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Abstract

2,4-Dinitrophenol (DNP) is an artificial mitochondrial uncoupler that was used as an anti-obesity treatment until it was
withdrawn due to high toxicity, a narrow therapeutic window, and a lack of an antidote. Despite these concerns, DNP’s
efficacy surpasses that of many contemporary anti-obesity drugs, sparking renewed interest in its potential use under
controlled conditions. However, the development of antidotes for their toxicity and advancement as therapeutic agents
has been impeded by a critical gap in our understanding of the precise molecular mechanisms by which DNP and simi-
lar uncouplers operate within mitochondria. This review provides a brief historical overview of DNP use and explores
various proposed molecular mechanisms of DNP action. It also summarizes recent results obtained using conductance
measurements of artificial bilayer membranes, patch clamp of mitoplasts, in silico analysis, and cryo-electron microscopy.
Continued integration of the electrophysiological, structural, and computational approaches is expected to clarify the
molecular basis of DNP-mediated uncoupling, enabling the rational development of safer uncouplers and mechanism-
based antidotes.
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DNP 2,4-Dinitrophenol Strategies for treating obesity

ETC Electron transport chain

GDP Guanosine 5’-diphosphate Obesity is one of the most pressing health issues in devel-

IMM Inner mitochondrial membrane oped countries worldwide. The most recent report from

mTOR  Mammalian target of rapamycin signaling the World Health Organization (WHO), published in 2022,
pathway shows that approximately 2.5 billion adults aged 18 years

OxPhos Oxidative phosphorylation
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and older were overweight, including over 890 million
adults living with obesity. About 16% of adults worldwide
were classified as obese, marking a significant rise from
8.4% in 1990 (source: www.who.int). Overweight and obe-
sity are estimated to account for approximately 4 million
related deaths worldwide each year.

The increasing prevalence of obesity is alarming, as it
significantly raises the risk of various diseases, including
type-2 diabetes, hypertension, cardiovascular diseases, and
certain types of cancer. Additionally, obesity is associated
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with psychological challenges for individuals, underscor-
ing the urgent need for effective therapies. However, the
pharmacological treatment of obesity remains a complex
challenge.

Therapeutic strategies primarily focus on two approaches:
(i) reducing energy intake and (ii) increasing energy expen-
diture (Fig. 1). The treatment of obesity based on the first
mechanism has seen recently significant advancements with
the development of anti-diabetic medications that also pro-
mote weight loss. These medications primarily target the
body’s metabolic pathways to enhance insulin sensitivity
and reduce appetite, leading to effective weight manage-
ment. Glucagon-like peptide-1 (GLP-1) receptor agonists,
such as semaglutide and liraglutide, have been approved
for both type 2 diabetes and obesity treatment (Scott 2015;
Kushner et al. 2020; Watanabe et al. 2024). These drugs
mimic the action of the natural hormone GLP-1, which
regulates blood sugar levels and appetite and can lead to
significant weight loss in individuals with obesity (O’Neil et
al. 2018). Sodium-glucose cotransporter-2 (SGLT-2) inhibi-
tors, such as empaglifiozin and canagliflozin, primarily used
for managing type 2 diabetes, have also been shown to initi-
ate a modest weight loss by preventing glucose reabsorption
in the kidneys (Sanjari et al. 2025; Lupsa and Inzucchi 2018;
Cefalu et al. 2015). Innovative combination therapies are
being developed to enhance weight loss outcomes (Enebo
et al. 2021). While these anti-diabetic medications demon-
strate efficacy in weight management, they are typically pre-
scribed for individuals with type 2 diabetes and obesity. The
utilization of these medications for weight reduction in indi-
viduals without diabetes constitutes a domain of ongoing

research. Furthermore, clinical trials have demonstrated that
both fat and muscle loss can lead to a reduction in overall
strength. This phenomenon may be particularly deleterious
for elderly patients (Silver et al. 2023; Myerson and Papa-
rodis 2024).

In contrast, anti-obesity strategies based on enhancing
mitochondrial uncoupling have shown greater effectiveness,
offering a promising avenue for future therapeutic interven-
tions (Goldgof et al. 2014).

Uncoupling in mitochondria

Uncoupling is a process that dissipates the proton gradient
across the inner mitochondrial membrane (IMM) gener-
ated by electron transport chain (ETC) as heat rather than
converting it into adenosine-5’-triphosphate (ATP, Fig. 2).
Uncoupling is involved in a variety of physiological pro-
cesses, impacting the balance between energy expenditure
and storage, thermogenesis and metabolic efficiency.
Brown adipose tissue (BAT) is essential for adaptive
thermogenesis, enabling organisms to enhance heat pro-
duction in response to cold exposure (Cypess et al. 2025;
Nicholls 2023, 2021; Shabalina et al. 2013). In addition to
its role in energy dissipation as heat, mild uncoupling can
have significant implications for oxidative stress regulation.
Mitochondria are a major source of reactive oxygen spe-
cies (ROS), which are by-products of oxidative phosphory-
lation (OxPhos). Mild uncoupling has been demonstrated
to reduce the generation of ROS, as the proton gradient is
less tightly coupled to electron flow in the ETC (Skulachev
1998; Krauss et al. 2005). This phenomenon may provide
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Fig. 3 The chemical structure of 2,4-dinitrophenol (DNP) with a pro-
tonable hydroxy group

a protective mechanism against oxidative damage, particu-
larly in tissues exhibiting high metabolic activity.

Dysregulated uncoupling has been implicated in the eti-
ology of several pathologies. In conditions such as obesity
and metabolic syndrome, excessive uncoupling can lead to
inefficient energy use, contributing to weight gain and insu-
lin resistance.

The process of mitochondrial uncoupling is governed
by multiple proteins, belonging to the mitochondrial solute
carrier 25 (SLC25) family (Pohl et al. 2019, 2025). Uncou-
pling protein 1 (UCP1) is the most well-known uncoupler,
which mediates non-shivering thermogenesis in BAT. The
presence of long chain fatty acids (FA), which are weak
uncouplers themselves, or other synthetic uncouplers, such
as dinitrophenol (Fig. 3), is a conditio sine qua non for the
uncoupling effect of UCP1. Nevertheless, the precise mech-
anism through which FAs contribute to UCP1- and ANT1-
mediated uncoupling remains a subject of considerable

debate (Kreiter et al. 2021; Fedorenko et al. 2012; Roticiani
et al. 2025).

2.4-Dinitrophenol - an effective but very dangerous
synthetic uncoupler

2, 4-Dinitrophenol (DNP; Fig. 3) is an organic compound,
(HOC4H;(NO,),, known from the past for its use in the
manufacture of explosives, herbicides, wood preservatives,
photographic developers, and as an antiseptic or pesticide.
In the 1930s, it was marketed as a fat-burning substance,
referred to as a “diet pill” (Cutting et al. 1933). The DNP
was described to directly increase the metabolic rate by
increasing the body’s heat production. However, by 1940,
its commercial use was discontinued due to its narrow thera-
peutic window, which led to severe side effects such as nau-
sea, vomiting, sweating, dizziness, headaches, and in some
cases even death. Chronic oral exposure to DNP resulted in
cataracts, skin lesions, and damage to the bone marrow, cen-
tral nervous system, and cardiovascular system (Grundlingh
et al. 2011; Siegmueller and Narasimhaiah 2010; Gummes-
son et al. 2025; Abdelati et al. 2023; Hermetet et al. 2024).

Despite its dangerous side effects, DNP is highly effec-
tive in reducing fat while preserving muscle mass. This has
led to its resurgence as a “safe weight loss” drug, primar-
ily marketed on the internet and gaining popularity among
bodybuilders (Bartlett et al. 2010; Holborow et al. 2016).
Not surprisingly, this has resulted in another sharp increase
in fatal cases, likely due to uncontrollable hyperthermia
(Wise 2014).
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The molecular mechanism underlying DNP’s action
remains poorly understood, and as a result, no specific
antidote exists. The current treatment for DNP poisoning
is purely symptomatic and focuses primarily on aggressive
cooling measures. Dantrolene is tested to manage hyper-
thermia in DNP toxicity by reducing muscle excitation—con-
traction coupling, supporting its potential role in emergency
treatment (Kopec et al. 2019).

However, patients often succumb to the effects of the poi-
soning (Yen and Ewald 2012). The rising incidence of DNP
overdose (Gziut and Thomas 2022; Vanthourenhout 2026;
Lindeman et al. 2026), coupled with its high mortality risk
and the lack of an effective antidote, alongside its potential
for promoting weight loss without muscle mass loss and
therapeutic uncoupling at low doses, underscores the urgent
need to investigate the underlying molecular mechanisms.
This could also facilitate the development of safer uncou-
plers and mechanism-based antidotes.

>

lipid bilayer
membrane

Fig. 4 Proposed mechanisms of proton transport across a lipid bilayer
membrane, mediated by uncouplers and uncoupling proteins, driven
by an applied transmembrane potential or ApH. A. Protein-indepen-
dent mechanism by which uncoupler (A") transports hydrogen ion
(H™) across lipid bilayer membrane. B. Protein-independent carrier
model mechanism by which complex (HA,") transports uncoupler
anion across lipid bilayer membrane. C. Protein-dependent mecha-
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Historical overview of the mechanisms
behind DNP- mediated uncoupling.

The uncoupling activity of DNP was first described in 1948
by Loomis and Lipmann (Loomis and Lipmann 1948). Sub-
sequent research in the laboratories of Mitchell, Lehninger
and Skulachev showed that DNP dissipates the electro-
chemical gradient generated by respiration in mitochondria
and increases proton conductance in black lipid membranes
(Bielawski et al. 1966; Skulachev et al. 1968; Mitchell and
Moyle 1967a, 1967b). DNP has also been reported to pre-
vent the uptake of inorganic phosphate into mitochondria
(Rognstad and Katz 1969).

Generally, substances classified as uncoupling agents do
not inhibit specific enzymatic reactions per se (see (Kotova
and Antonenko 2022) for a comprehensive review). Instead,
they function as lipid-soluble proton donor—acceptor sys-
tems that dissolve in the lipid phase of the membrane,
where they facilitate the movement of protons across the
membrane, thereby disrupting the formation of pH gradi-
ents during electron transport (Hopfer et al. 1968; Mitchell
1966) (Fig. 4).

Several groups have attempted to identify the pri-
mary target of the molecular mechanism of DNP action.
Bielawski, Thompson and Lehninger (1966) were among

H+

A-;HA

I
>
4
I
>
NI
v

y

lipid bilayer
membrane
G

5 —=
3>

I
>
Y

NI
A
>
I
>

I
+

protein
cavity

nism: The mitochondrial protein enhances the transport of hydrogen
ions (H™) across the bilayer membrane through an electrostatic inter-
action with the anionic protonophore (A") in the protein cavity. The
dashed arrows illustrate a possible pathway. The illustration shows a
cryo-EM model of UCP1 in the DNP-bound state, as obtained by Kang
and Chen in 2023.
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the first to demonstrate that the conductance of an artificial
black lipid membrane (BLM), increased when DNP was
used. Hopfer et al. and Liberman/Topaly suggested that
the observed increase was predominantly caused by proton
transport (Hopfer et al. 1968; Liberman and Topaly 1968).
By studying the effect of DNP on (i) the membrane conduc-
tance at different pH, and (ii) the impact of pH difference
on the transmembrane potential Lea and Croghan (Lea and
Croghan 1969) proposed carrier model of lipid-soluble per-
manent DNP complexes, formed by undissociated DNP and
its anion, DNP". Finkelstein proposed the same mechanism
for the action of weak acid uncouplers on BLMs, includ-
ing DNP (Finkelstein 1970). They argued that the negative
charge is delocalized across the entire complex in this case,
making it much more membrane-soluble than a single anion
shown in Fig. 4a. The proposed complex model suggests
that BLM conductance increases with the square of the DNP
concentration. However, this concentration dependence was
not directly observed in the earlier experiments (Bielawski
et al. 1966; Liberman and Topaly 1968; Hopfer et al. 1970).

Based on the models of Lea and Croghan (Lea and
Croghan 1969) and Finkelstein (Finkelstein 1970),
McLaughlin proposed that DNP generates a substantial
negative surface potential upon adsorption to a bilayer
membrane formed from a neutral lipid (McLaughlin 1972).
He provided experimental data supporting his hypothesis
of the modified carrier model. However, experiments had
to be conducted in the presence of nonactin to demonstrate
the effect of DNP. The increase in nonactin-K* conductance
produced by the DNP anion was accepted as an adequate
indicator of the BLM’'s altered surface potential in the
presence of DNP anions. When the measured conductance
obtained for nonactin was “corrected” for the surface poten-
tial produced by DNP anion adsorption, a pronounced qua-
dratic relationship was obtained between conductance and
DNP concentration. Unfortunately, this publication did not
describe the exact lipid composition of the bilayer mem-
brane. The observed increase in conductance with DNP
concentration in the BLM deviates from linear dependence
only slightly, and the change in surface potential due to
DNP anions is not significantly pronounced for any lipid
composition. This could explain why a linear approxima-
tion is favored in the literature (Ebert et al. 2018), and why
transport of the hydrogen ion (H") by DNP (Fig. 4a) is cited
more frequently than the DNP complex model (Fig. 4b).
McLaughlin’s work (McLaughlin 1972; McLaughlin and
Dilger 1980) lends support to LeBlanc’s broader idea of
two classes of weak-acid uncoupler and two mechanisms of
charge permeation (Leblanc 1971).

In brief, one class of uncoupler (e.g., CCCP) directly
increases membrane conductance in proportion to the pro-
tonophore concentration, as illustrated in Fig. 4a. The other

class of uncouplers increases conductance in proportion to
the square of the uncoupler concentration (Fig. 4b). Accord-
ing to the McLaughlin carrier model, DNP belongs to the
second class of uncoupler. These models remain state-of-
the art for studying the molecular mechanisms of DNP- and
other protonophore-mediated uncoupling in the BLM.

The comparison of the concentration of DNP needed to
affect artificial bilayer membranes (approximately 1 mM
(Bielawski et al. 1966)) with the much lower concentration
required to maximally stimulate respiration in rat liver mito-
chondria (around 30 pM (Parker 1965)) strongly suggests
that proteins may be involved. Hanstein and Hatefi showed
that the binding of another potent, water-soluble uncoupler
of oxidative phosphorylation, 2-azido-4-nitrophenol (NPA),
to mitochondria was saturable and did not appear to involve
mitochondrial lipids. Rather, their results indicated the
involvement of protein(s) with a molecular weight ranging
from 20 to 30 kDa (Hanstein and Hatefi 1974). Experimen-
tal evidence of the synergistic effects of dodecadepsipeptide
valinomycin and nitrophenolates in lipid membranes may
also indirectly support the protein hypothesis (Ginsburg
and Stark 1976). However, until recently, no experiments
had been performed in systems that allowed for the separa-
tion of DNP’s effects on the lipid and protein phases (see
Sect. "Recent studies on DNP mechanisms using mitochon-
dria, mitoplasts and lipid bilayers").

Renewed interest in DNP and its derivatives.

The renewed interest in DNP over the past two decades
extends beyond its potential use for anti-obesity treatment.
A growing body of recent evidence highlights a variety of
beneficial effects associated with DNP application in low
doses. Studies have reported that DNP can reverse diabe-
tes, improve hepatic steatosis in rats (Perry et al. 2015),
and provide protective effects against neuronal dysfunc-
tion and degeneration of neurons in various experimental
animal models, including peripheral nerve injury (Madeiro
da Costa et al. 2010), a mouse model of multiple sclero-
sis (O’Neill et al. 2025), traumatic brain injury (Pandya et
al. 2007; Hubbard et al. 2023) and ischemic stroke (Chan
et al. 2006; Liu et al. 2006). Microdoses of DNP delayed
the onset of amyotrophic lateral sclerosis, improved muscle
innervation, and reduced inflammation in mice (Zhong et
al. 2025). Further results suggest that DNP-induced mito-
chondrial uncoupling triggers reprogramming of the mTOR
and insulin signaling pathways in neurons (Liu et al. 2015).
In mice, DNP treatment has been shown to improve learn-
ing and memory, consistent with molecular evidence of
enhanced synaptic plasticity (Liu et al. 2015). This protec-
tion has been attributed to a reduction in mitochondrial free
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radical production, based on mild mitochondrial uncoupling
and/or stabilization of cellular calcium homeostasis.

The growing interest in developing new strategies for
DNP applications is further supported by demonstrating
controlled release of an oral DNP formulation (Perry et al.
2015; Vlasova et al. 2022). Additionally, the search for suit-
able DNP derivatives may help to overcome the high, non-
adjustable toxicity of DNP (Ost et al. 2017). In combination
with the development of an effective antidote, this could
make the use of DNP as an anti-obesity drug a realistic and
safer therapeutic option. The questions whether the action
of DNP is mainly mediated by protein or lipid phase, and the
exact molecular mechanism underlying DNP effects remain
open (Fig. 4).

Recent studies on DNP mechanisms using
mitochondria, mitoplasts and lipid bilayers

The inner mitochondrial membrane is a hard-to-reach place
in the cell. Historically, investigations of DNP’s interac-
tion with mitochondria have been limited to whole cells or
isolated mitochondria. These studies primarily measured
oxygen consumption, which provides an indirect measure
of DNP’s effects since it can be influenced by various mito-
chondrial processes beyond the proton gradient.

Recently, debates have arisen regarding the effects of
DNP and its molecular mechanisms. Studies using artificial
bilayer membranes reconstituted with recombinant UCPI,
UCP2, UCP3, ANT1, and OGC have shown that these five
proteins significantly enhance the protonophoric effect of
DNP (see Sect. "1Mechanism of DNP-mediated uncoupling
studied using artificial planar lipid bilayer membranes").
Another study confirmed some of these findings using mito-
plasts (see Sect. "Patch clamp experiments on the mito-
plasts"). The results of these studies were further supported
by molecular dynamics simulations (see Sect. "Insights
from molecular dynamic simulations"), which revealed that
the binding sites for DNP, free fatty acids, and purine nucle-
otides may overlap.

In contrast, Shabalina et al. examined the effects of DNP
on brown fat mitochondria from wildtype and UCP1 knock-
out (KO) mice and compared them to those of oleate, a
known UCP1 activator (Shabalina et al. 2025). As expected,
wildtype mitochondria showed higher sensitivity to oleate
than UCP1 KO mitochondria. However, oxygen consump-
tion measurements and membrane potential studies revealed
no difference in the response to DNP between mitochondria
of wild type and KO mice.

While the cause of the discrepancies observed between
different systems remains unclear, it is important to explic-
itly discuss the advantages and limitations of complementary
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methods in order to correctly interpret and reconcile the
results. In Sects. "1Mechanism of DNP-mediated uncou-
pling studied using artificial planar lipid bilayer mem-
branes" to "Insights from cryo-electron structure of UCP1"
of this review, we analyze the results obtained in planar
bilayer membranes (Sect. "1Mechanism of DNP-mediated
uncoupling studied using artificial planar lipid bilayer
membranes"), mitoplasts (Sect. "Patch clamp experiments
on the mitoplasts"), in silico systems (MD simulations,
Sect. "Insights from molecular dynamic simulations"), and
cryo-electron microscopy (Sect. "Insights from cryo-elec-
tron structure of UCP1").

Mechanism of DNP-mediated uncoupling studied
using artificial planar lipid bilayer membranes

As discussed in Part 2, BLMs were chosen as the primary
model for the investigating the molecular mechanism of
DNP action in protein-free membranes. With the emergence
of the new protein-mediated hypothesis, using artificial
membranes allows to not only reconstitute the protein of
interest, but also to compare protein-containing and protein-
free membranes in the presence of DNP under the same
environmental conditions.

Notably, DNP is not unique in being transported via both
protein-mediated and lipid-mediated pathways. A well-
established analogy is water transport, which can occur
either by passive diffusion through the lipid bilayer or via
aquaporins. In such systems, protein involvement generally
increases transport rates and enables tight regulation. The
involvement of different cellular pathways in DNP transport
remains unclear due to the limited number of mechanis-
tic studies of this process. Current evidence suggests that
protein-mediated DNP activity arises from binding within
protein cavities exhibiting a strong positive electrostatic
potential, such as those found in ANT1, which can attract
the deprotonated form of DNP. Importantly, this mechanism
does not preclude the classical protonophoric action of DNP
within the lipid bilayer. Available data (see 4.1-4.4) indi-
cate that both mechanisms coexist in mitochondria. Consis-
tent with this, DNP-induced conductance is substantial in
protein-free artificial membranes but increases markedly in
the presence of membrane proteins. Given the exceptionally
high protein content of the inner mitochondrial membrane
(approximately 75% by weight), elucidating the interactions
between DNP and membrane proteins is essential for a com-
prehensive understanding of its uncoupling activity.

Further advantage of the artificial membranes is the pos-
sibility to study the properties of a single type of membrane
protein within a lipid membrane of well-defined composi-
tion. It allows different recombinant mitochondrial proteins
to be tested and compared under consistent physicochemical
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conditions such as pH, temperature, osmolarity, lipid-pro-
tein ratio. Consequently, this method is optimal for eluci-
dating the molecular mechanisms underlying the interaction
between membrane proteins and their substrates. Site-
directed mutagenesis allows for the generation and testing
of specific protein mutants under the same conditions as the
wild-type protein. This enables the direct evaluation of how
individual amino acids impact protein-substrate interac-
tions. However, a major limitation of this method is that the
lipid bilayers may not accurately replicate the asymmetry
found in natural membranes because the lipids are symmet-
rically represented in both membrane leaflets.

Using unilamellar liposomes, the significant influence of
membrane lipids on DNP adsorption within the lipid bilayer
and its effect on DNP-mediated total membrane conduc-
tance was demonstrated (Jovanovic et al. 2019). Zuna and
colleagues used artificial lipid membranes to test the hypoth-
esis that ANT1, UCP1-3, and OGC facilitate the transport of
DNP anions across the lipid bilayer (Zuna et al. 2021; Zuna
et al. 2024), in a manner analogous to free fatty acid trans-
port (Kreiter et al. 2021; Kreiter et al. 2023; Andreyev et al.
1989; Bertholet et al. 2019) (Fig. 4C). This hypothesis is
based on the observation that DNP- induced mitochondrial
uncoupling is sensitive to carboxyatractyloside (CATR), a
specific inhibitor of ANT.

Previously, it was known that only long-chain free FAs
could directly activate ANT1, OGC, UCP1, UCP2 and
UCP3 (Kreiter et al. 2021; Zuna et al. 2024; Zackova et
al. 2003; Beck et al. 2006; Beck et al. 2007; Macher et al.
2018). However, DNP was found to be a much more efficient
activator of these proteins than FAs. Only 50 uM of DNP
produced an effect similar to that of 331 uM of arachidonic
acid in artificial planar lipid bilayer membranes (Zuna et al.
2021). Using artificial bilayer membranes, it is possible to
directly verify that DNP-induced mitochondrial uncoupling
is sensitive to CATR. In a lipid bilayer membrane reconsti-
tuted with ANT1, CATR inhibited proton transport by up
to~98% at a concentration of 100 pM when added before
DNP, indicating specificity of the interaction with ANTI.
Since ATP has been shown to inhibit FA-activated ANT1
(Kreiter et al. 2023), the effect of DNP on ANTI activa-
tion was examined. It was found that, at a concentration of
4 mM, ATP inhibited the effect of DNP by ~96% when added
before DNP. The same was observed for UCP1, UCP2, and
UCP3. These results suggest the same putative binding site
for DNP, CATR, ATP, and FA in ANT1. Based on previous
studies that showed that arginine 79 (R79) is critical for the
binding of CATR and ATP to ANT1 (Nelson et al. 1993;
Heidkamper et al. 1996; Pebay-Peyroula et al. 2003), the
authors tested its role in the interaction of DNP with ANT1.
Site-directed mutagenesis was used to generate the ANT1-
R79S mutant, in which the positively charged arginine was

replaced by a polar serine. Recombinant ANT1-R79S was
found to be unable to facilitate proton transport mediated by
DNP. These experiments proved and confirmed the hypoth-
esis that several mitochondrial proteins potentiate DNP-
mediated proton transport across the membrane. R79 was
identified as the putative binding site for DNP in ANT1.
However, the involvement of other amino acids is conceiv-
able and deserves further investigation.

The propensity of the DNP anion to interact electrostati-
cally with positively charged amino acid residues—particu-
larly arginine and lysine side chains—suggests that multiple
inner mitochondrial membrane proteins may enhance the
activity of DNP and related protonophores. Such protein-
mediated amplification of uncoupling could help explain
the difficulty in halting the uncontrolled heat production
observed in cases of DNP overdose, as the compound may
engage numerous protein interaction sites rather than a sin-
gle, targetable pathway.

This is particularly true for proteins such as UCP2,
UCP3, and OGC, which are less abundant in mitochondria
than ANT1 and therefore cannot be directly measured using
the patch clamp method as described in the Sect. "Patch
clamp experiments on the mitoplasts".

Patch clamp experiments on the mitoplasts

Bertholet and colleagues applied patch-clamp techniques to
isolated mitoplasts (Bertholet et al. 2022) and showed that
DNP induces a proton leak in the inner mitochondrial mem-
brane (IMM) by activating the mitochondrial proteins ANT
and UCP1. The main advantages of this method are that it
allows for the study of mitochondrial protein functions in
their native membrane environment and enables the adjust-
ment the buffer conditions. However, several critical issues
remain. The seemingly optimal physiological conditions are
questioned because: (i) osmotic pressure is applied to pro-
duce the mitoplasts and (ii) the potential present at the inner
mitochondrial membrane is destroyed. Furthermore, it is
difficult to prove that the correct protein is being measured.
Selecting the correct control is challenging. So, Bertholet et
al. used mitochondria from skeletal muscles (SkM) to show
the lacking protonophoric function of UCP2 (Bertholet et
al. 2019), although it was previously demonstrated that no
UCP2 is present in SkKM (Rupprecht et al. 2014; Rupprecht
et al. 2012).

The effect of DNP on UCP1 was studied in mitoplasts
isolated from BAT, where UCP1 is the most abundant pro-
tein under cold acclimating conditions. It was observed that
high concentrations of DNP (500 uM), in combination with
an FA scavenger (10 mM B-cyclodextrin), induced a signifi-
cant proton current in the IMM. However, the application
of 1 mM GDP, a non-specific inhibitor of UCP1, reduced

@ Springer



European Biophysics Journal

this effect by approximately 90%. The significantly reduced
proton current (approximately 75%) in UCPI1 knockout
mitoplasts further confirmed that UCP1 plays a primary
role in mediating the proton leak induced by DNP in wild-
type mitochondria. Interestingly, the data point to the low
potency of DNP in mitoplasts, evidenced by the need for
relatively high concentrations (50-500 uM) to induce a sig-
nificant H* conductance change.

Similar experiments focusing on the effect of DNP on
ANT1 were performed using mitoplasts from skeletal mus-
cle (SkM) and heart, where ANT]1 is the dominant isoform.
ANT1 was considered a likely candidate for potentiating
DNP-mediated uncoupling, as previous work by the authors
demonstrated that ANT1 enhances fatty acid — induced
proton current in the IMM (Bertholet et al. 2019). Patch-
clamp recordings revealed a DNP concentration-dependent
increase in proton current in the heart IMM. The application
of CATR reduced the proton leak by 60%, suggesting that
ANTI plays a predominant role in DNP-mediated uncou-
pling in heart mitochondria. Measurements of the signifi-
cant proton current in ANT1 KO heart mitochondria and
the lack of sensitivity to CATR suggest possible activation
of other proteins from the IMM (for example UCP3 and
OGCQC). Although the amount of each protein may be lower
than that of ANT, the presence of several DNP-sensitive
proteins could explain residual conductance. Unfortunately,
the authors did not explore this issue further. Here, addi-
tional experiments with e.g. GDP or ATP would help to see
the involvement of UCP3 in the observed proton current
(Pohl et al. 2019; Macher et al. 2018).

On the other hand, since the site where CATR binds to
ANT1 was previously known (Pebay-Peyroula et al. 2003;
Nury et al. 2005; Ruprecht et al. 2014), the efficient inhi-
bition of DNP action by CATR may indicate that DNP
interacts with the same amino acid residues in ANT1. The
authors use this as key evidence to propose an explanation
for the molecular mechanism of DNP’s action on ANTI.
Taken together, the residual proton current in the UCP1-KO
and ANT1-KO mitoplasts indicates that DNP may activate
other proteins in the IMM as well.

The major limitation of this method is that it can only
detect protein activation when the protein is overexpressed
in the mitochondria. The effect of DNP on all other compo-
nents of the IMM is therefore hidden and subject to specula-
tion. This means that experiments will be limited on cardiac
and BAT mitochondria in future studies.

There is also the problem of the interaction of DNP
with other lipophilic substrates. For example, FA scaven-
gers attenuate the effect of DNP. Thus, the concentration at
which DNP induces a proton current resulting from UCP1
activation remains unknown.

@ Springer

Insights from molecular dynamic simulations

In silico analysis provides valuable insights into the
molecular interactions between substrates and membrane
components, such as proteins and lipids. ANT is a favor-
able candidate for this analysis because its crystallographic
structure has been available since 2003 (Pebay-Peyroula et
al. 2003; Nury et al. 2005; Ruprecht et al. 2014). Structural
studies have also identified the internal cavity of ANT1 as
the site where transported nucleotides, such as ATP and
ADP, interact with the protein (Kunji and Robinson 2006;
Dehez et al. 2008).

Based on experimental results that demonstrated the
importance of the R79 residue for ANT's ability to medi-
ate DNP-induced proton conductance in planar lipid mem-
branes, Zuna et al. applied MD simulations to explore the
interaction between the R79 and the anion form of DNP
(Zuna et al. 2021). The MD simulations, conducted over
500 ns focused on two systems: wild-type ANT1 and ANT1-
R79S mutant, where arginine was substituted for serine at
position 79. The results revealed that the DNP anion read-
ily binds to R79 in ANT1, while binding was absent in the
ANT1-R79S. The relatively large average distance (1 nm)
between the center of mass of the DNP and the C, atom in
R79 (Fig. 5 from (Zuna et al. 2021)) suggests that the inter-
action is not particularly strong or long-lasting. This obser-
vation supports the hypothesis that the mechanism of DNP
action may be similar to the FA sliding hypothesis (Kreiter
et al. 2023; Vojvodic et al. 2025) (Fig. 4C). By contrast,
particularly strong and long-lasting interactions between
the DNP anion and amino acid residues would suggest the
permanent presence of the DNP anion in the protein cavity.

To identify possible binding sites for DNP within the
cavity of ANT1, Bertholet et al. applied both, in silico dock-
ing and MD simulations (Bertholet et al. 2022). Docking
of DNP in the c-state, based on the bovine ANT1 struc-
ture, revealed three main types of interactions between the
DNP anion and cavity residues: (i) hydrophobic interac-
tions, where the aromatic moiety of DNP interacts with the
hydrophobic side chains of 1183 and Y186, (ii) electrostatic
interactions between the nitro group on DNP and R234, and
(ii1) hydrogen bond interactions between the DNP hydroxyl
group and S227. Docking revealed that the DNP anion occu-
pies a position in the cavity similar to that of the adenosine
ring of ADP or the diterpene moiety of CATR (Bertholet et
al. 2022).

The authors did not delve into the specific amino acid
environment that contribute to the stabilization of the DNP
anion, although their results were somewhat counterin-
tuitive. One might expect the negatively charged hydroxyl
group of DNP to orient toward the positively charged R234,
and the slightly polar-NO, group to turn toward the polar
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A. Voltage clamp B. Patch clamp

Lipid phase;
Recombinant:

UCP1

ANT1

ucpP2

UCP3 IMM
OGC

Native:
UCP1
ANT1

Fig. 5 A comparison of methods for studying the interaction between
DNP and mitochondrial proteins and lipids. A. Conductance measure-
ments using planar bilayer membranes: well-defined buffer and lipid
composition, contribution only from target protein. B. The patch-clamp
technique on mitoplasts enables measurements of native proteins in the

serine. However, the authors observed that the DNP anion
adopts highly reproducible binding modes in the c-state
cavity, which were notably unaffected by the protonation
state of DNP. Additionally, docking of DNP in the m-state,
based on the fungal ANT1 structure (Ruprecht et al. 2019),
revealed that DNP localizes in the same position within the
cavity, surrounded by the same residues as in the c-state,
which was obtained for the bovine model. Therefore, the
authors argued that their in silico findings support the
experimental observation that ANT1 facilitates DNP-medi-
ated proton leak in both the c- and m-states. Further dock-
ing experiments with other uncouplers, including FCCP,
BAMI1S5, and SF6487, in the c-state cavity showed that they
all bind to the same pocket identified for DNP, as well as for
m-state (Bertholet et al. 2022).

MD simulations confirmed the docking predictions,
revealing that within 100 ns, the DNP anion, initially located
away from the protein, was drawn toward the predicted
binding site by the strong positive potential in the cavity
(Bertholet et al. 2022). Further, 500 ns simulations demon-
strated that DNP remained bound at this predicted location,
even at a transmembrane potential of -160 mV, maintaining
its docking interactions and interacting with residues R79,
R187, and D231. Additional MD simulations with the only
known natural uncoupler, FA (arachidonic or palmitic acid),
showed that FAs bind to the water-filled ANT cavity, but to a
different site than DNP. In 7 out of 10 simulations in c-state,
FAs entered the protein between TM5 and TM6, where they
remained, interacting with residues K22, R79, and R279,
while the acyl chain extended into the lipid bilayer.

In summary, MD simulations of both natural and chemi-
cal uncouplers demonstrated that the carboxylic group of
FAs interacts with residues involved in nucleotide phos-
phate group binding (Kunji and Robinson 2006; Dehez et
al. 2008), whereas the DNP binding site overlaps with the
CATR binding site and the localization of the adenosine
ring of ADP. In both cases, the protonable groups of these

C. Mitochondrial
respiration or potential

D. In silico analysis

ANT1
UCP1

Native:
ANT1

DNP  CATR DNP

IMM. C. Respiration/potential experiments: enable measurements in
cells. D. In silico methods (molecular docking and dynamics simula-
tion): putative electrostatic interactions and visualization are possible.
Figures C and D have been adapted from Zuna et al., 2021

uncouplers are located at the bottom of the cytosolic cav-
ity. Based on these in silico results, the authors proposed a
three-step mechanism for proton permeation mediated by
ANT and uncouplers: (i) FA and DNP bind to the c-state of
ANT, reducing the positive potential at the bottom of the
cavity, (ii) this allows cytoplasmic H' to enter the cavity and
bind to the uncoupler, and (iii) the binding of FA or DNP
induces a slight conformational change from the c- to the
m-state, opening a narrow, selective pathway for H perme-
ation (Bertholet et al. 2022).

Finally, a mathematical model was developed to investi-
gate the potential for H" permeation through ANT when a
DNP-like uncoupler binds to the cavity, opening a proton-
selective pathway toward the matrix side (Bertholet et al.
2022). The model supported the authors” hypothesis, pre-
dicting an H" flux rate of approximately 15 to 60 H" per
second at transmembrane potential of -160 mV.

It is important to note that the presumed binding sites for
uncouplers must be tested in experimental systems by site-
directed mutagenesis. Additionally, in silico mutagenesis
combined with further docking studies involving uncou-
plers could provide valuable, complementary insights. In the
absence of such experimental data, however, the hypothesis
remains primarily based on findings derived from ANTI1
and UCP1.

Insights from cryo-electron structure of UCP1

The recently solved structures of human UCP1, obtained
in the nucleotide-free, DNP-bound, and ATP-bound states
(Kang and Chen 2023), has provided new insights into
potential substrate-protein interactions. Using cryo-EM
density data of DNP (added in concentration 10 mM) into
the UCPI cavity, the authors modeled the binding location
of DNP within the protein. They found that DNP binds to
the positively charged central cavity of UCP1 in the c-state
conformation. Four distinct types of interactions between

@ Springer
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DNP's functional groups and UCP1 residues were identi-
fied: (i) hydrophobic m — 7 interactions between phenyl ring
of DNP and W280 of TM6, (ii) a hydrogen bond interaction
between the hydroxyl group of DNP and R276 of TM6, (iii) a
combination of polar and hydrophobic interactions between
the first nitro group of DNP and N281 and L277 of TM6,
and (iv) polar and electrostatic interactions between second
nitro group of DNP and R91, Q84, and R83 of TM2 (Kang
and Chen 2023). However, the extensive structural analy-
sis could not provide a clear model for DNP-assisted pro-
ton transport in UCP1. First, no significant conformational
change was observed when comparing the DNP-bound
UCP1 state with the empty UCP1 structure. This suggests
that, upon DNP binding to the central cavity of UCP1, the
gate to the matrix side remains tightly closed, maintaining
the same conformation as observed in the empty UCP1 or
ATP-bound states. Although Kang and Chen favored the
model proposed by Bertholet et al. for the ANT1 (Bertholet
et al. 2019), they could not explain how protons could pass
through the closed matrix gate. No chain of water molecules,
which might facilitate proton movement, was observed, nor
were any protonatable residues identified that could allow
unhindered proton movement through the gate. The authors
admit that, while thermodynamic fluctuations could tempo-
rarily open the matrix gate, the precise proton-conducting
pathway remains elusive. Consequently, they concluded
that the DNP-bound UCP1 structure they obtained repre-
sents a non-conducting protein state (Kang and Chen 2023).

Conclusion

Although DNP has long been used as a model uncoupler, its
precise mechanism of action has only recently been revis-
ited with modern techniques (Fig. 5). Earlier mechanistic
studies focused on its protonophore activity in pure lipid
bilayers, but growing evidence now points to a more com-
plex interaction involving mitochondrial proteins, such as
UCPs, ANT1, and OGC. Voltage- and patch-clamp experi-
ments have shown that these proteins facilitate DNP-medi-
ated proton transport in a tissue-specific manner, confirmed
by knockout models and inhibitor studies. Mutational anal-
ysis, particularly involving ANT1 R79S, and in silico mod-
eling have further highlighted key residues and binding sites
involved in DNP interaction. Cryo-EM Structures of UCP1
with DNP have revealed overlapping binding sites with
ATP and GDP, supporting competitive inhibition, though
the exact proton pathway remains unresolved. Collectively,
these findings suggest a paradigm shift: DNP uncoupling
is not purely lipid-mediated, but also protein-facilitated. A
mechanistic framework that integrates electrophysiology,
structural biology, and computational modeling now offers

@ Springer

an opportunity to redefine mitochondrial uncoupling beyond
empirical pharmacology. Elucidating how DNP engages
specific inner mitochondrial membrane proteins and lipid
environments may enable the rational design of safer, tun-
able uncouplers and, critically, mechanism-based antidotes.
Such advances could reopen the therapeutic exploration of
controlled mitochondrial uncoupling for metabolic diseases
while establishing clearer principles for balancing efficacy
and safety.
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