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Abstract
The goals of this review were to identify methylene blue (MB) as a compound that follows hormetic
behavior for a wide range of effects and to address the question of what is unique about MB that
could account for its wide applicability and hormetic behavior as a drug. The MB hormetic dose-
response relationship is exemplified by an increase in various behavioral, physiological and
biochemical responses with increasing dose, followed by a decrease in the same responses with an
even higher dose, until the responses are equal to control responses. With MB doses increasing
beyond the hormetic zone, the responses decrease even further, until they are below the control
responses. At doses spanning its hormetic zone, MB can increase select responses until they are 130–
160% of control. For example, low doses of MB produce maximum behavioral and biochemical
responses with averages of approximately 140% of control. As MB dose is raised outside the hormetic
zone the response decreases below the control response, as exemplified by MB’s ability to increase
cytochrome oxidase activity at intermediate doses, while decreasing cytochrome oxidase activity at
higher doses. It is proposed that MB’s autoxidizable chemical property may be responsible for its
unique biological action as both a metabolic energy enhancer and antioxidant that is frequently
characterized by hormetic dose-response relationships.
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INTRODUCTION
Methylene blue (MB) is a remarkable compound in the history of pharmacology and
chemotherapeutics. MB was the first phenothiazine compound developed and it has active
biological properties which have been under investigation for over 120 years. MB was first
prepared by Caro in 1876 as an aniline dye that became the first synthetic chemical tested in
human patients, which Ehrlich demonstrated in 1891 as effective in malaria treatment[1]. The
early works of Ehrlich lead to a great interest in the use of MB for numerous therapeutic
applications, from microbiology to psychiatry. For example, MB is a therapeutic dye with
antimicrobial activity, supravital staining and diagnostic histopathological uses, blood staining
activity, medicinal photosensitiser action, cancer chemotherapeutic uses and psychoactive uses
in dementia and psychosis[1–5]. Currently, some of the most important clinical uses of MB
include the therapy of methemoglobinemia, septic shock, encephalopathy and ischemia[1,6,
7].
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MB was also the lead compound for successful synthesis of pharmacotherapeutic derivatives
such as the antimalarial agents quinacrine and chloroquine, the phenothiazine antihistamines
such as promethazine and the first antipsychotic drugs such as chlorpromazine[1]. The
molecular structure of MB and its derivatives are characterized by a thiazine ring system or
chromophore. This ring system is oxidized (aromatic) in MB while it is reduced (non-aromatic)
in some of its derivatives such as chlorpromazine. MB derivatives of the oxidized ring type
spearheaded the use of synthetic dyes in the industrial revolution, while MB derivatives of the
reduced phenothiazine type brought about the birth of psychopharmacology and a revolution
in the treatment of psychiatric patients. More recent research on MB’s neurobiological and
behavioral actions suggests that MB has powerful metabolic enhancing and antioxidant effects
that facilitate memory[8–11] and promote neuroprotection[12]. In this wide range of effects,
MB appears to follow hormetic dose-response relationships. Therefore, in this review we
addressed the question of what is unique about MB that could account for its wide applicability
and hormetic behavior as a drug.

MB’S AUTOXIDIZABLE MECHANISM OF ACTION
A key chemical property of MB is that it is an autoxidizable dye (Fig. 1). That is, MB is a
reducible dye with a reduction-oxidation capacity for electron cycling. MB will be reduced by
accepting electrons from a reduced electron transport donor and it will in turn transfer electrons
to oxygen to form water. Therefore, MB’s autoxidizable property provides a chemical
mechanism for electron transfer to oxygen, but MB does not gain any stoichiometric or net
reduction. This autoxidizing property of MB may be responsible for various hormetic dose-
response relationships[13] which can be observed for the effects of MB at the behavioral,
physiological and biochemical levels. In particular, the sequence of reduction-oxidation events
of MB in the electron transport chain in the mitochondria (Fig. 2) could explain why responses
to MB are often characterized by nonlinear dose-response curves, where at low doses the
response is opposite to that of higher doses, while the intermediate doses have little or no effect
on the response variable.

MB can autoxidize both in vitro and in vivo. In its oxidized form, MB is blue in color and
readily reduced by many living cells[14]. In order for MB to enter the cytosol, it is reduced at
the exofacial cell surface into its colorless lipophilic form, leuko MB (MBH2)[15]. Once inside
the cell, this reduced MBH2 can be re-oxidized to MB, which is trapped in the cell[16]. At low
concentrations in vivo there is an equilibrium between MB and MBH2, in such a way that they
form a reversible reduction-oxidation system. Through this mechanism MB can function as an
electron cycler (donor/acceptor) and scavenger of free radicals, which has the potential to affect
a wide variety of physiological responses. However, at high concentrations this equilibrium is
impaired and MB can lead to oxidative stress at the cellular level[8]. Inside mitochondria, MB’s
electron cycling system may form the basis for its combined metabolic energy enhancing effect
and antioxidant effect as scavenger of reactive oxygen species formed during cellular
respiration.

In the mitochondria-containing cells, MB enters this organelle, most likely in its reduced
MBH2 form, only to be oxidized again by heme proteins such as cytochrome c and cytochrome
c oxidase[17]. However, MB can also be reduced by NADH-dehydrogenase of complex I of
the mitochondrial electron transport chain, entering the oxidation-reduction cycle which can
substitute electrons normally derived from oxygen and thus drive the electron transport chain
energy production at lower ranges of MB doses. However, at higher doses, MB can take
electrons away from the electron transport chain complexes, thus decreasing activity of these
complexes and subsequent ATP production. An example of such hormetic dose-response of
MB is exemplified by MB’s effect on cytochrome oxidase activity.
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HORMETIC MB RESPONSE ON MITOCHONDRIAL ELECTRON TRANSPORT
CHAIN ENZYMATIC ACTIVITY

A dose-response relationship illustrating the quantitative features of hormesis has been
proposed by Calabrese and colleagues (2007). According to this hormetic dose-response
framework, an agent (e.g., a chemical compound) exerts its maximum response of 130–160%
of control within the middle of its hormetic zone. Therefore, with increasing doses, first there
is an increase in the response, followed by a decrease in the same response, until the response
is equal to control response. With doses increasing beyond the hormetic zone, the response
decreases even further, until it is below the control response. As an example of hormesis,
Calabrese et al. (2007) depict dose-time-response concerning the effects of chlorpromazine on
neutral red uptake of mouse neuroblastoma cells. It is interesting to recall that chlorpromazine
was originally derived from MB and that these two compounds have rather similar chemical
structure with a common phenothiazine ring system (Fig. 1).

We investigated effects of MB on brain cytochrome oxidase activity in vitro using
spectrophotometry and found a hormetic zone for MB’s effect on this mitochondrial enzyme.
Cytochrome oxidase is a terminal enzyme in the electron transport chain complex and as such
is a rate-limiting enzyme for the production of ATP[18]. Cytochrome oxidase has an iron center
and is thus in a position to bind and oxidize MBH2 when MBH2 is present at low doses. As
shown in Fig. 3. when MB was administered to rat brain homogenates a maximum cytochrome
oxidase activity increase (138% of control) was achieved with a 0.5 μM MB dose, while at 5
μM MB the cytochrome oxidase activity returned to control level[8]. As the dose of MB was
increased, the cytochrome oxidase activity fell bellow the baseline response, suggesting that
at 10 μM dose, MB was taking electrons away from the electron transport chain complexes of
the mitochondria. This may be because at low concentrations, MB is at an equilibrium due to
a reversible oxidation-reduction system, but with an increase in concentration, the equilibrium
is eliminated[19]. This example illustrates the hormetic dose-response of MB on a
mitochondrial electron transport chain enzyme, a likely mechanism behind several other
published studies of hormetic dose-response relationship of MB on various behavioral,
physiological and biochemical effects that are briefly described below.

MB’S HORMETIC DOSE-RESPONSE EFFECTS ON VARIOUS BEHAVIORAL
MEASURES

One of the first studies of varying MB doses on behavior examined possible memory-enhancing
effects of MB on learned inhibitory avoidance behavior in mice and rats[20]. Inhibitory
avoidance is used to evaluate memory for a simple aversive contextual conditioning, in which
an animal is placed in one part of a chamber, shocked and then allowed to escape into a different
part of the chamber. Latency to make the inhibitory avoidance response once an animal has
been subjected to training is used as an index of the memory for the conditioning episode. This
study showed that both the dose and time of MB administration were important for MB’s
memory-enhancing effect, since memory retention in an inhibitory avoidance task was
improved only 24 h after posttraining MB injection. For example, 1 mg kg−1 MB given
intraperitoneally immediately after training sessions enhanced memory retention 24 h later,
whereas administration either 6 h after training or 15 min before retention testing was
ineffective in improving memory retention tested 24 h after training.

A lower dose of 0.05 mg kg−1 MB administered immediately following the training also had
a memory-enhancing effect that approached significance. Interestingly, a 5 mg kg−1 MB dose
given immediately following training did not differ from a saline-treated control condition.
However, a 50 mg kg−1 MB dose given 15 min before training produced amnesia in this
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inhibitory avoidance task, corresponding well with the principles of the hormetic dose-response
relationship in which lower doses of an agent can increase a response (memory retention), until
the dose is reached where there is no change in the response as compared to control and finally
an even higher dose produces a response in the opposite direction (amnesia). This indicates
that after low-dose MB administration there may be a compensatory response that increases
over time.

A non-linear dose response to MB in behavioral tasks such as open field habituation, object
recognition task and wheel running has also been described[10]. The first two tests assessed
between-days memory retention, while the wheel running assessed general locomotor activity.
In this study a high (50 mg kg−1) MB dose resulted in decreased locomotion of animals, whereas
the lower dose of 4 mg kg−1 MB had no non-specific effects on general activity and motivation,
while it improved memory. The wheel-running response to MB provides another example of
the behavioral hormetic dose-response effects of MB. The maximum wheel-running response
(average 142% of control) was found at the 4 mg kg−1 dose, while larger doses (50 and 100
mg kg−1) led to decrement below control levels (Fig. 4). In turn, 1 mg kg−1 MB, as well as 10
mg kg−1 MB-treated animals did not differ from saline-treated control group in the number of
running wheel revolutions. Therefore, the intermediate MB dose in this study was shown to
produce maximal behavioral response, with lower and higher doses having no effect and even
higher doses having an opposite effect. This hormetic dose-response relationship of
intraperitoneal MB injections on locomotor activity may be a result of redox state of MB in
mitochondria enhancing or inhibiting electron transport chain enzymatic activity depending
on its concentration inside the cell. At highest doses, the electrons may be taken away from
the cytochrome oxidase, resulting in decreased ATP production. On the other hand, an
intermediate MB dose may act as an electron donor, thus driving the metabolic energy
production.

In another behavioral pharmacology study, three different MB doses (10, 30 or 100 nmol/0.5
μL) were injected intracranially into the dorsal periaqueductal grey of rats submitted to the
elevated plus maze test[21]. The elevated plus maze test is widely used as a test of anxiety
based on the natural aversion of rodents to heights and open spaces[22]. The results showed
that 30 nmol MB produced the maximum response (132% of control response) by significantly
increasing the percent of time spent in the open arms of the maze and had a tendency to do the
same with the percentage of open arm entries. The low and high dose of MB resulted in
responses similar to control. Therefore, the MB dose-response curve in this study had an
inverted U shape, however the range of doses tested was not broad enough to observe the
opposite response at a higher MB dose.

However, another study which also examined effects of various doses of MB on the
performance of rodents in the elevated plus-maze and found similar results[23] suggests that
an opposite behavioral response could be observed in this paradigm with a higher MB dose.
Importantly, in this study MB was given systemically (intravenously) over a wider range of
doses. It was found that lower MB doses of 1.87 mg kg−1 and 3.75 mg kg−1 did not have an
effect on the behavioral response (although there was a trend for the 3.75 mg kg−1 dose to
increase the time spent in the open arms). Intermediate doses of 7.5 mg kg−1 MB and 15 mg
kg−1 MB significantly increased time spent in the open arms of the maze, suggesting an
anxiolytic action. On the other hand, a higher 30 mg kg−1 MB dose had no effect on the
behavioral response. Finally, the largest MB dose (60 mg kg−1) decreased the time spent in the
open arms of the maze below control levels, suggesting that the high MB dose can be anxiogenic
(the opposite response to that found with the intermediate doses). One possible confound in
this study was the finding that at a 60 mg kg−1 dose MB also decreased the spontaneous
locomotor activity, raising the question whether decrease in the time spent in the open arms of
the elevated plus maze could be attributed to this more general effect. Nevertheless, it is not
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likely that anxiogenic properties of MB are solely due to a decrease in general activity, since
no difference was found in the percent of open arm entries between subjects treated with 60
mg kg−1 MB and control subjects.

Therefore, MB exerts a hormetic dose-response relationship on rodent behavior in the elevated
plus maze, suggesting that when given within its hormetic zone range MB can be anxiolytic,
but also indicating that too high of a dose can have an anxiogenic effect. Determining the
mechanism behind these hormetic dose-response effects of MB on anxiolytic behavior will
require more work in animal models, but one possibility is that MB-induced metabolic
increases or decreases in the periaqueductal grey may contribute to dose-dependent anxiolytic
and anxiogenic properties of MB.

In the same behavioral study, another behavioral paradigm, the forced swim test, was used to
assess behavioral despair and antidepressant drug action after MB administration[23]. It was
found that MB at 15–30 mg kg−1 dose range significantly decreased the immobility time.
However, the lower MB dose range (3.75–7 mg kg−1) and higher dose (60 mg kg−1) did not
differ from the control condition. This suggests that a hormetic dose-response zone for MB’s
effect on depressive behavior in rats is between 7 and 60 mg kg−1. It is unclear whether a higher
MB dose (> 60 mg kg−1) may induce change in the opposite direction and increase the
behavioral despair response, since to date there are no published studies addressing this
question.

MB’S HORMETIC DOSE-RESPONSE EFFECTS ON VARIOUS
PHYSIOLOGICAL MEASURES

The most common current use of MB is for treating methemoglobinemia induced by metabolic
poisons such as nitrates, cyanide and others. MB accelerates the normally slow NADP
(nicotinamide adenine dinucleotide phosphate) methemoglobin reductase pathway[24], the
mechanism by which physiologically produced methemoglobin is reduced. However, MB can
also cause methemoglobinemia when administered at a higher dose[25], due to its strong
oxidizing capacity[26] which produces equilibrium between hemoglobin and methemoglobin.
Thus, MB has hormetic effects on oxygen saturation of hemoglobin, based on its concentration.
At low doses, MB converts methemoglobin to hemoglobin, while at higher doses, it has the
opposite effect, converting hemoglobin to methemoglobin.

Weinbroum et al.[27] observed a non-linear MB dose-response curve in prevention of
hemodynamic and metabolic derangement following the mesenteric artery clamping/
unclamping, with intermediate MB doses of 6 and 20 mg kg−1 MB producing statistically
significant improvement in circulating xantine oxidase and fluid replacement requirments,
while lower (2 mg kg−1) and higher (60 mg kg−1) MB doses did not differ from untreated
controls.

In a follow-up study[28], it was hypothesized that MB would attenuate lung injury after
mesenteric artery clamping/unclamping because of its known antioxidant properties and its
effects on the nitrergic system. Interestingly, rats treated with the highest MB dose of 27 mg
kg−1 did not show any significant improvement in their mean plateau pressure, while lower
MB doses (3–15 mg kg−1) improved the mean plateu pressure following the unclamping.
Similarly, rats treated intravenously exhibited a facedown bell-shaped trend in fluid
replacement requirements, indicating that the 27 mg kg−1 dose was less effective than the lower
9 mg kg−1 MB dose.

Mustafa et al.[29] also observed better effectiveness of lower vs. higher MB doses in their
study of vasodilation in the trout coronary system, with MB dose as low as 10^ -5 mol−1
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producing vasoconstriction much higher than 10^-2 mol−1 dose. All these studies showed that
MB administered under physiological conditions in living animals does not follow a linear
dose-response relationship, but rather a hormetic relationship.

MB’S HORMETIC DOSE-RESPONSE EFFECTS ON VARIOUS BIOCHEMICAL
VARIABLES

In addition to the aforementioned study of MB’s effects on cytochrome oxidase activity,
another set of in vitro experiments found that 0.5 μM concentration of MB stimulated
respiration in rat liver mitochondria, but a 5 μM MB concentration led to structural changes in
rat liver mitochondria[30]. For example, swelling is observed in mitochondria exposed to 5
μM, but not to mitochondria exposed to 0.5, 1, or 2 μM MB[30]. An MB dose of 1 mg kg−1

administered intraperitoneally to rats is twice as effective as 10 mg kg−1 in the stimulation of
liver mitochondrial metabolism in vivo[30]. Large doses of MB, such as 50–100 mg kg−1, are
detrimental because they lead to methemoglobin formation and memory deficits in mice and
rats[10,20].

As an electron donor, MB has been shown to be able to shunt electron flow in electron transport
chain enzymes such as complex I and cytochrome oxidase from the normal pathway to the
iron-sulfur centers instead, thus eventually generating reactive oxygen. However, 1–25 mg
mL−1 MB can also act as an antioxidant, suggesting that depending on the range of
concentrations used MB can either donate or accept electrons[31]. Thus, as an electron donating
or accepting chemical substance, MB does not have a pharmacological dose-response profile
in which increasing concentrations exert a linear increase of biochemical responses. Rather,
careful examination of range of concentrations is important when working with artificial
electron donors such as MB, because the primary site of removal of electrons from the electron
transport chain and the proportion returned to the electron transport chain in the mitochondria
are dependent on the concentrations used. Furthermore, very low concentrations of MB should
be used in order to create a successful bypass of a part of the electron transport chain and still
retain intact phosphorylation mechanisms in other parts[32].

In addition to its redox properties, MB is also a known soluble guanylate cyclase inhibitor and
direct inhibitor of nitric oxide synthase, as well as monoamine oxidase inhibitor (MAO-A and
MAO-B), thus potentially affecting both the nitrergic system and serotonergic
neurotransmission[33]. However, MB is a poor inhibitor of the nitrergic system at low
concentrations[34] that produce MB’s maximal pharmacological responses described above.
Additionally, at high concetration (0.5 mM) MB may be considered as a cholinesterase
inhibitor with relevant affinity for muscarinic binding sites[35]. In a study which investigated
substrate binding to muscarinic receptors, as well as esterase activity of human and bovine
plasma, MB was found to inhibit specific binding of radiolabeled substrate to muscarinic
receptors and to inhibit esterase activity[35]. At even higher concentrations (10–25 mM), MB
can increase ATPase activity in vitro[36]. In addition, recent in vitro studies using high MB
concentrations indicate that it can prevent the aggregation of tau filaments and amyloid
deposition characteristic of Alzheimer’s brains[37–39]. This is an intriguing finding that
requires further studies, especially in view of the MB studies with demented patients done in
the 1930’s[2] before the development of MB derivatives such as the phenothiazine
neuroleptics. Thus, further work will be necessary to fully evaluate how different MB doses
exert their effect at the systems level in the in vivo studies and how interactions between various
substrates of MB contribute to its hormetic dose-response relationships in the various
behavioral, physiological and biochemical responses described above.

In conclusion, the studies reviewed provide support for classifying MB as an autoxidizable
compound frequently characterized by hormetic dose-response relationships at behavioral,
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physiological and biochemical level. Thus, at the doses spanning its hormetic zone, MB can
increase these responses until they are 130–160% of control. For example, low doses of MB
produce a maximum behavioral response with averages of approximately 140% of control
[10,20]. However, as MB dose is increased the response level diminishes, until it returns to
control baseline response. After MB dose is raised outside the hormetic zone for MB (average
10–20 fold) then the response decreases below the control response, as exemplified by MB’s
ability to increase cytochrome oxidase activity at low doses, while decreasing cytochrome
oxidase activity at high doses. The autoxidizable electron cycling property of MB in the
electron transport chain in mitochondria may account for its unique combination of actions as
metabolic energy enhancer and antioxidant so that pharmacological responses to MB are often
characterized by nonlinear dose-response curves, where at low doses the response is opposite
to that of higher doses, while the intermediate doses have little or no effect on the response
variable. However, further work is needed to understand how this key biochemical property
of MB may be related to its other actions.
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Fig. 1.
Autoxidizable dye methylene blue. a) In its oxidized form methylene blue can accept electrons
from an electron donor. In its reduced form, leukomethylene blue (MBH2) is colorless, acts as
an electron donor, and it can transfer electrons to oxygen to form water. Thus methylene blue
is capable of autoxidizing. At low concentrations in vivo methylene blue and leukomethylene
blue are at an equilibrium, so that they form a reversible reduction-oxidation system. This
autoxidazing property provides a mechanisms for electron transfer to oxygen, and may be
responsible for various hormetic dose-response effects of methylene blue at the biochemical,
physiological and behavioral levels. b) Chlorpromazine hydrochloride is a methylene blue
derivative which shares a common phenothiazine ring system, as well as certain hormetic
effects, with methylene blue. However, unlike methylene blue chlorpromazine hydrocholoride
has a reduced (non-aromatic) ring system, and is not capable of autoxidizing. Therefore its
applications are more circumscribed than the numerous therapeutic uses of methylene blue
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Fig. 2.
Methylene blue can act as an artificial electron donor to the electron transport chain complexes
of the mitochondria. Embedded in the inner mitochondrial membrane are several protein
complexes capable of shuttling electrons and pumping protons against a concentration gradient
into the intermembrane space, thus generating the proton gradient (energy) required for the
ATP synthesis. These electron transport chain complexes can receive electrons from reduced
cosubstrates such as NADH and FADH2 and transfer them to oxygen. Coenzyme Q is shared
by complexes I, II and III, while cytochrome c is shared by complexes III and IV. Reduced
methylene blue can donate electrons to coenzyme Q and possibly to the cytochrome c, thus
increasing cytochrome oxidase (complex IV) activity. In addition, at low doses methylene blue
can also enter a reversible oxidation and reduction cycle and interact with oxygen to form
water, which would decrease the superoxide radicals produced during the process of oxidative
phosporylation. This way, methylene blue can act as an antioxidant inside the mitochondria
where most of the oxygen reactive species are formed. At higher doses, methylene blue can
take electrons away from the electron transport chain complexes, thereby decreasing activity
of these complexes
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Fig. 3.
Hormetic effects of methylene blue on brain cytochrome oxidase activity[8]. This is an example
of in vitro hormetic dose-response relationships of methylene blue on a biochemical measure.
Cytochrome oxidase is a terminal enzyme in the electron transport chain of the mitochondria,
and as such acts on its substrate, cytochrome c in order to provide energy for ATP synthase.
At low doses methylene blue can act as an electron donor and increase the amount of the
reduced cytochrome c, thus elevating cytochrome oxidase activity, as measured
spectrophotometrically. Maximum increase of 138% of control was achieved at 0.5 μM
methylene blue dose, while a 5 μM dose did not differ from control. When 10 μM methylene
blue was added to the rat brain homogenates, the cytochrome oxidase activity decreased bellow
the baseline response, following principles of hormetic dose-response relationships outlined
by Calabrese et al. (2007)
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Fig. 4.
Hormetic effects of methylene blue on spontaneous locomotor activity[10]. This is an example
of in vivo hormetic dose-response relationships of methylene blue on a behavioral measure.
Rats injected intraperitoneally with increasing doses of methylene blue were subjected to a
running wheel test to examine general locomotor activity. The maximum wheel-running
response (average 142% of control) was observed for the intermediate 4 mg kg−1 dose, while
lower (1 mg/kg) and higher (10 mg kg−1) methylene blue doses did not differ from the baseline.
Even higher doses (≥50 mg kg−1) decreased the wheel-running response below control levels.
Therefore, methylene blue exerts hormetic dose-response effects on general locomotor activity
in rats, with a hormetic zone between doses of 1 mg kg−1 and 10 mg kg−1
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