few, if 
any, animal models that “naturally” develop tau deposition without 
MAPT mutations. One may argue that IL33 deficient mice do not 
develop Amyloid plaques, one of the most important hallmarks 
of Alzheimer’s disease. In fact, unlike humans or other species, 
murine APP gene lacks structural base for formation of plaques 
[38]. However, abnormal tau deposition in IL33-deficienct brains 

may have indicated that lack of neuronal rejuvenation has created 
an internal environment that promotes protein denaturation, 
accumulation, and aggregation. We have shown that reduced 
glymphatic drainage in IL33 deficient mice accelerates abnormal 
tau accumulation in brains [37]. We are currently testing if it is the 
case for amyloid plaque in IL33 deficient human APP transgenic 
mice.

Figure 1: Interleukin33-ST2-NFκB Axis in neurons. IL1RaP is common co-receptor for IL1 family cytokine.

Conclusive remark

Figure 2: DNA double strand breaks (DBS) and their repair in neuron after oxidative damage. (A) Accumulation of DSBs (green) in neurons in 
IL33 deficient mice. In contrast, wild type neurons do not have any DSBs. (B) DSBs repairing occurs in neurons in wild type mice, but not in IL33 
deficient mice. DSB repair is detected by BrdU incorporation (red) and by expression of repair initiating protein PγH2AX (red). Note that both 
DSB accumulation and DSB repair are absent in glial cells (arrows).   

Our data, together with many others, allow us to give the 
following scenario for development of LOAD due to defective IL33-
NFκB axis in neurons [Figure 3]. In normal individuals, immediate 
repair of DSBs during oxidative surge ensures normal rejuvenation 

process for stressed neurons toward a full recovery. On the other 
hand, accumulation of unrepaired DSBs due to IL33-NFkB deficiency 
disrupts all subsequent rejuvenation mechanisms. Massive DSBs 
should otherwise have induced apoptosis in any other types of cells, 
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but not in those neurons [11] [Figure 2]. It raises an interesting 
question why neurons with massive DSBs due to failed DSB repair 
mechanism do not go to apoptosis, or, how they can survive 
for a long time. We have not had a full answer for it. Our recent 
study in IL33 deficiency model revealed a strong re-expression 
of apoptozole protein Apaf1, which has been silenced in mature 
neurons, after oxidative damage surge, together with expression 

of several pro- and anti-apoptotic genes. It suggests a death and 
life struggle by stressed neurons. Complicated interactions among 
those proteins may avoid apoptosis in neurons but with a significant 
price, i.e., loss of their functionality by shrinking or withdrawing 
neurites and synapse as seen in early human LOAD and middle aged 
IL33 deficient mice [11].  Since those neurons never recover, they 
eventually die or lose all functions.

Figure 3: IL33-ST2-NFκB axis regulates DSB repair. DSBs are repaired stressed neurons to keep genome integrity; stressed neurons are 
fully rejuvenated. On the other hand, unrepaired DSBs in IL33 deficient (IL33-/- ) neurons cause genomic instability and disrupts neuronal 
rejuvenation. Although anti-apoptotic mechanism avoids their death, neurons chronically degenerate with loss of functions.
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