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Neuroprotective actions of 2,4-dinitrophenol
Friend or foe? 

Sérgio Teixeira Ferreira, Fernanda Guarino De Felice

Abstract  –  2,4-dinitrophenol (DNP) has long been known to be toxic at high concentrations, an effect related 

to uncoupling of mitochondrial oxidative phosphorylation. Five years ago, however, we reported that low con-

centrations of DNP protect neurons against the toxicity of the amyloid-β peptide. Since then, a number of other 

studies have provided evidence of beneficial actions of DNP (at low concentrations), including neuroprotection 

against different types of insult, blockade of amyloid aggregation, stimulation of neurite outgrowth and neuronal 

differentiation, and even extension of lifespan in certain organisms. Some of these effects appear due to mild 

mitochondrial uncoupling and prevention of oxidative stress, whereas other actions are related to activation of 

additional intracellular signaling pathways. This study discusses the evidence supporting beneficial neuropro-

tective actions of DNP. DNP and other compounds with similar biological activities may be of interest in the 

development of novel therapeutic approaches for neurodegenerative diseases and other neurological disorders.
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Ações neuroprotetoras do 2,4-dinitrofenol: pró ou contra? 

Resumo  –  O 2,4-dinitrofenol (DNP) tem sido conhecido há bastante tempo como tóxico em altas concen-

trações, um efeito relacionado a desacoplamento da fosforilação oxidativa nas mitocôndrias. Há cinco anos, 

entretanto, nós relatamos que baixas concentrações do DNF protegem neurônios da toxicidade do peptídeo 

β-amilóide. Desde então, outros estudos trouxeram evidência adicional dos efeitos benéficos do DNP (em baixas 

concentrações), incluindo neuroproteção contra diferentes tipos de agressão, bloqueio da agregação do amilóide, 

estimulação de crescimento neurítico e diferenciação neuronal, e mesmo extensão da sobrevida em alguns orga-

nismos. Alguns desses efeitos parecem ser devidos a leve desacoplamento mitocondrial e prevenção do estresse 

oxidativo, enquanto outras ações são relacionadas à ativação de sistemas adicionais de sinalização intracelular. 

Este estudo discute a as evidências que dão suporte a ações neuroprotetoras benéficas do DNP. DNP e outros 

compostos com atividades biológicas similares podem ser de interesse no desenvolvimento de novas abordagens 

terapêuticas para doenças neurodegenerativas e outros transtornos neurológicos.

Palavras-chave: 2,4-dinitrofenol, peptídeo β-amilóide, doenças neurodegenerativas, neuroproteção, estresse 

oxidativo, terapia.
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At high concentrations, 2,4-dinitrophenol (DNP) and 
other nitrophenols are toxic to humans and animals. Tox-
icity is caused by interference with cellular energy me-
tabolism due to uncoupling of oxidative phosphorylation. 
DNP allows the mitochondrial respiratory chain to proceed 
without producing ATP, thus increasing the basal metabolic 
rate. For this reason, during the 1930s DNP was used as a 
weight loss drug in the treatment of obesity.1 However, in 

1938 use of DNP as a drug for human consumption was 
banned by the US Food and Drug Administration due to 
a number of deaths and to the development of cataracts 
amongst some users. 

On the other hand, recent in vitro and in vivo stud-
ies have shown that DNP may have interesting beneficial 
effects at low concentrations, for example in preventing 
neuronal degeneration induced by different insults. The 
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present work highlights some of the recent findings indi-
cating beneficial actions of DNP at low doses. Based on its 
favorable properties, we suggest that DNP could be used as 
a lead compound for the development of novel therapeu-
tic approaches for Alzheimer’s disease (AD) and other still 
untreatable neurodegenerative diseases as well as for some 
acute neurological disorders.

Mild mitochondrial uncoupling  
and beneficial effects of DNP

Considerable evidence indicates that reactive oxygen 
species (ROS) are centrally implicated in a number of 
chronic and acute disorders. Of special interest is the case 
of several neurological diseases in which ROS participate 
in neuronal damage triggered by various types of insult. 
Among these conditions are Alzheimer’s, Parkinson’s and 
Huntington’s diseases, amyotrophic lateral sclerosis and 
AIDS dementia complex.2,3 Other acute insults leading to 
massive brain cell death that have been related to oxidative 
damage include hypoglycemia, neurological trauma, stroke, 
ischemia/reperfusion and epilepsy.2,3

The mitochondrial respiratory chain is the major 
source of intracellular ROS production under physiologi-
cal and many pathological conditions.4 ROS formation re-
sults from monoelectronic reduction of oxygen, generating 
the superoxide anion instead of water, which is increased 
under conditions of high electrochemical gradient across 
the mitochondrial membrane.4 This suggests that mild 
mitochondrial uncoupling, with a corresponding decrease 
in electrochemical gradient, might prevent excessive ROS 
formation and cellular oxidative damage in certain patho-
logical conditions. 

It was recently demonstrated that rats treated intraperi-
toneally with DNP showed significant protection against 
brain damage caused by striatal injection of the N-meth-
yl-D-aspartate (NMDA) receptor agonist quinolinic acid.5 
Overactivation of NMDA receptors (by excessive glutamate 
or other agonists) leads to excitotoxic neuronal damage, in-
volving increased intracellular calcium levels and increased 
mitrochondrial ROS production.6 Interestingly, rats admin-
istered DNP either 1 h before or 3 h following quinolinic 
acid infusion developed lesions that were 25% smaller than 
control animals.5 The mechanism of neuroprotection by 
DNP was subsequently found to be related to the decrease 
in mitochondrial Ca2+ levels and in ROS formation.7 These 
findings indicate that DNP confers protection against acute 
brain injury involving excitotoxic pathways by mechanisms 
that maintain mitochondrial function.

Another recent study showed that intraperitoneal ad-
ministration of DNP reduces the infarct volume by ap-
proximately 40% in a model of focal ischemia-reperfu-
sion injury in rat brains.8 Interestingly, overexpression of 

human uncoupling protein 2 (UCP-2) in mice has been 
shown to reduce brain damage after experimental stroke 
and traumatic brain injury,9 suggesting that mitochondrial 
uncoupling might play a role in the prevention of damage. 
The same study also showed that neuronal death induced 
by oxygen and glucose deprivation in cultured cortical neu-
rons was reduced in the presence of DNP under conditions 
that caused mild mitochondrial uncoupling. 

In a different experimental paradigm, intraperitoneal 
injection of DNP in rats was shown to improve mitochon-
drial function, attenuate oxidative damage and increase 
white matter sparing in the contused spinal cord,10 sug-
gesting that this might constitute a novel approach for the 
treatment of spinal cord contusion damage. Taken together, 
these studies suggest that, contrary to the uncontrolled and 
deleterious mitochondrial uncoupling that takes place in 
the presence of high concentrations of DNP, mild uncou-
pling induced by low doses of DNP may actually be ben-
eficial in terms of reducing oxidative neuronal damage in 
different pathological conditions.

Accumulating evidence indicates that aging is, at least 
in part, linked to changes in mitochondrial metabolism and 
ROS formation. In this regard, it has been proposed that, 
similar to caloric restriction (11), mild mitochondrial un-
coupling could increase lifespan by reduction of oxidative 
stress (4). Although more studies are certainly warranted 
to determine whether this might be the case in higher or-
ganisms, it is interesting to note that DNP administration 
has recently been shown to prolong the lifespan of both 
Drosophila melanogaster and Saccharomyces cerevisiae.12,13 

Non-mitochondrial beneficial actions of DNP
Alzheimer’s disease and other amyloidosis:  
DNP as an anti-amyloidogenic compound
Amyloid diseases comprise an important class of hu-

man pathologies, including Alzheimer’s and Parkinson’s 
diseases, the spongiform encephalopathies, type II diabetes 
mellitus and various forms of systemic amyloidosis. These 
diseases have in common the occurrence of lesions in af-
fected tissues, consisting of intra- or extracellular aggre-
gates of misfolded proteins that have been closely associ-
ated with degeneration. At present, more than 20 different 
proteins or peptides are known to form amyloid deposits 
associated with human pathologies.14

Alzheimer’s disease (AD) is the most common cause of 
progressive decline of cognitive function in aged humans. It 
is estimated that AD currently affects 17–25 million people 
worldwide. In Western countries, it represents the fourth 
leading cause of death after heart diseases, cancer and 
stroke.15 The combination of increasing prevalence together 
with the relatively long survival (7 years on average) after 
diagnosis of AD places a heavy social and economic burden 
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on family members and society. In the United States alone, 
the annual direct and indirect economic costs associated 
with AD are estimated at US$80–100 billion.16 

AD is neuropathologically characterized by extracellu-
lar accumulation of fibrillar amyloid beta peptide (Aβ in 
senile plaques, intraneuronal neurofibrillary tangles con-
sisting of abnormally hyperphosphorylated tau protein, ox-
idative neuronal damage, synaptic degeneration and, more 
recently, by the build-up of soluble Aβ oligomers.17-19 Ag-
gregation of Aβ appears to initiate a cascade of events that 
leads to neuronal dysfunction (likely explaining the early 
cognitive decline characteristic of AD) and, ultimately, to 
nerve cell death. In this regard, pharmacological interven-
tion at initial steps of the amyloid aggregation process, e.g., 
preventing the formation of Aβ oligomers, could possibly 
halt or even reverse the pathogenesis of AD.

Structure-based drug design approaches to develop 
inhibitors of Aβ aggregation and neurotoxicity have been 
hampered by the lack of detailed structural information on 
either soluble, oligomeric or fibrillar aggregated Aβ. With 
the goal of developing mechanism-based strategies to in-
terfere with amyloid aggregation and toxicity, we initially 
investigated the contribution of hydrophobic interactions 
to the stability of Aβ fibrils.20 These studies revealed two 
important aspects of amyloid aggregation: 1) pre-aggre-
gated amyloid fibrils could be reversibly disaggregated by 
incubation at low temperatures, a signature of protein ag-
gregates that are stabilized by hydrophobic interactions; 2) 
the stability of amyloid fibrils in denaturant solutions was 
markedly increased when fibrils were assembled from the 
Aβ1-42 or Aβ1-43 peptides compared to a C-terminally trun-
cated peptide, Aβ1-28, which lacks a sequence of non-polar 
amino acids spanning residues 29-42 of Aβ. These results 
suggested that hydrophobic interactions mediated by the 
C-terminal domain (residues 29-42) of Aβ are important 
for the stability of amyloid aggregates. 

We thus hypothesized that low molecular weight hy-
drophobic compounds might destabilize and disaggregate 
amyloid aggregates. After examining a number of moder-
ately hydrophobic compounds (i.e., sufficiently hydropho-
bic to interfere with amyloid aggregation but still main-
taining good solubility in aqueous media), we found that 
low micromolar concentrations of DNP, 3-nitrophenol and 
other structurally related compounds completely prevented 
amyloid aggregation in vitro and caused the disassembly 
of pre-aggregated amyloid fibrils.20 Of significant interest, 
DNP and 3-nitrophenol completely blocked the neurotox-
icity of Aβ to rat hippocampal neurons in primary culture, 
and caused a marked reduction in the area occupied by 
amyloid deposits in an acute model of amyloid deposition 
in rat brains.20 To our knowledge, this was the first pub-
lished report showing a neuroprotective action of DNP. 

In a subsequent study, we demonstrated that DNP and 
other disubstituted aromatic compounds inhibit the for-
mation of soluble oligomers of Aβ peptide, also known as  
“ADDLs” (an acronym for Aβ-Derived Diffusible Ligands), 
and completely block their toxicity to cortical and hippo-
campal neurons in culture.21 

Recent evidence indicates that Aβ oligomers (ADDLs), 
rather than the mature amyloid fibrils present in the senile 
plaques, are the main neurotoxic species involved in the 
pathogenesis of AD.18,19 Thus, the ability of DNP and of 
other small-molecule compounds to block the formation 
of Aβ oligomers might constitute a promising pharma-
cological approach to interfere with an early event in the 
pathogenesis of AD. Considering that DNP exhibits a num-
ber of potentially adverse side-effects, the fact that other 
compounds we have characterized have also been shown to 
potently block Aβ oligomer formation and neurotoxicity21 
appears particularly interesting in this regard. 

Interestingly, we have recently found that DNP and 
other di-substituted aromatic compounds also inhibit the 
formation of amyloid fibrils from both wild type and vari-
ant forms of human lysozyme associated with hereditary 
systemic amyloidosis.22 

Furthermore, DNP inhibits the aggregation of human 
transthyretin implicated in familial amyloidotic polyneurop-
athy and senile systemic amyloidosis.23,24 These findings sug-
gest that the ability of DNP and related compounds to desta-
bilize aberrant protein-protein interactions may find possible 
applications in other amyloid diseases in addition to AD.

DNP induces neurite outgrowth and neuronal 
differentiation: Possible implications in  
neurological diseases
The cytoskeleton plays a key role in maintaining the 

highly asymmetrical cell shape and structural polarity that 
are essential for neuronal physiology. For example, cyto-
skeletal reorganization is required for neurite outgrowth 
and for synapse formation and remodeling. Several neu-
rodegenerative diseases, including AD, Parkinson’s disease, 
multiple sclerosis, amyotrophic lateral sclerosis and Hun-
tington’s disease are characterized by abnormal cytoskele-
ton assembly and, as a consequence, impairment of neuro-
transmission.25 This may partly explain the early cognitive 
loss and functional impairment observed in patients with 
neurodegenerative diseases. There are currently no clini-
cally approved and effective treatments available to pre-
vent neurodegeneration in these diseases. In this regard, an 
interesting new approach could be the use of compounds 
capable of preventing synapse and neurite degeneration 
and/or inducing neuritogenesis.

Neurite dystrophy is a characteristic pathological find-
ing in AD brains.26 Morphologic studies have demonstrated 
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significant loss of synaptic connectivity in many regions of 
the neocortex and hippocampus and a strong correlation 
between decreased synaptic density and cognitive decline 
in AD.27 We recently showed that low concentrations of 
DNP (≤20 βM) promote neurite outgrowth in cultured 
hippocampal and cortical neurons, and induce neuronal 
differentiation in a neuroblastoma cell line.28 Interestingly, 
we found that neurite outgrowth induced by DNP is ac-
companied by increased levels of tau protein and cAMP in 
both primary cortical and hippocampal neuronal cultures 
as well as in the N2A murine neuroblastoma cell line.28

Under physiological conditions, tau facilitates tubulin 
assembly,29 nucleates the polymerization and stabilizes 
microtubules.30 In CNS neurons, tau has been shown to 
be centrally involved in neurite outgrowth.31 By contrast, 
under pathological conditions (such as in Alzheimer’s 
disease and other tauopathies), tau undergoes abnormal 
hyperphosphorylation,32 resulting in self-aggregation and 
formation of insoluble cytoplasmic inclusions that ap-
pear to be related to the destabilization of microtubules.31 
Therefore, the increase in neuronal tau levels induced by 
DNP may facilitate microtubule growth and/or stabilize 
existing microtubules, resulting in increased cellular capac-
ity to extend neurites. An important observation was that 
the increase in neuronal tau levels induced by DNP was 
not accompanied by tau hyperphosphorylation,28 which, 
as noted above, has been shown to impair its function as a 
microtubule binding protein. Thus, one of the mechanisms 
by which DNP protects neurons in culture from amyloid 
toxicity may be related to the increase in levels of tau and, 
ultimately, neurite stabilization and outgrowth. 

Neurons in the human CNS are generally considered 
to be unable to regenerate, as a result of both an inhibi-
tory environment and their inherent inability to re-grow.33 
Importantly, it has been shown that cAMP presentation 
at nerve growth cones can influence their turning behav-
ior,34 affect guidance35 and enable nerve cells from mature 
animals to extend fibers across inhibitory substrates.36 In 
this context, it is of interest that DNP induces an increase 
in cAMP levels which leads to the activation of extracellu-
lar signal regulated kinase (ERK).28,37 Thus, modulation of 
neuronal cAMP levels by DNP could also lead to promising 
new strategies for neuroregeneration.

Finally, it is noteworthy that the amyloid aggregation 
blocker and neuroprotective actions described in the previ-
ous section as well as the induction of neuritogenesis and 
neuronal differentiation by low concentrations of DNP 
described above did not involve changes in mitochondrial 
function in the cells in culture. No changes were observed 
in oxygen consumption,28 mitochondrial membrane po-
tential (measured with the potential-sensitive fluorescent 
dye JC-1) or ROS generation (measured by DCFDA fluo-

rescence) of N2A cells or cortical neurons treated with 
up to 20 βM DNP (De Felice, unpublished observations). 
These observations indicate that the beneficial effects of 
DNP discussed above are not related to mitochondrial 
uncoupling.

 
Conclusion

The effects of DNP in the prevention of neurotoxic-
ity and aggregation of β-amyloid, promotion of neurite 
outgrowth and neuronal differentiation reviewed above 
suggest that DNP should be explored as a lead compound 
for the development of novel therapeutic approaches for 
AD and, possibly, for other devastating and as yet incur-
able neurological disorders. Nevertheless, considering its 
well-known toxicity, it is important to emphasize that it is 
not our intention to propose that DNP (even at low doses) 
should be re-introduced into clinical practice without more 
research and, in particular, a re-evaluation of its toxicologi-
cal profile at low doses. We believe that a compound such 
as DNP, simultaneously able to target amyloid aggregation 
and to reinforce the neuronal network, may find use in the 
management and treatment of AD. Moreover, mild mito-
chondrial uncoupling by low doses of DNP may also be 
of benefit in a range of neurological disorders in which 
excitotoxicity and oxidative stress play major roles. Finally, 
the ability of DNP to stimulate neurite outgrowth and neu-
ronal differentiation may also be of interest in strategies 
aimed to stimulate nerve regeneration. 
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