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Review

Abstract
Despite recent FDA approval of anti-amyloid antibodies for 
Alzheimer’s Disease, strategies that target early molecular 
mechanisms and could delay or change the disease trajectory 
are still needed. Mitochondria emerge as a signaling organelle 
that could modulate multiple molecular mechanisms to 
enhance cellular bioenergetics and promote neuronal survival. 
Approaches to enhance mitochondrial function could promote 
healthy aging delaying the onset of age-related diseases 
such as Alzheimer’s Disease. Some of these strategies have 
been recently tested in clinical trials. Emerging evidence 
demonstrates that in response to mild energetic stress, 
mitochondria could orchestrate a robust adaptive stress 
response activating multiple neuroprotective mechanism. The 
objective of this review is to highlight recent development of 
mitochondria-targeting therapeutics for neurodegenerative 
diseases, mitochondria complex I inhibitors in particular.  
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Introduction

Alzheimer ’s Disease (AD) is a progressive 
neurodegenerative disorder where mechanistic 
changes that lead to amyloid beta (Aβ) and 

hyper‒phosphorylated Tau protein (pTau) accumulation, 
the AD hallmarks, may start ~20 years prior to the 
onset of cognitive changes (1). It is now increasingly 
recognized that early AD mechanisms include metabolic 
dysfunction manifested in abnormal glucose/energy 
metabolism and increased neuronal damage (2). Synaptic 
degeneration is the best neuropathological correlate of 
cognitive decline in AD (3). While brain hypometabolism 
has no single cause, contributing mechanisms converge 
on alterations in mitochondrial dynamics and function, 
increased calcium levels and oxidative stress that affect 
cellular energy homeostasis. Neurons are most likely to 
be affected in AD under conditions of reduced glucose 
uptake, one of the earliest abnormalities detected 
the brain of people with prodromal AD, since the 
maintenance of synaptic function relies heavily on a 

consistent supply of energy. This energy is produced 
in mitochondria via a process known as oxidative 
phosphorylation (OXPHOS) with glucose as a major fuel 
for this process. Mitochondria are abundant in brain cells 
occupying ~25% of cell volume. The mitochondrion is the 
only cellular organelle other than the nucleus that has its 
own DNA (mtDNA) and transcriptional and translational 
machinery. These features, together with the unusual 
dynamics where organelles divide and fuse depending 
on their life cycle or in response to energy fluctuations, 
have supported the theory of an ancient endosymbiosis 
of a nucleated cell and an aerobic prokaryote (4). Benefits 
of this cooperation include mitochondria becoming the 
“power plant” of the cell, which significantly increased 
energy supply, while mitochondria outsourced the most 
of protein synthesis to the host cell. As a result, a robust 
communication system has been developed between 
mitochondria and the nucleus, known as mito-nuclear 
communication, and between mitochondria and other 
subcellular compartments and organelles (5). Thus, 
it is not surprising that apart from the generation of 
adenosine triphosphate (ATP), mitochondria acquired 
key roles in maintaining cellular bioenergetics, genomic 
stability, redox state, ion homeostasis, lipid and heme 
biosynthesis, innate immune surveillance, active stress 
responses, ultimately determining the fate of the cell (6, 
7). Below, we highlight the current understanding of the 
role mitochondria play in health and disease and the 
development of mitochondria-targeted therapeutics for 
neurodegenerative diseases of aging (NDA).   

Mitochondrial signaling in health and disease

The fidelity of the OXPHOS machinery is essential 
to support neuronal activity (8). ATP is produced in 
mitochondria during a series of metabolic reactions that 
include oxidation of glucose or its metabolites producing 
~ 36 ATP molecules (9) (Fig. 1). During the OXPHOS, four 
protein complexes of the electron transport chain (ETC) 
move electrons received from nicotinamide adenine 
dinucleotide (NADH) or flavin adenine dinucleotide 
(FADH2) produced in the tricarboxylic acid (TCA) 
cycle via a series of redox reactions coupled to a final 
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phosphorylation of adenosine diphosphate (ADP) to 
produce ATP, CO2, and water. The ETC (Fig. 1) includes 
four complexes: NADH dehydrogenase (complex I), 
succinate dehydrogenase (complex II), cytochrome c 
oxidoreductase (complex III), and cytochrome c oxidase 
(complex IV) (10). Electrons moving through the 
ETC promote the translocation of protons (H+) from 
the mitochondrial matrix to the intermembrane space, 
establishing an electrochemical gradient or proton‒motive 
force (PMF). The energy generated from the PMF is used 
to phosphorylate ADP to ATP via ATP synthase (complex 
V). This process also includes the formation of reactive 
oxygen species (ROS) such as hydrogen peroxide (H2O2) 
and superoxide (O2-) primarily by complexes l and lll. 
Under normal conditions, ROS generated during the 
OXPHOS are sequestered by the antioxidant enzymes 
such as superoxide dismutases, glutathione peroxidase, 
glutaredoxins, thioredoxins and catalases (11, 12). Under 
disease conditions or periods of high energy demand, 
the excessive ROS production may overwhelm the 
antioxidant capacities of the cell resulting in oxidative 

damage. Thus, mitochondrial function is tightly linked 
to the levels of ROS, energy metabolites, metabolites of 
the TCA cycle, and mitochondrial membrane potential 
(Δψm). With age or during the AD development, 
mitochondria show reduced capacity to produce ATP 
and maintain bioenergetics, they become more stationary 
within brain cells showing diminished ability to travel 
along the axons (anterograde and retrograde trafficking) 
to support axonal growth and synaptic function. 
Significant alterations were reported regarding the 
maintenance of a healthy mitochondrial pool through the 
process of biogenesis (a production of new organelles), 
mitophagy (the removal of damaged organelles), fission 
and fusion (changes in shape essential for quality control),  
which collectively increase mitochondrial ROS (11, 13-15). 
Mitochondria-produced ROS could damage mtDNA 
further accelerating mitochondrial dysfunction. The loss 
of mitochondrial function is considered a driving force 
behind the senescence, one of the prominent hallmarks 
of aging and the greatest risk factor for NDA (16). 
While mitochondria could influence multiple cellular 

Figure 1. Schematic model of the oxidative phosphorylation (OXPHOS) process in mitochondria

Adenosine triphosphate (ATP) is generated by OXPHOS conducted by the electron transport chain (ETC) (Complexes I – IV) and ATP synthase (complex V) located 
in the inner mitochondrial membrane. Nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) are converted to nicotinamide adenine 
dinucleotide-NAD+ (complex I) and FAD (complex II), respectively, with H2O formed as a byproduct. Complex I then transfers both electrons to ubiquinone (UQ), forming 
its high energy form, UQH2. Like complex I, complex II receives two electrons from FADH2, oxidizing the molecule to its low energy form, FAD. However, unlike complex 
I, complex II does not pump protons across the inner membrane. Complex III, also known as cytochrome reductase, transfers electrons from ubiquinone to cytochrome 
C (Cyt c). Complex IV, also known as cytochrome oxidase, then transfers electrons from Cyt c to oxygen, producing water as a byproduct. Energy released by the ETC is 
used to force protons (H+) to flow from the mitochondrial matrix into the intermembrane space. The proton gradient across the inner mitochondrial membrane drives ATP 
production via ATP synthase to catalyze the generation of ATP from adenosine diphosphate (ADP) and inorganic phosphate (Pi). Figure was created with BioRender.com.
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mechanisms, it has been shown that the capacity 
of mitochondria to generate energy and sustain stress 
(mitochondrial fitness) alone could determine the 
survival of brain cells emphasizing the essential role 
mitochondria play in health and disease (15, 17, 18).

As mentioned above, mitochondria maintain 
cellular energy homeostasis  and cell  survival 
through a robust signaling system. The examples of 
mitochondrial intracellular communication include 
activation of mitochondrial biogenesis via engaging 
a co-transcriptional regulation factor peroxisome 
proliferator-activated receptor-γ coactivator 1α (PGC1α) 
through metabolic sensor AMP-activated protein kinase 
(AMPK) in response to changes in ATP and AMP levels 
(19). Activation of PGC1α has been shown to elicit 
neuroprotective effects in models of Parkinson’s (PD) and 
AD (20, 21). Mitophagy, a process of removal of damaged 
organelles, could be induced by changes in mitochondrial 
Δψm, levels of NAD+, or activation of AMPK in PTEN-
induced kinase 1 (PINK1) and E3 ubiquitin ligase 
Parkin dependent or independent manner (22-24). 
Both mitochondrial serine/threonine-protein kinase 
PINK1 and Parkin are neuroprotective proteins that act 
together to ensure the removal of damaged mitochondria 
(25). Mitophagy is balanced with biogenesis since the 
uncontrolled removal of mitochondria could result in 
abnormal energy homeostasis (26). Activation of 
mitophagy blocks neurodegeneration of glutamatergic 
and cholinergic neurons, protects against Aβ and pTau 
toxicity, and improves cognitive function in mouse 
models of AD (27). 

The metaboli tes  produced or control led by 
mitochondria, including  acetyl coenzyme A (acetyl-
CoA), α-ketoglutarate, NAD+ and ROS, can regulate 
nuclear gene transcription activating antioxidant 
protection, mitigating inflammation, and inducing 
epigenetic modifications (28-30). The mitochondria-
derived peptide mitochondrial open-reading-frame of 
the 12S rRNA‒C (MOTS-c) has been shown to translocate 
to the nucleus and regulate metabolic homeostasis 
via AMPK-dependent mechanism protecting against 
age- and diet-dependent insulin resistance and obesity, 
factors that contribute to the development of AD (31). 
Mitochondria regulate immune response by releasing 
mtDNA and through mitochondria-derived peptides (e.g., 
humanin and MOTS‒c) (32-34). Mitochondria-derived 
vesicles (MDVs) represent another critical  element of 
mitochondrial quality control. MDVs carry damaged or 
oxidized components of organelles delivering them to 
lysosomes for degradation or releasing outside the cell via 
extracellular vesicles (EVs) (35). Under normal conditions, 
MDVs were linked to mitochondrial fission, peroxisome 
biogenesis, a resistance to oxidative stress, anti-
infection, and boosting innate immunity while abnormal 
MDVs were implicated in neurodegenerative diseases 
promoting neuroinflammation (35-37). The interaction of 
mitochondria with the endoplasmic reticulum (ER), mito-
ER communication, or Golgi has been shown to affect 

Ca2+ flux, lipid metabolism, autophagosome formation, 
ER stress, mitochondrial quality control, bioenergetics, 
apoptosis, and cellular architecture (38, 39). These 
examples highlight the complexity of mitochondrial 
signaling and the essential role of mitochondrial 
homeostasis in cellular functions.

In recent years, additional evidence emphasized the 
upstream role of mitochondria in the mechanisms of 
AD etiology. Changes in mitochondrial function have 
been shown to affect processing of Amyloid Precursor 
Protein (APP) and Aβ production (40), expression of 
apolipoprotein E (APOE) (41), and pTau aggregation (42). 
AD brains exhibit reduced expression of mitochondrial 
genes, mtDNA copy number, and low levels of proteins 
associated with mitochondrial respiratory chain 
involved in ATP production (43-46). In addition, it has 
been shown that mitochondria-mediated changes in 
energy homeostasis and signaling molecules involved 
in protective stress response, ROS generation, epigenetic 
modifications, neuroinflammation, and calcium 
homeostasis could independently determine the course 
of the disease (11, 47-49). The “mitochondrial cascade 
hypothesis” proposes that an individual’s genetic 
predisposition, environmental exposure, and lifestyle 
could affect mitochondrial function and mediate, drive, 
and/or contribute to a variety of AD pathologies (50). 
These mitochondrial changes are not restricted to the 
brain and could be detected in the periphery including 
plasma, lymphocytes, and fibroblasts (51-53). However, 
despite strong evidence implicating mitochondria in AD 
development, their diverse morphology, highly adaptive 
nature, and broad spectrum of functions convolute a clear 
mechanistic understanding of mitochondrial contribution 
to AD pathogenesis. Thus, determining the timing of 
interventions in the disease process and the optimal 
type of interventions targeting mitochondria has been 
challenging.

Mitochondria as a therapeutic target 

While mitochondrial dysfunction is well documented 
in NDA, recent data also support mitochondria as a 
therapeutic target (54-57). In this section, we will 
focus on the development of mitochondria-targeted 
strategies for AD. Additional information regarding 
other neurovegetative diseases could be found in these 
outstanding reviews (54, 58, 59). Few pharmacological 
approaches to enhance mitochondrial biogenesis and 
mitophagy, to reduce oxidative stress, and promote 
glucose metabolism have been tested in clinical trials. 
Table 1 presents the examples of therapeutic strategies 
developed toward specific mitochondria mechanisms and 
representative clinical trials that tested these approaches 
in AD patients (55, 60-66). Comprehensive information 
on all past, ongoing, and recruiting clinical trials for 
AD can be found at Clinicaltrials.gov web site. While 
pharmacological strategies produced mixed results, 
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intriguingly, the accumulating evidence suggests that 
non-pharmacological approaches, such as diet, exercise 
and mild mitochondrial stress induced by inhibition of 
the ETC components could reduce major AD hallmarks 
by engaging an adaptive stress response that leads to 
improved metabolic state, reduced oxidative stress and 
inflammation, and improved proteostasis (67-79). Over 70 
clinical trials are testing efficacy of lifestyle interventions, 
including diet and exercise, on the AD trajectory 
(Table 1). Relevant to mitochondria, the longitudinal 
RNA sequencing (RNA-seq) analysis identified one 
of the major complexes in the OXPHOS machinery, 
mitochondrial complex I, as a hub in a module of genes 
whose expression was negatively correlated with lifespan 
in African turquoise killifish (74). Mild mitochondrial 
injury associated with the knockdown of various ETC 
complexes in D. melanogaster has been shown to 
increase longevity via hormetic signaling (80, 81). Of key 

importance to the extension of health span in humans, 
correlation between mtDNA variability and longevity 
in a cohort of 2200 centenarians revealed that mutations 
in subunits of complex I that resulted in partial loss of 
its activity increased longevity (76). While inhibition of 
complex I to achieve healthy aging and prevent NDA 
appears counterintuitive, broad application of mild 
complex I inhibitor metformin (82), an FDA-approved 
drug for type 2 diabetes, supports the feasibility and 
safety of such an approach in humans (83-89). Beneficial 
mechanisms associated with these strategies appear to 
converge on the induction of a mild energetic stress, 
activation of mitochondrial signaling and the adaptive 
stress response (90). 

Mechanisms of adaptive stress response are 
complex. One of them includes activation of AMPK 
that has been directly linked to the regulation of cell 
metabolism, mitochondrial dynamics and function, 

Table 1. Therapeutic strategies that target mitochondrial dysfunction in AD
Therapeutic Approach Intervention Subjects Clinical Trial ID* References

Improving energy homeostasis Metformin MCI, AD NCT04098666, 
NCT03757910
NCT00620191, 
NCT01965756

(67)

Insulin MCI, AD NCT00581867 (66)

Resveratrol MCI, AD NCT01504854, 
NCT00678431

(68)

Sirtuin-NAD activators, MIB-626 AD NCT05040321 na

Enhancing brain glucose utilization Benfotiamine MCI, AD NCT02292238 (69)

Decreasing oxidative stress and boosting 
antioxidant mechanisms
 
 
 
 
 
 

Coenzyme Q10 AD NCT00117403 (70)

Creatine AD NCT05383833 na

Dimebon (Latrepirdine) AD NCT01152216, 
NCT00675623

(71)

Methylene Blue MCI, AD NCT02380573, 
NCT02380573

(65)

Curcumin MCI, AD NCT01811381, 
NCT03761381,
NCT00164749

(65)

Ginkgo biloba AD NCT03090516, 
NCT00164749

(165)

Omega-3 polyunsaturated fatty 
acids 

AD NCT03691519, 
NCT02719327,
NCT03841539, 
NCT02446132, 
NCT02442778, 
NCT00628017

(65)

Dysfunctional mitophagy/ autophagy, 
mitochondria/ ER stress
 

Anavex 2-73 MCI, AD NCT03790709, 
NCT02756858, 
NCT02244541

na

Nilotinib AD NCT02947893, 
NCT05143528

(72)

Lifestyle changes Exercise and Diet Aging 
individuals, 
MCI, AD 

NCT01041989, 
NCT04606420,
NCT04118985, etc

As of July 2023, over 70 
clinical trials are focused 
on various diets and 
exercise in AD

* Listed are the most recent representative clinical trials. Additional trials could be found on https://clinicaltrials.gov/. na – not available
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inflammation, oxidative stress, protein turnover, and 
Aβ and pTau proteostasis (91-93). Combined analysis 
performed using multiple types of genome-wide 
association study (GWAS) data identified a predominant 
role for metabolism-associated biological processes in 
the course of AD, including autophagy, insulin and 
fatty acid metabolism, with a focus on AMPK as a key 
modulator and therapeutic target (94). Other include 
hormetic mechanisms such as sublethal ROS production 
that activates antioxidant response predisposing cells 
to a better reaction to stress (90). The AMPK-regulated 
activation of mitochondrial biogenesis and autophagy/
mitophagy shifts mitochondria to a younger phenotype 
improving cellular bioenergetics while simultaneously 
removing misfolded proteins. Activated AMPK initiates 
a robust signaling cascade to ensure the restoration 
of the energy balance. This results in changes in lipid 
and glucose metabolism, mitochondrial dynamics, 
mitophagy and biogenesis, protein synthesis, reduction of 
inflammation and increase in levels of sirtuins, signaling 
molecules that regulate vast networks of metabolic 
and non‒metabolic enzymes essential for healthy 

aging (95-97). While AMPK could activate numerous 
neuroprotective mechanisms, the approach to develop the 
direct AMPK activators has been difficult (98). Therefore, 
the attention has been shifted to indirect AMPK activation 
via exercise or caloric restriction shown to slow down 
the progression of NDA (56, 99). Importantly, AMPK 
activation appears to attenuate major mechanisms 
involved in AD, including oxidative stress, inflammation, 
mitochondrial dysfunction, and altered brain energetics 
(2, 11, 100-102). However, it is important to note that 
AMPK activation has been also shown to promote Aβ 
generation and Tau phosphorylation, further emphasizing 
a fine balance between beneficial and pathological role 
AMPK may play in NDA (103, 104).  

Mild complex I inhibitor CP2

In search for disease-modifying strategies for 
neurodegenerative diseases, we identified tricyclic pyrone 
compound (code name CP2) as a mild mitochondrial 
complex I inhibitor (Fig. 2). To date, efficacy of CP2 
treatment has been demonstrated in multiple preclinical 

Figure 2. Mild inhibition of mitochondrial complex I activity with small molecule compound CP2 leads to an increase 
in AMP/ATP ratio that activates AMP-activated protein kinase-dependent mechanisms leading to neuroprotection

AMP, adenosine monophosphate; ATP, adenosine triphosphate. Figure was created with BioRender.com.
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mouse models of AD, Huntington’s Disease (HD), and 
aging (90, 105-109). CP2 penetrates the blood-brain barrier 
and accumulates in mitochondria where it mildly inhibits 
the activity of complex I. The specificity of complex I 
inhibition relative to other OXPHOS complexes was 
confirmed in mitochondria isolated from a mouse and 
postmortem human brain tissue (105, 106). The binding of 
CP2 to ovine complex I has been recently confirmed using 
Cryo-EM (collaboration with Dr. L. Sazanov, manuscript 
in preparation). 

CP2 has oral bioavailability of 65% (106). CP2 
concentration in the brain tissue of APP/PS1 mice 
chronically treated from 9 – 23 months of age averaged 
at ~62 nM, consistent with the earlier bioavailability 
studies (105, 110-112). Selectivity and specificity of CP2 
was evaluated in vitro pharmacological profiling against 
44 human targets, including G-protein-coupled receptors, 
ion channels, enzymes, neurotransmitter transporters, 
and 250 kinases. At 1 μM and 10 μM, concentrations 
significantly higher than those found efficacious in mice 
and in vitro assays, CP2 had minimal off-target activities 
(106, 109). CP2 (113) was originally identified in the 
phenotypic screen using MC65 human neuroblastoma 
cell line engineered to conditionally expresses a 
99-residue carboxyl terminal fragment derived from the 
β-secretase cleavage of human APP, which subsequently 
is cleaved by γ-secretase to generate Aβ42 (114). Recent 
comprehensive evaluation demonstrated that intracellular 
accumulation of Aβ42 in MC65 cells causes multiple 
pathological mechanisms and induces non-apoptotic cell 
death via oxytosis/ferroptosis (115). The mechanisms of 
toxicity included mitochondrial dysfunction associated 
with altered ATP production, reduced biogenesis, and 
bioenergetics; increased ROS production; decreased 
expression of glucose transporters GLUT3, GLUT4 on 
the plasma membrane; accumulation of Aβ and pTau; 
inflammation and ER stress (115). CP2 treatment blocked 
MC65 cell death with EC50 = 150 nM, demonstrating 
the ability to avert multiple key mechanisms of 
AD (111, 112). In vitro studies using surface plasmon 
resonance spectroscopy and atomic force microscopy 
also demonstrated the ability of CP2 to bind to Aβ and 
inhibit their aggregation (116). The infusion of 100 µM 
CP2 into cerebral ventricles of 3-month-old 5x FAD mice 
resulted in significant reduction of soluble and insoluble 
Aβ42 (116). In addition to the protection in MC65 cells, 
CP2 has been shown to inhibit acyl-CoA:cholesterol 
acyltransferase (ACAT) with EC50 = 1.2 µM and 
upregulate gene expression of cholesterol transporter 
ATP-binding cassette subfamily A member 1 (ABCA1) 
with EC50 = 0.9 mM (117). ACAT is a membrane-bound 
enzyme that resides at the ER and converts cholesterol to 
cholesteryl esters (CEs) for storage. Since accumulation 
of CEs was observed in the brain tissue of AD patients, 
pharmacological inhibition of ACAT was considered as 
a therapeutic strategy, and indeed has been shown to 
reduce levels of Aβ and augment other hallmarks for 

AD (118). Similarly, the upregulation of ABCA1, which 
expression and activity are decreased in AD, has been 
shown beneficial to maintain cholesterol homeostasis 
(119). However, based on the EC50 values, the effect 
of CP2 on ACAT or ABCA1 may not be the primary 
mechanism of protection against Aβ toxicity. 

In the past decade, we conducted extensive 
investigation of CP2 efficacy and molecular mechanisms 
in cellular and animal models of neurodegenerative 
diseases and aging. One of the earliest assessments was 
done in primary embryonic striatal neurons from mouse 
models of HD that express mutant huntingtin protein 
(mhtt) (120). We reported that  CP2 not only blocked 
mhtt-induced aggregation in HD neuronal and glial 
cells, but also alleviated early cellular dysfunctions that 
preclude aggregate formation in HD neurons, including 
abnormal cholesterol accumulation and altered clathrin-
independent endocytosis (120). Further investigations 
were conducted in multiple mouse modes of familial 
AD that express mutant human APP(K670N/M671L), 
PS1(M146L), double transgenic APP/PS1, and 3xTgAD 
mice that express mutant human PS1, APPSwe and 
tauP301L transgenes (105-108). We have shown that 
chronic administration of CP2 to mice via drinking water 
ad lib (25 mg/kg/day) was safe over 8 and 14 months 
of treatment (105, 106, 108). Preliminary toxicology was 
conducted in breeding wild-type mice treated with 50 
mg/kg/day for 30 days (105). Histopathological analysis 
of multiple tissues from parents and progeny failed 
to detect abnormalities or the effect on development 
(105). Administration of CP2 to the breeding APP and 
PS1 mice and continuous maintenance of progeny on 
CP2-containing drinking water resulted in a significant 
delay in the development of AD-like phenotype 
preserving the performance of CP2-treated APP, PS1 
and APP/PS1 mice in multiple behavior tests up to 56 
weeks of age (105). Similarly, pre-symptomatic APP/
PS1 mice chronically treated with CP2 starting at 2.5 
months of age for 6 months maintained the performance 
in cognitive tests and had reduced Aβ levels in the 
brain tissue (105). The first indication that CP2 affects 
mitochondrial respiration was obtained in experiments 
with a Seahorse Extracellular Flux Analyzer (105). In 
primary mouse neurons, CP2 was found to accumulate 
in mitochondria and significantly augment bioenergetic 
parameters, enhancing the spare respiratory capacity 
(SRC), the respiratory control ratio, and state apparent. 
The SRC is an indicator of the mitochondrial ability to 
produce additional energy under conditions of increased 
workload or stress, which is essential for a long-term 
cellular survival and function (121, 122). The SRC can be 
viewed as a marker of mitochondrial fitness. The fidelity 
of mitochondrial biogenesis and turnover regulated by a 
fine balance in the expression of PINK1, Parkin, PGC1α, 
and the transcription factor A (TFAM), mitochondrial 
fission/fusion machinery, the efficiency of the ETC and 
the TCA cycle activity, levels of sirtuins 1 and  3, and 
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activation of AMPK are essential mechanisms for the SRC 
maintenance. Indeed, we have found that CP2 activated 
AMPK, increased levels of sirtuin 1 and 3, enhanced 
mitochondrial biogenesis and turnover in neurons in 
vitro and in the mouse brain tissue in vivo in the group 
treated with CP2, compared to the untreated control 
(105, 106, 108). Collectively, the observed improvement of 
bioenergetic parameters in CP2-treatd models suggested 
the tightly coupled ETC and a considerable bioenergetic 
reserve supporting the improvement of mitochondrial 
fitness in AD mice. 

Furthermore, in primary neurons from PS1 and APP/
PS1 mice treated from birth, CP2 treatment restored 
axonal transport of mitochondria in anterograde (from 
the cell body) and retrograde (toward the cell body) 
directions reducing the number of stationary organelles 
[105]. Inhibition of axonal trafficking is well documented 
in AD models and in patients (123-126). One of the 
consequences of the axonal traffic jam is the reduced 
supply of energy to the sites of synapses and reduced 
availability of brain derived neurotrophic factor (BDNF), 
an essential modulator of neuronal health. We have 
found that in CP2 treated AD mice, levels of BDNF were 
increased, providing additional support for restoration 
of mitochondrial dynamics (105, 106). Consistently, 
improved mitochondrial morphology and increased 
number of longer organelles, an indication of better 
bioenergetics, have been found in brain tissue of CP2-
treated APP/PS1 mice using electron microscopy (EM) 
examination (106). Additional effect of CP2 treatment 
on mitochondria homeostasis included activation of 
biogenesis and mitophagy, which was also associated 
with the activation of AMPK (105, 106, 108).  

One of the immediate concerns regarding the 
application of complex I inhibitors is a potential increase 
in ROS. However, CP2-treated primary cortical neurons 
exhibited significantly greater resistance to H2O2-induced 
oxidative damage compared to untreated neurons, 
which could not be attributed to the CP2 functioning 
as an antioxidant (105). In APP/PS1 mice chronically 
treated with CP2 for 14 months starting at 9 months of 
age, levels of malondialdehyde (MDA), a product of 
lipid peroxidation, were significantly decreased (106). 
Experiments in cells demonstrated that the addition of 
CP2 induced rapid increase of sublethal ROS detected 
using DCFDA and MitoSOX dyes, which returned 
to the background levels 60 min later. This ROS did 
not affect cell viability (unpublished data). To test 
whether CP2 activates antioxidant response through 
the mitohormetic ROS signaling, we employed multiple 
in vitro and in vivo reporter assays (manuscript in 
preparation). Our data indicate that CP2 activates nuclear 
factor erythroid 2-related factor 2 (Nrf2) in vitro and 
in vivo, which further induces the expression of phase 
II detoxifying enzymes, including heme oxygenase-1 
(HO-1), and antioxidant genes through the antioxidant 
response element (ARE) (manuscript in preparation). This 
mechanism was ROS-independent and was associated 

with the activation of the AMPK-p62-KEAP1 axis. 
Furthermore, CP2 treatment reduced inflammation in 
AD mouse models. Multiple studies demonstrated that 
one of the major anti-inflammatory pathways involves 
activation of the Nrf2 signaling (127). Our data suggest 
that CP2 treatment reduced inflammation in the brain 
and blood of APP/PS1 mice, and significantly reduced 
levels of senescent cells in the adipose tissue of aged non-
transgenic (NTG) mice (106).  

Consistent with the activation of autophagy, CP2 
treatment resulted in reduced levels of Aβ regardless of 
whether the treatment started at pre-  or symptomatic 
stages of the disease in APP/PS1 mice (105, 106). 
Significant reduction of human pTau was achieved in 
male and female 3xTg-AD mice treated with CP2 from 3.5 
to 18 months of age (108). This outcome was associated 
with increased activity of protein phosphatase of type 2A 
(PP2A), and reduced activity of cyclin-dependent kinase 
5 (CDK5) and glycogen synthase kinase 3β (GSK3β). 
Chronic CP2 treatment restored synaptic activity 
established in acute brain slices using electrophysiology 
recording in female 3xTg-AD mice while cognitive 
function, levels of synaptic proteins, glucose metabolism, 
and energy homeostasis were improved in male and 
female 3xTg-AD mice. Similarly, long term potentiation 
(LTP) was restored in CP2-treated APP/PS1 mice (106). 
This functional improvement was further confirmed 
with 3 dimensional reconstructions of dendritic spine 
morphology using electron micrographs (3D EM). Data 
supported a presence of mature spines in CP2-treated 
APP/PS1 mice compared to immature ones observed in 
the vehicle-treated counterparts. The improvement was 
also associated with increased levels of synaptic proteins 
synaptophysin and post-synaptic density protein 95 
(PSD95) in the brain tissue of CP2-treated mice (106, 108). 

We further examined the effect of CP2 on neuronal 
loss in the locus coeruleus (LC) of APP/PS1 mice treated 
after the development of cognitive symptoms and 
neurodegeneration (106). Like AD patients that exhibit 
early neurodegeneration in the LC where severity of 
neuronal loss correlates with the duration of illness, APP/
PS1 mice also demonstrate a progressive loss of tyrosine 
hydroxylase positive (TH+) cortical afferents starting at 
6 months of age, followed by the loss of noradrenergic 
(TH+) neurons in the LC. Consistent with the progressive 
loss of afferents, there was a reduction in the volume of 
TH+ neurons in APP/PS1 mice starting at 12 months 
of age. CP2 treatment started at 9 months of age and 
delivered for 10 months to APP/PS1 mice completely 
stopped the progression of neurodegeneration (106). 
Cortical TH+ axon density, TH+ neuron number in LC, 
and TH+ neuronal volume in 20-month-old CP2-treated 
APP/PS1 mice were comparable to those in 12-month-
old APP/PS1 mice. These data demonstrate that CP2 
specifically protects the neuronal network in APP/PS1 
mice, which might be associated with the reduction of 
Aβ accumulation and toxicity and improved energy 
homeostasis and mitochondrial function.
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Cross-validation of the RNA-seq data generated in 
APP/PS1 female mice treated with CP2 for 14 months 
against the human dataset from Accelerating Medicines 
Partnership in Alzheimer’s Disease (AMP-AD) confirmed 
translational value of the mouse model and demonstrated 
that CP2 treatment restored pathways essential for 
human AD, including inflammation, oxidative stress, 
and synaptic function (106). Relevant to AD mechanisms, 
CP2 treatment increased glucose uptake and utilization 
in the brain of APP/PS1 mice, blocked the ongoing 
neurodegeneration, and improved mitochondria-ER 
communication, reducing the ER and UPR stress (106, 
107). 

Our preclinical studies demonstrated exceptional 
safety of chronic CP2 administration to mice over 
extended (up to 20 months) period of time starting in 
utero (105), at pre-symptomatic (105) or symptomatic 
stages of the disease (106). To address whether changes 
in genetic makeup associated with differential gene 
expression in respect to metabolic pathways and 
mitochondrial function could preclude from the safe 
application of this strategy in humans, we conducted a 
GWAS using a panel of ethnically diversified 196 human 
lymphoblastoid cell lines (LCLs) that were previously 
characterized using multi-omics approaches (109, 
128). This study provided the first evidence that the 
application of complex I inhibitor tool compound CP2 
was safe, at least in the healthy population.  Changes 
in gene expression in peripheral LCLs overlapped with 
some of the molecular mechanisms identified in neuronal 
cells. Genes found to play a potential role in affecting 
CP2 cytotoxicity were related to drug metabolism, while 
higher expression of genes involved in antioxidant 
response appears to increase CP2 tolerance. Except for 
COX2, no significant associations were found with the 
expression of the components of mitochondrial OXPHOS 
machinery, indicating the lack of significant safety 
concerns with targeting complex I. These results provide 
strong support for the safe application of complex I 
inhibitors in a diverse human population at doses shown 
efficacious in preclinical translational studies (109). 

Taken together, our data demonstrate that via mild 
inhibition of complex I, it is possible to engage multiple 
neuroprotective mechanisms without targeting each of 
them individually. This treatment mimics polypharmacy 
approach that might be necessary to treat complex 
disorders such as AD. Moreover, data generated in aging 
mice treated with CP2 suggest that targeting complex I 
could rejuvenate the transcriptome, promoting healthy 
aging and delaying the onset of NDA. With support 
from the Alzheimer Drug Discovery Foundation (ADDF), 
Harrington Discovery Institute, and the NIH Blueprint 
program, we have developed novel small molecules mild 
complex I inhibitors with properties superior to CP2 
(three US patents granted). The current stage of drug 
development is focused on the hit-to-lead optimization 
and the identification of preclinical drug candidate. 

While the main focus of the program is to develop 
safe and efficacious disease-modifying treatment for 
AD, collaborative data generated in the independent 
laboratories support feasibility of this treatment for other 
human conditions such as schizophrenia, rheumatoid 
arthritis, polycystic kidney disease, and osteoarthritis. 
Collectively, these data indicate that harnessing 
mitochondrial signaling could be beneficial for multiple 
human diseases granting further exploration of this 
therapeutic approach.
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