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Abstract

Methylene blue (MB) is among the oldest synthetic molecules to retain clinical relevance in contemporary medicine.
Synthesized in 1876 during the rapid expansion of the organic dye industry, the compound was initially developed
as a textile colorant. However, it subsequently contributed to the emergence of modern microbiology and became
the first synthetic antimalarial agent successfully used in humans. Over the past two decades, scientific interest in
methylene blue has been renewed by its unique redox properties and its ability to modulate multiple biological pro-
cesses, including mitochondrial bioenergetics, nitric oxide-dependent signaling, and neuronal metabolism. Beyond
its established indication in the treatment of acquired methemoglobinemia, methylene blue is currently being inves-
tigated as an adjunctive therapy in refractory vasoplegia and as a potential modulator of mitochondrial dysfunction
in neurodegenerative diseases, with emerging applications in oncology, infectious diseases, and neuropsychiatry.
This comprehensive review synthesizes current evidence regarding the historical development, physicochemical and
pharmacokinetic properties, molecular mechanisms of action, safety profile, and clinical applications of methylene
blue across medical, dietary supplement, veterinary, food-related, and industrial domains. By distinguishing robust
evidence supporting approved indications from the methodological limitations of exploratory studies, this review
identifies the knowledge gaps that currently restrict therapeutic expansion. Ultimately, methylene blue should be re-
garded not merely as a single-purpose compound, but as a multi-regime substance whose safety, efficacy, and clinical

relevance depend on intended use, product quality, and regulatory context.
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Historical origin and molecular
identity: from synthetic dye to
therapeutic molecule

Chemical identity and
structural classification

Methylene blue is a pharmacologically active
phenothiazinium compound, rather than mere-
ly a synthetic dye. Its biological activity is deter-
mined by reversible redox cycling between the
oxidized cationic form (methylthioninium) and
the reduced form (leucomethylene blue), enabling
electron-transfer reactions involved in methemo-
globin reduction and mitochondrial bioenergetics
while also contributing to dose-dependent oxida-
tive toxicity [1, 2]. Chemically designated meth-
ylthioninium chloride (CiHisCINsS), MB contains
a planar tricyclic phenothiazine nucleus with di-
methylamino substitutions, generating the cati-
onic chromophore 3,7-bis(dimethylamino)-phe-
nothiazin-5-ium, responsible for its optical
properties, biological interactions, and staining
capacity [3, 4]. The methylene blue/leucometh-
ylene blue redox couple represents the central
physicochemical feature of the molecule; reduc-
tion increases lipophilicity, facilitating membrane
diffusion, blood-brain barrier penetration, and
mitochondrial accumulation. Its absorption with-
in the 600-800 nm red-light spectrum also sup-
ports photodynamic applications [1, 4]. Due to its
established clinical utility, particularly in meth-
aemoglobinaemia, MB is included in the WHO
Model List of Essential Medicines. Pharmaceutical
formulations contain hydrated methylthioninium
chloride (CisHisCINaS'xH20), and therapeutic use
requires pharmaceutical-grade material to avoid
toxic impurities associated with industrial or lab-
oratory-grade preparations [3, 5].

Historical evolution: from industrial dye to
first synthetic therapeutic agent

MB has a distinctive historical trajectory,
originating as a fully synthetic coal-tar dye rath-
er than a natural compound. It was synthesized
in 1876 by Heinrich Caro and patented by BASF
in 1877 [6-8]. Although Perkin’s mauve (1856) was
the first commercially successful synthetic dye,
MB achieved unique medical significance by
transitioning from an industrial colorant to a bi-
ological stain and therapeutic agent [6, 9]. Its se-
lective staining properties led to applications in
histology and microbiology. Following the work
of Karl Weigert and Robert Koch, Paul Ehrlich
proposed that selective dye affinity could indi-
cate selective biological activity, contributing to
the “magic bullet” concept underlying modern
chemotherapy [9-13]. In 1891, Paul Guttmann and

Paul Ehrlich demonstrated MB efficacy against
Plasmodium, establishing it as the first synthetic
antimalarial successfully used in humans and one
of the earliest synthetic therapeutic agents [9-13].
During the twentieth century, MB became the es-
tablished treatment for methemoglobinaemia and
was widely used during the Second World War for
malaria prophylaxis and treatment. Its character-
istic blue-green discoloration of biological fluids,
although limiting acceptance, was historically
exploited as a visible marker of administration.
Over time, MB acquired multiple designations,
including methylthioninium chloride, tetrameth-
ylthionine chloride, Basic Blue 9, and CI 52015 [3,
6]. With pharmaceutical standardization, meth-
ylthioninium chloride became the accepted INN
(International Nonproprietary Names) designa-
tion, distinguishing pharmaceutical-grade prod-
ucts from technical or laboratory-grade prepara-
tions with different purity profiles [14]. Today, MB
spans multiple regulatory categories, including
medicinal, veterinary, analytical, industrial, die-
tary supplement, and food-related applications.
This regulatory heterogeneity contributes to var-
iability in product quality, labeling, safety over-
sight, and interpretation of clinical evidence [6, 7].

Pharmaceutical availability and
quality control

The clinical use of MB requires a clear distinc-
tionbetween regulatory-approved pharmaceutical
formulations and compounded preparations used
for off-label or investigational purposes, as dif-
ferences in manufacturing standards, purity, and
impurity control directly influence therapeutic
reliability and safety [7]. In Europe, the reference
formulation is Proveblue, a 5 mg/mL injectable
solution of methylthioninium chloride authorized
by the European Medicines Agency (EMA) for the
acute symptomatic treatment of drug- and chem-
ical-induced methaemoglobinaemia. Other ap-
proved formulations include METIBLO (Belgium)
and Metilénkék Pharmamagist (Hungary), where-
as Lumeblue is an oral diagnostic formulation
approved exclusively for chromoendoscopic vis-
ualization of colorectal lesions, without systemic
therapeutic indications (EMA). Therapeutic MB is
administered primarily by intravenous injection
under controlled conditions. Inappropriate ad-
ministration routes may cause severe toxicity, in-
cluding local tissue injury after extravasation and
neurotoxicity following intrathecal exposure [15].
Before the availability of standardized pharma-
ceutical products, some healthcare systems relied
on hospital-prepared or imported materials with
variable purity and sterility profiles [16]. Current-
ly, no industrial oral MB formulation is approved
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for emerging off-label uses such as neurodegen-
erative disorders or cognitive enhancement; these
applications rely on magistral preparations whose
safety depends on raw material quality and vali-
dated compounding practices [7]. The quality of
the active pharmaceutical ingredient is therefore
the primary determinant of MB safety. Industrial
or laboratory-grade products are unsuitable for
human administration due to potential contam-
ination with organic by-products, residual sol-
vents, degradation compounds, and toxic heavy
metals, including arsenic, cadmium, mercury,
lead, and aluminum [3, 17]. Consequently, rigorous
impurity profiling, batch-specific quality assess-
ment, and pharmaceutical-grade sourcing remain
essential requirements for safe clinical use [7, 17].

Molecular mechanisms of action

Redox cycling and
physicochemical properties

The pharmacological activity of MB is based
on reversible redox cycling between oxidized
methylthioninium chloride and reduced leu-
comethylene blue. With a low redox potential
(~+11 mV), MB acts as an efficient electron carrier,
while reduction increases lipophilicity, facilitating
membrane diffusion, blood-brain barrier penetra-
tion, and mitochondrial accumulation [1, 3, 4, 18].

Erythrocyte reductase pathway

MB is reduced by NADPH-dependent methe-
moglobin reductase to leucomethylene blue,
which transfers electrons to ferric hemoglobin
(Fe*), restoring functional Fe* hemoglobin [19,
20]. This mechanism requires adequate G6PD ac-
tivity; deficiency may convert MB from a thera-
peutic reductant into an oxidative agent causing
hemolysis [21, 22].

Mitochondrial bioenergetics and
redox modulation

Within mitochondria, MB accepts electrons
from NADH/FADH. and transfers them to cy-
tochrome c, bypassing complexes I and III of the
electron transport chain. This preserves electron
flow, enhances ATP production, reduces ROS gen-
eration, and promotes mitochondrial biogenesis
and cytochrome c oxidase activity [1, 18, 23].

Dose-dependent redox effects

MB displays hormetic activity: low concen-
trations enhance mitochondrial respiration and
antioxidant defense, whereas excessive doses in-

duce oxidative stress through glutathione deple-
tion, hydrogen peroxide accumulation, respira-
tory dysfunction, methemoglobin formation, and
membrane injury [7, 24, 25].

NO-cGMP and monoaminergic signaling

MB inhibits excessive nitric oxide signaling
through iNOS suppression and soluble guanylate
cyclase (sGC) inhibition, reducing cGMP-medi-
ated vasodilation and restoring vascular tone in
vasoplegic states [26-28]. It also inhibits MAO-A
and, at higher concentrations, MAO-B, increasing
serotonin and dopamine availability but creating
a risk of serotonin syndrome with serotonergic
drugs [29-31].

Antioxidant, autophagy, and
cell survival pathways

MB activates the Nrf2 /ARE pathway, induc-
ing antioxidant enzymes including TrxR1, NQO1,
PRDX], SOD, and catalase [1, 32, 33]. It also reg-
ulates mitochondrial quality control through
AMPK-mTOR-mediated autophagy and PINK1/
Parkin-dependent mitophagy, while exerting
anti-apoptotic effects through modulation of
caspase and UPR pathways [33-35].

Photodynamic activity

Under red-light irradiation (~660-665 nm),
MB acts as a photosensitizer generating singlet
oxygen and reactive oxygen species through Type
II photochemical reactions. This oxidative mech-
anism underlies its applications in antimicrobial
photodynamic therapy and photodynamic oncol-
ogy [4,13, 24].

Clinical indications in human medicine

Methemoglobinemia

MB is an FDA-approved first-line antidote
for acquired and symptomatic methemoglobine-
mia, functioning as an exogenous electron accep-
tor that, after reduction to leucomethylene blue
through the NADPH-methemoglobin reductase
pathway, converts non-functional ferric iron (Fe**)
back to oxygen-carrying ferrous hemoglobin (Fe*)
[21, 36]. The established clinical regimen consists
of slow intravenous administration of 1-2 mg/kg
over approximately five minutes, typically pro-
ducing rapid reduction of methemoglobin levels,
with repeat dosing after one hour if symptoms
persist or concentrations remain elevated [14,
37]. Total cumulative doses should generally not
exceed 7 mg/kg to minimize paradoxical methe-
moglobinemia and dose-dependent toxicity, while
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lower limits may be required in intoxications such
as aniline dye or dapsone poisoning due to in-
creased hemolytic risk [14]. Acquired methemo-
globinemia represents a potentially life-threaten-
ing toxicological emergency caused by excessive
oxidative stress overwhelming erythrocyte re-
ductive capacity [38]. Common pharmacological
triggers include topical anesthetics such as ben-
zocaine, prilocaine, and lidocaine, together with
systemic agents including dapsone, rasburicase,
phenazopyridine, sulfonamides, and nitric oxide
therapy. Chemical-induced cases may also result
from exposure to oxidizing compounds, including
aniline derivatives, nitrobenzene, nitrates, and ni-
trites [37, 38]. In congenital methemoglobinemia,
particularly cytochrome b5 reductase deficiency,
MB may be used prophylactically in selected sit-
uations, whereas it remains ineffective in struc-
tural hemoglobin variants such as Hemoglobin M
[36-38]. Importantly, MB administration requires
caution in glucose-6-phosphate dehydrogenase
(G6PD) deficiency, where impaired NADPH gener-
ation limits MB reduction and may cause severe
hemolysis rather than therapeutic benefit [21, 38].

Vasoplegic syndrome

Vasoplegic syndrome, frequently manifest-
ing as refractory vasodilatory shock in the peri-
operative setting, is characterized by profound
hypotension, reduced systemic vascular resist-
ance, and hyperdynamic cardiac output poorly
responsive to high-dose catecholamines and fluid
resuscitation [26, 39]. It is primarily driven by an
exaggerated inflammatory response with upreg-
ulation of inducible nitric oxide synthase (iNOS),
activation of soluble guanylate cyclase (sGC),
and excessive cyclic guanosine monophosphate
(cGMP)-mediated vascular smooth muscle relax-
ation, resulting in loss of vascular tone [26, 40].
In cardiac surgery-associated and cardiopulmo-
nary bypass-associated vasoplegia, affecting up
to 25% of patients, particularly those exposed to
ACE inhibitors, calcium channel blockers, intrave-
nous heparin, or amiodarone, MB) has emerged as
an important rescue therapeutic agent due to its
capacity to inhibit both iNOS and sGC, restoring
vascular tone and systemic vascular resistance
[26, 41]. For established perioperative vasoplegia,
MB is typically administered as an intravenous
bolus of 1.5-2 mg/kg over 20-30 minutes, with
continuous infusion (0.25-2 mg/kg/hour) when
required to sustain hemodynamic improvement
[26, 39]. Early administration has been associat-
ed with improved hemodynamic control, reduced
operative mortality, decreased acute kidney inju-
ry, and fewer major adverse events compared with
delayed treatment [41]. MB has demonstrated util-
ity in complex cardiothoracic procedures, includ-
ing heart transplantation, LVAD (Left Ventricular

Assist Device) implantation, and ECMO (Extracor-
poreal Membrane Oxygenation) -associated vaso-
plegia, where it may reverse refractory vasoplegia,
improve mean arterial pressure, and facilitate vas-
opressor weaning [39, 42]. Beyond cardiac surgery,
preemptive MB administration in liver transplan-
tation may attenuate post-reperfusion syndrome,
reduce catecholamine requirements, and improve
hemodynamic stability [26, 43]. Prophylactic strat-
egies, including administration of 2 mg/kg before
surgical incision or 3 mg/kg at cardiopulmonary
bypass initiation, have shown potential benefit in
selected high-risk surgical populations by reduc-
ing vasoplegic syndrome severity and limiting cu-
mulative catecholamine exposure [26, 39].

Surgical dye and diagnostic applications

MB is a widely used, cost-effective surgical
dye and diagnostic agent employed for lymphat-
ic mapping, surgical localization, and intraopera-
tive identification of anatomical defects, including
gastrointestinal perforations, anastomotic leaks,
and pathological fistulae [5, 44]. In breast cancer
surgery, MB is extensively used for radiation-free
sentinel lymph node biopsy (SLNB), typically ad-
ministered through deep parenchymal, subareo-
lar, or periareolar injection of approximately 5 cc
of a 1% solution. This approach enables accurate
lymphatic mapping while avoiding radioactive
tracers and reducing hypersensitivity risks asso-
ciated with alternative blue dyes such as isosul-
fan blue [44, 45]. MB may also be combined with
carbon nanoparticles to improve sentinel node
identification, particularly in resource-limit-
ed settings, while MB-based near-infrared (NIR)
fluorescence approaches using intravenous ad-
ministration (~1 mg/kg) have been investigated
for real-time visualization of tumor margins and
sentinel nodes [43, 45]. Beyond breast oncology,
MB-assisted lymph node dissection (MBLND) in
colorectal surgery enhances identification and re-
trieval of small metastatic lymph nodes, including
sub-5 mm nodes, by ex vivo infusion of MB solu-
tion into the inferior mesenteric artery, potential-
ly improving pathological staging accuracy [46,
47]. Specialized MB-containing medical devices,
including ProveDye, are approved for intraopera-
tive seal testing, using doses ranging from 1-30 mg
to detect gastrointestinal anastomotic leaks, su-
ture defects, and fistulous communications (EMA).
In endocrine surgery, low-dose intravenous MB
(~0.4 mg /kg) has been investigated for near-infra-
red fluorescence visualization of parathyroid ad-
enomas and thyroid structures, supporting lesion
identification while minimizing adjacent tissue
injury [45, 48]. Overall, MB represents a versatile
surgical visualization tool that facilitates senti-
nel lymph node mapping, pathological staging,
anastomotic integrity assessment, and complex
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anatomical localization while maintaining a fa-
vorable safety profile [4, 38].

Established off-label uses

Septic shock

In the critical management of refractory
distributive and septic shock, MB functions as a
potent non-adrenergic, catecholamine-sparing
vasopressor by directly inhibiting inducible nitric
oxide (NO) synthase and soluble guanylate cy-
clase, thereby attenuating excessive nitric oxide/
cyclic guanosine monophosphate (cGMP) - me-
diated vascular smooth muscle relaxation that
contributes to profound vasodilation and loss of
vascular tone [40, 49]. By restoring vascular tone
and systemic vascular resistance, MB may reduce
escalating adrenergic vasopressor requirements,
potentially limiting complications associated with
prolonged catecholamine exposure, including my-
ocardial ischemia, immunomodulatory dysfunc-
tion, and adrenergic receptor desensitization [50,
51]. In refractory septic shock, intravenous MB is
generally administered as an adjunctive therapy
in patients with persistent vasoplegia despite ad-
equate fluid resuscitation and conventional vas-
opressor support. Reported regimens include an
initial bolus of 1-4 mg/kg followed by continuous
infusion of 0.25-1.0 mg/kg/hour, with treatment
durations extending up to 72 hours depending on
hemodynamic response and clinical severity [52].
High-dose rescue strategies have also investigat-
ed administration of 500 mg MB, corresponding
approximately to 5-7 mg/kg in an average adult,
infused over several hours daily for consecutive
days to facilitate vasopressor discontinuation and
hemodynamic stabilization [51]. Clinical studies
suggest that adjunctive MB therapy may improve
mean arterial pressure (MAP), reduce vasopressor
requirements, decrease serum lactate levels, and
shorten intensive care unit length of stay. Howev-
er, therapeutic efficacy appears highly dependent
on the timing of administration and the severity of
underlying tissue hypoxia. Patients with advanced
microcirculatory failure, irreversible metabolic
acidosis, or severe mitochondrial dysfunction may
demonstrate limited response despite restoration
of systemic blood pressure [42, 53]. Therefore,
MB should be considered an early rescue adjunct
within multimodal vasopressor strategies, par-
ticularly in combination with agents such as vaso-
pressin or angiotensin II, before the development
of irreversible organ dysfunction [40, 49].

Despite its potential benefits, MB has a nar-
row therapeutic window, and excessive cumula-
tive exposure may induce dose-dependent tox-
icity, including paradoxical pro-oxidant effects,
hemolytic anemia, arrhythmias, and serotonin

syndrome, particularly at doses exceeding ap-
proximately 5-7 mg/kg [48, 54].

Cardiac surgery and vasoplegic syndrome

In the context of cardiac surgery, MB has
emerged as an established adjunctive therapy for
the prevention and management of cardiopulmo-
nary bypass-associated vasoplegic syndrome and
refractory vasodilatory hypotension. Through in-
hibition of nitric oxide synthase and soluble gua-
nylate cyclase, MB reduces excessive NO/cGMP
signaling, decreases vascular smooth muscle re-
laxation, and restores systemic vascular resistance
and mean arterial pressure, thereby reducing de-
pendence on high-dose catecholamine vasopres-
sors. Clinical studies suggest that early intraoper-
ative administration of MB, including prophylactic
use in selected high-risk patients such as those
receiving preoperative angiotensin-converting
enzyme inhibitors, may reduce the incidence and
severity of postoperative vasoplegia, improve he-
modynamic stability, and potentially decrease
complications associated with prolonged vaso-
pressor exposure [41, 55, 56]. However, optimal
timing, patient selection, and long-term clinical
benefits remain areas requiring further prospec-
tive validation. Furthermore, in myocardial is-
chemia-reperfusion injury, MB exhibits a highly
timing-dependent and biphasic pharmacological
profile [57]. Experimental studies indicate that
administration before ischemic injury may induce
adverse cardiovascular effects, including conduc-
tion abnormalities and ventricular arrhythmias,
whereas administration after ischemia and imme-
diately before reperfusion exerts cardioprotective
effects. In this setting, MB reduces lipid hydrop-
eroxide formation, limits mitochondrial oxidative
stress, improves calcium homeostasis, and atten-
uates reperfusion-associated myocardial injury,
highlighting the importance of precise temporal
control in cardiovascular applications [57].

Chromoendoscopy

MB represents an important absorptive vital
dye in advanced high-definition chromoendos-
copy, with the ability to selectively stain absorp-
tive intestinal metaplasia and enhance mucosal
characterization beyond conventional white-light
endoscopy [58]. Quantification of the MB-stained
gastric mucosal surface area, particularly using a
threshold of >16.5%, has been proposed as a po-
tential marker for identifying advanced Opera-
tive Link on Gastric Intestinal Metaplasia (OLGIM)
stages and gastric precancerous conditions asso-
ciated with extensive metaplastic transformation
[59]. Furthermore, in surveillance of familial ade-
nomatous polyposis, combination of MB staining
with ultra-high-magnification endocytoscopy
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improves the detection of occult duodenal neo-
plasia, characterized by distinct unstained areas
resembling “clouds in a blue sky”, with enhanced
diagnostic performance compared with conven-
tional white-light imaging and narrow-band im-
aging [60]. In inflammatory bowel disease sur-
veillance, particularly in long-standing ulcerative
colitis, 0.1% MB-assisted chromoendoscopy im-
proves detection of flat intraepithelial neoplasia
and early colorectal cancer, enabling targeted bi-
opsies and more accurate assessment of dysplasia
distribution compared with conventional colo-
noscopy [61]. In Crohn’s disease, although clinical
applications remain less established, MB-stained
crypt analysis has been used to validate probe-
based confocal laser endomicroscopy findings,
supporting the detection of subtle microscopic
inflammatory alterations even in patients with ap-
parent clinical and endoscopic remission [62].

Beyond diagnostic applications, MB provides
valuable procedural guidance during endoscop-
ic mucosal resection and endoscopic submu-
cosal dissection for colorectal adenomas, laterally
spreading tumors, and early colorectal carcino-
mas [63]. When incorporated into submucosal in-
jection solutions, MB enhances lesion visualiza-
tion, facilitates identification of lateral and deep
resection margins, improves separation of the
mucosa from the muscular layer, and may contrib-
ute to reducing procedural complications during
advanced endoscopic resections [63]. Important-
ly, submucosal MB injection assists evaluation of
the non-lifting sign, in which invasive colorectal
carcinomas with marked desmoplastic fibrosis fail
to elevate after injection, allowing differentiation
between endoscopically curable superficial neo-
plasms and deeply invasive tumors requiring sur-
gical management [64].

Neuropsychiatric and
neurodegenerative disorders

Unlike most psychiatric medications that tar-
get a single receptor or transporter, MB acts as a
pleiotropic agent that modulates multiple cellular
pathways simultaneously [65, 66]. It functions as a
reversible redox cycler, interconverting between
its oxidized form and the lipophilic reduced form,
leucomethylene blue, which readily crosses the
blood-brain barrier [65]. Within mitochondria, MB
serves as an alternative electron carrier, bypassing
dysfunctional respiratory chain complexes I and
I1I, restoring oxidative phosphorylation, limiting
electron leakage, and reducing ROS production
[66]. MB and its primary metabolite, Azure B, also
act as reversible inhibitors of MAO-A (and weakly
MAO-B), increasing serotonin and catecholamines
[65, 66]. In addition, MB inhibits NOS and sGC, at-
tenuating excessive glutamate-mediated NO sign-
aling and excitotoxicity [65, 66]. Furthermore, MB

promotes neuronal survival and neuroplasticity
via BDNF and PI3K/Akt/GSK3B pathways, while
suppressing neuroinflammation through inhibi-
tion of NLRP3 and NLRC4 inflammasomes [66]. At
higher concentrations, MB inhibits human cho-
linesterase, supporting cognitive function [65].

Psychiatric disorders

Methylene blue has demonstrated antide-
pressant and mood-stabilizing properties, particu-
larly in severe or treatment-resistant bipolar dis-
order, without clear evidence of manic switching
[66]. Long-term administration is associated with
prolonged euthymic periods and reduced anxie-
ty symptoms. These effects are dose-dependent:
low-to-moderate doses (15-300 mg/day) produce
anxiolytic and antidepressant effects, whereas
higher doses promote pro-oxidant toxicity and
reduced efficacy [66]. Preclinical swim test mod-
els suggest acute MB administration enhances
catecholaminergic transmission, whereas chronic
treatment enhances serotonergic pathways [67].

Anxiolytic properties are mainly observed
in preclinical models, with limited human data
showing improved Hamilton Anxiety Rating Scale
scores in bipolar disorder [66]. These effects in-
volve modulation of nitric oxide signaling [67]. In
psychotic disorder models, MB attenuates hyper-
locomotion induced by NMDA receptor antago-
nists (PCP, MK-801) by inhibiting NO signaling and
glutamate excitotoxicity [66, 67].

Fear extinction, trauma-related

disorders, and cognitive enhancement

MB acts as a cognitive enhancer by facil-
itating fear extinction and memory consolida-
tion. Clinical studies in claustrophobia and PTSD
(Post-Traumatic Stress Disorder) show MB admin-
istration (e.g., 260 mg) immediately after exposure
therapy enhances emotional memory consolida-
tion, reducing residual fear [66].

Neurodegenerative disorders

Investigation into Alzheimer’s disease has fo-
cused on stabilized derivatives, particularly leu-
comethylthioninium salts (hydromethylthionine
mesylate), which target metabolic dysfunction
and protein aggregation [68]. AD is characterized
by mitochondrial dysfunction, oxidative stress,
amyloid-B plaques, and hyperphosphorylated tau
neurofibrillary tangles. MB bypasses respiratory
complexes to preserve ATP, limits oxidative stress,
inhibits tau aggregation via cysteine oxidation,
promotes autophagic clearance of pathological
tau, and inhibits caspase-6 activity [68].

MB also regulates mitophagy: in chronic mi-
tochondrial dysfunction it suppresses excessive
pathological mitophagy, whereas in acute ischemic
injury it reactivates mitophagic flux to clear dam-
aged mitochondria. Despite compelling preclinical
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evidence, large Phase III trials of leucomethylth-
ioninium failed to achieve primary endpoints. Post
hoc analyses suggested potential benefits in mild
cognitive impairment (16 mg/day), but method-
ological limitations preclude routine clinical use
without further randomized controlled trials [68].
In Parkinson’s disease models (MPTP-induced
toxicity), MB protects dopaminergic neurons by
upregulating BDNF, enhancing survival pathways,
restoring respiratory chain activity, and inhibiting
MAO-B [65, 66]. In behavioral variant frontotem-
poral dementia, hydromethylthionine mesylate
reduced frontal and temporal lobe atrophy rates
in a single presymptomatic MAPT P301S carrier,
requiring further clinical confirmation [69].

Ifosfamide-induced encephalopathy

Ifosfamide causes severe neurotoxicity (atax-
ia, hallucinations) through mitochondrial impair-
ment and NADH accumulation [65]. MB is used
therapeutically and prophylactically (e.g., 50 mg IV
every 4 hours) as an alternative electron acceptor
that oxidizes excess NADH and restores intracel-
lular redox balance [65, 66].

Oncological applications of
methylene blue

Based on current evidence, oncological ap-
plications of MB span six major domains: diag-
nostic screening, surgical navigation, therapeutic
sensitization, immunomodulatory interventions,
mitochondrial metabolic targeting, and support-
ive care.

Diagnostic and

in vivo screening applications

In early cancer detection, MB serves as a vi-
tal stain for identifying malignant oral mucosal le-
sions due to its acidophilic uptake by dysplastic,
nucleic acid-rich cells, providing high sensitivity
for oral squamous cell carcinoma screening [70].
In colorectal endoscopy, submucosal MB injection
assists in evaluating the non-lifting sign; failure to
elevate reflects tumor-associated desmoplastic
fibrosis and deep malignant invasion [64].

Surgical navigation, sentinel lymph node

mapping, and tumor visualization

In breast cancer surgery, MB is widely used
for axillary lymphatic mapping as a safe alterna-
tive to isosulfan blue, avoiding severe anaphy-
laxis [44]. Dual-tracer techniques combining MB
with carbon nanoparticles eliminate radioactive
exposure while improving lymph node retrieval
in resource-limited settings [43]. Ex vivo arterial
perfusion of rectal cancer specimens with MB and
heparin enhances microscopic lymph node iden-
tification for pathological staging [47]. Further-
more, MB’s absorption and near-infrared optical

properties are being explored for real-time im-
age-guided tumor visualization [71].

Therapeutic sensitization: photodynamic,

sonodynamic, and combination strategies

Upon activation, MB generates cytotox-
ic ROS. In photodynamic therapy (PDT), co-de-
livering MB with the PARP inhibitor veliparib via
PLGA nanoparticles enhances melanoma elimina-
tion by combining ROS-induced oxidative dam-
age with DNA repair inhibition [72]. Gold-silver
nanocomposites incorporating MB integrate ox-
idative, photodynamic, and photothermal mecha-
nisms against breast cancer [71]. As a sonosensi-
tizer under low-intensity ultrasound, MB disrupts
mitochondrial membrane potential and cristae
structure, reducing clonogenic survival in ovarian
carcinoma [73].

Molecular and immunomodulatory

interventions in

myelodysplastic syndromes

In myelodysplastic syndromes, excessive
NLRP3 inflammasome activation triggers pyrop-
tosis in hematopoietic stem cells, causing ineffec-
tive hematopoiesis. MB acts as an NLRP3 inhibitor,
attenuating inflammasome assembly, reducing
aberrant cytokine secretion, and supporting he-
matopoietic function in low-risk, transfusion-de-
pendent patients [74].

Mitochondrial metabolic targeting in

cancer

By functioning as an alternative electron car-
rier that transfers electrons to cytochrome c, MB
modulates oxidative phosphorylation, ROS gener-
ation, and bioenergetic vulnerabilities in tumors
characterized by mitochondrial dysfunction and
metabolic plasticity [74].

Supportive care and management of

treatment-related toxicities

As a diluted oral rinse, MB serves as a local
analgesic for severe oral mucositis secondary to
chemo- and radiotherapy. Operating with minimal
systemic absorption, its analgesic mechanism in-
volves inhibiting peripheral nociceptive pathways,
NO signaling, and NMDA receptor activation, pro-
viding rapid pain relief while reducing reliance on
systemic opioids [75].

Infectious diseases

Bacterial infections, biofilm-associated

infections, chronic wound infections

MB serves as a promising photobactericid-
al agent against a broad spectrum of bacterial
infections, leveraging its cationic properties to
penetrate multi-species bacterial biofilms [76,
77]. Upon photodynamic activation, MB generates
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cytotoxic reactive oxygen species (ROS) that in-
duce cytoplasmic protein leakage, lipid peroxi-
dation, and membrane disruption in Gram-pos-
itive and Gram-negative pathogens [77, 78]. This
ROS-mediated destruction of bacterial structures
and the protective EPS matrix provides a non-an-
tibiotic strategy to overcome multidrug resistance
[76, 79]. Combined with multiwalled carbon nano-
tubes, MB significantly reduces biofilm viability
on invasive medical devices [77]. Furthermore, en-
capsulating MB within Pluronic polymeric micelles
enhances penetration into resilient biofilm layers
in cariogenic and periodontopathic infections [76,
79]. Additionally, MB-based antibacterial foam
dressings show potential for managing chronic
wound infections [80]. Overall, MB represents a
promising therapeutic modality for persistent and
biofilm-associated infections [77, 79].

Antiviral activity

MB demonstrates antiviral activity through
inhibition of viral replication, direct photody-
namic inactivation, and redox modulation. In
SARS-CoV-2 models, MB inhibits spike-ACE2 in-
teraction, while its reduced state may help correct
severe hypoxemic methemoglobinemia [80, 81].
MB-mediated antimicrobial photodynamic ther-
apy (aPDT) also induces extracellular viral pho-
toinactivation via ROS generation [82, 83]. Against
avian Influenza A (H5N1), MB-aPDT achieves sub-
stantial viral inactivation and improves host cell
viability (Nguyen et al.). For arboviruses, MB inhib-
its Zika and Dengue replication by interfering with
the NS3-NS2B protease complex, while MB-aPDT
provides effective inactivation in plasma models
[76, 84]. In herpesvirus models, MB-PDT markedly
reduces HSV-1 infectivity and gD gene expression
[85, 86]. However, potential oncogenic concerns
remain regarding host cell morphological altera-
tions following HSV photoinactivation [86].

Antifungal activity

Methylene blue demonstrates antifungal ac-
tivity against major Candida species, achieving low
MICs below 12.5 ug/mL [78]. Its intrinsic light-in-
dependent mechanism involves mitochondrial dys-
function, loss of intracellular redox homeostasis,
and oxidative stress-mediated injury. Furthermore,
unilluminated MB reduces ergosterol content, com-
promising fungal membrane integrity, and inhibits
the yeast-to-hyphae transition [87]. This multidi-
mensional disruption highlights MB as a candidate
against difficult-to-treat fungal infections, though
clinical evidence remains limited [78, 87].

Antimalarial activity

Methylene blue is experiencing renewed
interest as a potent antimalarial agent due to
spreading artemisinin resistance [48]. Its unique
dual mechanism involves inhibiting parasite glu-

tathione reductase and blocking toxic haem po-
lymerisation in the digestive vacuole [88]. Lacking
cross-resistance with standard antimalarials, MB
represents a potential partner drug for artemis-
inin-based combination therapies [10]. MB ex-
hibits potent schizontocidal activity against re-
sistant isolates carrying kelchl3 mutations [10,
88]. Furthermore, MB acts as an effective trans-
mission-blocking agent by eliminating mature
(stage V) gametocytes through morphological
deformation and membrane disruption [89]. Clini-
cal trials show that adding MB accelerates parasite
clearance and reduces gametocyte prevalence,
supporting its role as an alternative to primaquine
in G6PD-deficient populations [90].

Babesiosis

MB demonstrates experimental inhibitory
activity against Babesia species at low concen-
trations, potentially through disruption of para-
site redox metabolism and thioredoxin reductase
pathways. However, current evidence remains
limited to modest efficacy in animal models, with
no established clinical role [12].

Antimicrobial photodynamic therapy

MB has emerged as a promising photosensi-
tizer in aPDT, providing a non-antibiotic approach
against multidrug-resistant pathogens. As a cat-
ionic phenothiazine derivative, MB penetrates
complex biofilm structures and, upon 600-670 nm
light irradiation, triggers Type I and Type II pho-
tochemical reactions generating cytotoxic ROS
[77, 91]. This causes irreversible membrane dam-
age and degrades localized bacterial endotoxins,
including lipopolysaccharide from implant sur-
faces [76]. MB photodynamic activity is enhanced
in alkaline environments, while advanced delivery
platforms (surfactants, Pluronic micelles, carbon
nanotubes) prevent dimerization and preserve ac-
tive monomeric MB, improving penetration into
biofilms [77, 79, 91].

Ischemia-reperfusion injury

Functioning as an alternative mitochondri-
al electron carrier, methylene blue (MB) protects
againstischemia-reperfusion (IR) injury by bypass-
ing electron transport chain dysfunction, support-
ing ATP production, and reducing ROS generation
under hypoxic conditions [92, 93]. These effects
involve enhancing protective autophagy through
p53-AMPK-TSC2-mTOR signaling, while inhib-
iting Bax-mediated apoptosis, MPTP-dependent
cytochrome c release, and ROS/NF-kB-NLRP3
inflammasome activation [92-94]. In cerebral is-
chemia models, MB reduces infarct size and as-
trocytic edema via aquaporin-4 (AQP4) regulation;
in renal models, it attenuates tubular injury and
improves serum creatinine [92, 95, 96]. Similarly,
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pulmonary, hepatic, and intestinal IR studies show
MB preserves microvascular integrity and reduc-
es tissue edema [93, 97]. In myocardial ischemia,
MB decreases lipid hydroperoxides and CK-MB
release when given during reperfusion; however,
pre-ischemic delivery has been associated with
cardiotoxicity and arrhythmias [57]. Optimization
of dose and timing remains essential [95, 97].

Mitochondrial diseases

By acting as an alternative electron carrier,
methylene blue (MB) bypasses electron transport
chain defects (particularly Complex I-III), facili-
tating cytochrome c reduction, restoring NAD+/
NADH balance, supporting ATP production, and
limiting ROS generation [23, 92]. This mechanism
enhances cytochrome c oxidase (COX) activity
and modulates AIF pathways, preserving mito-
chondrial membrane potential [92, 98]. In models
of Leigh syndrome, low-dose MB improves ATP
availability and supports COX-deficient fibro-
blasts [98]. In LHON and AIFM1 deficiency models,
MB reduces complex I-associated retinal ganglion
cell degeneration and restores NAD+-dependent
neuroprotective pathways [99, 100]. However, due
to its narrow therapeutic window and biphasic
redox profile, higher concentrations can promote
pro-oxidant toxicity, requiring precision-dosing
studies [7, 101, 102].

Inflammatory disorders

MB exerts anti-inflammatory effects across
systemic and localized disorders by regulating in-
tracellular redox homeostasis, reducing ROS, and
modulating NO/cGMP signaling [7, 103]. In sepsis
and vasodilatory shock, MB acts as a non-adr-
energic vasopressor-sparing agent via iNOS and
soluble guanylate cyclase inhibition, reducing cat-
echolamine requirements and mechanical ventila-
tion duration [49, 50]. In ARDS and COVID-19-as-
sociated hypoxemia, IV MB has been investigated
to modulate inflammatory responses and enhance
oxygenation [80, 104]. In IBD models, MB reduces
epithelial injury and pro-inflammatory cytokines
(TNF-a, IL-1B, IL-6) [68, 105]. In osteoarthritis and
rheumatoid arthritis, MB reduces cartilage degra-
dation and pain signaling through Nrf2 /PRDX1 ac-
tivation and CGRP suppression [7, 106]. Within the
CNS, MB suppresses microglial NLRP3/NLRC4
inflammasome activation following spinal cord in-
jury [103, 106]. Overall, MB represents a promising
multimodal candidate for inflammatory condi-
tions [7, 68].

Aging and longevity

Functioning as a catalytic redox cycler, meth-
ylene blue (MB) improves age-associated bioener-

getic dysfunction by bypassing electron transport
chain impairments, enhancing ATP production,
and modulating ROS generation [1, 2,107]. Through
Nrf2 activation and NAD+/NADH balance restora-
tion, MB delays cellular senescence and promotes
matrix maintenance (elastin, collagen) [1, 32]. Fur-
thermore, MB stimulates AMPK /SIRT1 autophagy
and PINK1/Parkin-mediated mitophagy to clear
dysfunctional mitochondria [18, 34, 107]. In cogni-
tive aging models, these effects reduce amyloid-f
and tau accumulation while preserving neuronal
function [34, 107]. However, its impact on systemic
aging remains complex, improving motor perfor-
mance without consistently preventing skeletal
changes [18, 108]. Emerging studies also explore
MB in Long COVID to address hypoxia and oxida-
tive stress, though clinical efficacy requires fur-
ther validation [7, 80, 109, 110].

Mechanism-based future
therapeutic opportunities

The future therapeutic landscape of methyl-
ene blue (MB) is centered on redox medicine and
mitochondrial bioenergetics, supported by its abil-
ity to function as a low-potential electron carrier
(11mV) capable of bypassing dysfunctional respira-
tory chain segments (Complex I and III), facilitating
electron transfer toward cytochrome c, support-
ing ATP production, and reducing ROS genera-
tion [1, 18]. Beyond mitochondria, MB modulates
immunometabolic and vascular pathways through
inhibition of nitric oxide synthase (NOS) and solu-
ble guanylate cyclase (sGC), regulating NO/cGMP
signaling, improving vasoplegic states, reducing
nitrosative stress, and influencing AMPK/SIRT1
and STAT3 inflammatory pathways [7, 40, 109].
This immunomodulatory activity extends to pro-
grammed cell death pathways, as MB can attenuate
pyroptotic signaling through inhibition of NLRP3
and NLRC4 inflammasome activation and reduc-
tion of Caspase-1-mediated IL-1 and IL-18 release
[43,106]. Furthermore, MB has been proposed as a
potential regulator of ferroptosis through modu-
lating iron-dependent oxidative damage and lipid
peroxidation [7]. In protein aggregation disorders,
particularly Alzheimer’s disease, MB and deriva-
tives such as leucomethylthioninium-based com-
pounds (LMTM /TRx0237) have been investigated
for their ability to modulate tau pathology, inhibit
tau aggregation, interfere with amyloid- fibrilli-
zation, and enhance proteostatic clearance [68].

To overcome limitations related to MB di-
merization and bioavailability, nanomedicine
strategies, including Pluronic polymeric micelles
and functionalized multiwalled carbon nano-
tubes (MWCNTSs), are being explored to preserve
active monomeric forms for targeted delivery in
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antimicrobial and photodynamic applications [111].
Ultimately, clinical translation will require preci-
sion medicine approaches integrating dose opti-
mization, tissue-specific biomarkers, and careful
management of MB's hormetic biphasic profile,
characterized by beneficial metabolic effects at
low exposures and potential pro-oxidant toxicity
at excessive concentrations [7, 101].

Adverse effects and
practical considerations

The pharmacological efficacy and safety of
MB are fundamentally governed by a strict bipha-
sic, hormetic dose-response relationship, charac-
terized by cytoprotective metabolic effects at low
concentrations and potentially severe toxicity at
suprapharmacological exposures [7, 101]. At low
therapeutic concentrations, MB functions as an
efficient alternative electron carrier within mi-
tochondria, facilitating electron transfer through
the respiratory chain and supporting cellular bi-
oenergetic efficiency [1, 32]. By transferring elec-
trons from NADH toward cytochrome c, low-dose
MB bypasses dysfunctional respiratory chain seg-
ments, enhances ATP production, limits excessive
ROS generation, and activates antioxidant path-
ways including Nrf2, SOD, and catalase [7, 105, 112].
This controlled modulation represents a form of
mitohormesis, promoting protection against met-
abolic stress [1, 7].

However, MB exhibits a relatively narrow
therapeutic window, and excessive exposure may
shiftits profile toward a pro-oxidant state, increas-
ing oxidative stress and disrupting mitochondrial
function [7, 101, 113]. Clinically, dose-dependent
toxicity may manifest as paradoxical methemo-
globinemia and hemolytic anemia, particularly in
individuals with glucose-6-phosphate dehydroge-
nase (G6PD) deficiency [37, 38, 114]. Furthermore,
excessive exposure has been associated with hy-
pertension, arrhythmias, renal complications, and
serotonergic toxicity due to MAO-A inhibition
when combined with serotonergic medications
[30, 53, 113]. Therefore, precise dose optimization
remains essential [101, 112].

Although MB is the standard first-line anti-
dote for acquired methemoglobinemia, its hema-
tological safety profile is strongly influenced by
the patient’s enzymatic reserve [19]. In individu-
als with preserved G6PD activity, MB is reduced
to leucomethylene blue, which restores methe-
moglobin to functional hemoglobin [21]. However,
in G6PD deficiency, impaired NADPH generation
converts MB into a potent oxidizing agent capable
of inducing severe hemolytic anemia; thus, sys-
temic administration should generally be avoided
in this population [21, 36]. Even in individuals with

normal G6PD activity, excessive cumulative doses
(above ~7 mg/kg) may induce paradoxical methe-
moglobinemia and Heinz body formation, particu-
larly in neonates and infants [25, 36, 37, 114]. Safe
use requires careful weight-based dosing and eval-
uation of G6PD status [21, 114]. MB also possesses
a clinically important interaction profile due to its
potent reversible inhibition of monoamine oxi-
dase A (MAO-A) [29, 115]. When administered with
serotonergic medications (SSRIs, SNRIs), it may
precipitate serotonin syndrome, characterized by
autonomic instability, hyperthermia, and neuro-
muscular manifestations [30, 31, 116]. In cardiovas-
cular applications, although MB restores vascular
tone in vasoplegic states, excessive exposure may
cause arrhythmias and hypertension [37, 113]. In-
terestingly, administration before myocardial is-
chemia has been associated with arrhythmogenic
effects, whereas administration after ischemic in-
jury may exert cardioprotective effects [57].

Due to central nervous system penetration,
MB may produce neurological adverse effects,
including headache, confusion, postoperative de-
lirilum, and agitation [25, 30, 115]. At therapeutic
doses, common benign reactions include urinary
discoloration (chromaturia) and blue-green stain-
ing of skin and feces, which may interfere with
pulse oximetry interpretation [5, 14, 53, 117]. Severe
renal dysfunction requires careful consideration
due to potential accumulation and altered perfu-
sion [37, 53, 117]. In photodynamic therapy (PDT),
MB generates singlet oxygen and ROS upon light
activation; however, inadequate light targeting or
excessive exposure may cause collateral injury to
surrounding healthy tissues [24, 73]. Advanced de-
livery strategies like polymeric micelles and nano-
carriers are being explored to preserve MB activi-
ty, improve tumor accumulation, and prevent dark
toxicity [48, 79].

In special populations, MB use in pregnant
women is generally contraindicated due to risks
of fetal toxicity and complications like intestinal
atresia [26, 118]. Temporary interruption of breast-
feeding is also recommended [14]. In pediatric
populations, immature NADH-methemoglobin
reductase systems increase vulnerability to Heinz
body hemolytic anemia and hyperbilirubinemia
[14, 19, 119].

Ultimately, systemic administration should
generally remain below a maximum cumulative
threshold of ~7 mg/kg over 24 hours (or ~4 mg/kg
in aniline- or dapsone-induced cases) to prevent
toxicity [14, 21, 53]. During treatment, complemen-
tary methods such as arterial blood gas analysis
and co-oximetry are required, as MB pigmentation
causes falsely decreased pulse oximetry readings
[15, 38, 120]. Future approaches advocate individu-
alized, weight-based dosing (1-2 mg /kg IV) guided
by physiological parameters to preserve thera-
peutic efficacy while minimizing risks [53, 112, 121].
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Methylene blue in dietary
supplements

The increasing popularity of methylene blue
as a dietary supplement has been driven largely by
extrapolation from its well-established pharma-
cological mechanisms, including mitochondrial
redox cycling and modulation of neuronal bioen-
ergetics, which have been discussed previously.
These mechanisms provide a biologically plau-
sible rationale for commercial claims relating to
cognitive enhancement, mitochondrial support,
and healthy ageing [3, 33]. However, mechanistic
plausibility should not be interpreted as proof of
clinical efficacy.

The current clinical evidence supporting
methylene blue supplementation is considerably
weaker than commercial marketing would sug-
gest. Although these molecular mechanisms are
scientifically well characterised, their translation
into meaningful health benefits in healthy adults
remains largely unproven [75-78]. Published stud-
ies demonstrating improvements in memory or
functional neuroimaging have generally employed
single oral doses substantially higher than those
found in commercially available dietary supple-
ments and evaluated only acute responses rather
than chronic supplementation. Furthermore, no
adequately powered randomized controlled tri-
als have investigated long-term administration of
methylene blue at the doses typically marketed as
dietary supplements (approximately 1-30 mg /day)
in healthy individuals. Consequently, claims relat-
ing to cognitive enhancement, increased men-
tal performance, mitochondrial support, or
healthy ageing remain insufficiently supported by
high-quality clinical evidence. Most available data
continue to derive from experimental pharmacol-
ogy, animal studies, or investigations conducted
in patient populations rather than healthy volun-
teers [75-78].

This distinction is particularly important
because the biological effects of methylene blue
are highly dose dependent, with beneficial effects
observed within a relatively narrow concentra-
tion range. Beneficial biological effects observed
under experimental conditions cannot simply be
extrapolated across different dose ranges, espe-
cially when commercially available supplements
provide substantially lower exposures than those
investigated in controlled clinical studies [33, 35].
At the same time, human pharmacokinetic studies
demonstrate efficient oral absorption and clini-
cally relevant systemic bioavailability, indicating
that even relatively low oral doses cannot be re-
garded as pharmacologically inert [40-42]. Thus,
the absence of convincing evidence for efficacy
should not be interpreted as evidence that meth-
ylene blue lacks biological activity [3, 33].

Importantly, the pharmacological proper-
ties responsible for the recognised therapeutic
applications of methylene blue also determine
its adverse-effect profile when used without
medical supervision. The compound is a potent
reversible inhibitor of monoamine oxidase A
(MAO-A), creating a clinically significant risk of
serotonin syndrome when administered togeth-
er with selective serotonin reuptake inhibitors,
serotonin-noradrenaline reuptake inhibitors,
monoamine oxidase inhibitors, linezolid, trama-
dol, or other serotonergic agents [36, 37, 43-49].
Likewise, methylene blue retains its well-estab-
lished oxidative potential in individuals with glu-
cose-6-phosphate dehydrogenase (G6PD) de-
ficiency, where haemolytic anaemia may occur
because of impaired erythrocyte antioxidant de-
fence [50-52]. Pregnancy represents an additional
concern, as fetal toxicity and teratogenic effects
have been described following intra-amniotic ex-
posure, leading regulatory authorities to recom-
mend avoidance during pregnancy except when
clearly indicated [54, 57]. These risks are intrinsic
properties of the molecule itself and are not mod-
ified by its commercial presentation as a dietary
supplement.

Another important consideration concerns
product quality. Pharmaceutical formulations
of methylene blue are manufactured according
to Good Manufacturing Practice standards and
comply with pharmacopoeial specifications re-
garding identity, purity, and contaminant limits
[67-69]. In contrast, products marketed as die-
tary supplements or laboratory-grade reagents
may vary considerably in concentration, purity,
and manufacturing quality. Independent analyt-
ical verification is rarely available, and informa-
tion regarding purity, manufacturing quality, and
contaminant testing is often limited for products
marketed outside the pharmaceutical regulatory
framework [59-61, 71]. Consequently, differences
in product quality introduce an additional source
of uncertainty when evaluating both efficacy and
safety, particularly in consumers who self-ad-
minister these preparations over prolonged
periods [67-69].

The regulatory status of methylene blue in
the dietary supplement sector remains complex
and differs substantially from its status as an au-
thorised medicinal product. Within the European
Union, disease-treatment or disease-prevention
claims place a product within the legal definition
of a medicinal product under Directive 2001/83/
EC rather than a food supplement regulated un-
der Directive 2002/46/EC [62, 63]. Moreover,
methylene blue is not currently authorised as a
conventional food ingredient within the Europe-
an regulatory framework, and recent enforcement
actions have identified its presence in food sup-
plements as a non-authorised ingredient within
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the European food-fraud monitoring system [64,
71]. This distinction has important practical impli-
cations because medicinal products are subject to
rigorous requirements concerning manufacturing
quality, efficacy, pharmacovigilance, and clinical
oversight, whereas products marketed outside the
medicinal framework may not undergo equivalent
regulatory scrutiny [67-69].

Overall, the increasing popularity of methyl-
ene blue among biohacking and longevity commu-
nities reflects the growing interest in pharmaco-
logical interventions intended to optimise human
performance rather than treat disease [72-74].
However, the enthusiasm surrounding these
products has developed considerably faster than
the supporting clinical evidence [75-78]. Although
the molecular mechanisms underlying many com-
mercial claims are biologically plausible, robust
clinical trials demonstrating sustained cognitive,
metabolic, or anti-ageing benefits in healthy indi-
viduals remain unavailable [3, 33, 75-78]. Based on
the currently available evidence, methylene blue
is best regarded as a pharmacologically active
medicinal compound with established therapeu-
tic indications, recognised contraindications, and
clinically important drug interactions, rather than
an evidence-based dietary supplement for routine
use in healthy individuals [3, 53, 67].

The increasing popularity of methylene blue
as a dietary supplement has been driven largely by
extrapolation from its well-characterised phar-
macological actions rather than by direct clinical
evidence obtained in healthy individuals [3, 33,
72-74]. Commercial claims regarding cognitive en-
hancement, mitochondrial support, improved en-
ergy metabolism, and healthy ageing are biolog-
ically plausible because they reflect mechanisms
that have been demonstrated experimentally [3,
33]. However, the level of evidence supporting
these claims varies considerably, and in most cas-
es remains insufficient to support routine use in
healthy individuals [75-78].

Among the proposed indications, cognitive
enhancement has received the greatest scientif-
ic attention [75-78]. Experimental studies have
shown that methylene blue enhances mitochon-
drial oxidative phosphorylation, increases neu-
ronal ATP production, reduces reactive oxygen
species generation, and improves cerebral met-
abolic efficiency under conditions of increased
energetic demand. These mechanisms are par-
ticularly attractive in tissues with high metabolic
requirements, such as the central nervous system,
where neuronal survival and synaptic plastici-
ty are closely linked to mitochondrial function.
Experimental animal studies have consistently
demonstrated improvements in learning, memory
consolidation, and resistance to oxidative stress
following low-dose methylene blue administra-
tion, supporting the hypothesis that mitochondri-

al optimisation may positively influence cognitive
performance [3, 33].

Nevertheless, translation of these experi-
mental findings into human clinical practice re-
mains limited. Clinical investigations evaluating
methylene blue have generally involved acute
administration under controlled experimental
conditions rather than chronic supplementation.
Furthermore, available studies have primarily
assessed surrogate physiological outcomes, in-
cluding functional neuroimaging, cerebral metab-
olism, or short-term neuropsychological perfor-
mance, instead of clinically meaningful long-term
cognitive endpoints [75-78]. Importantly, these
studies employed doses substantially exceeding
those typically found in commercially available
dietary supplements, making direct extrapola-
tion inappropriate [40-42, 75-78]. Consequently,
no high-quality evidence currently demonstrates
that long-term low-dose methylene blue supple-
mentation improves cognitive performance in
healthy adults [75-78].

A similar discrepancy exists for claims relat-
ing to mitochondrial support and healthy ageing
[3, 33, 75-78]. Mitochondrial dysfunction is widely
recognised as a hallmark of ageing and numerous
chronic diseases, making interventions targeting
mitochondrial bioenergetics scientifically attrac-
tive [122]. Because methylene blue can facilitate
electron transfer within the mitochondrial res-
piratory chain and partially bypass dysfunctional
complexes under experimental conditions, it has
been proposed as a potential mitochondrial ther-
apeutic agent [3, 33]. However, these mechanis-
tic observations have not yet translated into con-
vincing clinical evidence demonstrating improved
physical performance, delayed biological ageing,
or increased longevity in humans. At present, the
available evidence remains predominantly pre-
clinical, and no adequately powered randomized
controlled trials have evaluated these outcomes in
healthy populations [75-78].

Claims concerning mood enhancement are
likewise supported only indirectly. Methylene blue
has a long history of investigation in neuropsychi-
atric disorders, particularly because of its effects
on monoamine metabolism and mitochondrial
function [3, 33, 79-82]. Clinical investigations in
neuropsychiatric disorders have involved thera-
peutic doses administered under medical super-
vision to patients with established disease rather
than healthy individuals seeking cognitive optimi-
sation [79-82]. Consequently, these studies can-
not be considered evidence supporting recrea-
tional or preventive supplementation [75-82].

An important consideration when inter-
preting these findings is the characteristic
dose-dependent biological effects of methylene
blue Numerous experimental studies indicate
that beneficial biological effects occur within a
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relatively narrow therapeutic window, whereas
increasing doses may produce diminishing effi-
cacy or toxicity. Such dose-dependent respons-
es further complicate extrapolation between
experimental models, therapeutic applications,
and commercially available dietary supplements.
Accordingly, neither positive findings obtained
with pharmacological doses nor favourable exper-
imental mechanisms necessarily predict clinical
efficacy at substantially lower supplement doses
[33, 35, 75-78].

Taken together, the current evidence sug-
gests that many commercial claims surrounding
methylene blue are supported by sound biochem-
ical and pharmacological rationale but remain
insufficiently validated by clinical research. This
distinction between mechanistic plausibility and
evidence-based efficacy represents one of the
central challenges in evaluating methylene blue
within the dietary supplement market [3, 33,
75-78]. Until long-term randomized controlled
trials establish both efficacy and safety in healthy
individuals, claims regarding routine supplemen-
tation should be interpreted cautiously pending
confirmation in adequately powered randomized
controlled trials [75-78].

Overall, the growing popularity of meth-
ylene blue within the dietary supplement and
wellness markets reflects the increasing transla-
tion of pharmacologically active compounds into
consumer-oriented products [72-74]. Although
the biological mechanisms underlying many com-
mercial claims are scientifically plausible, current
evidence remains insufficient to support routine
supplementation in healthy individuals [3, 33,
75-78]. Furthermore, the pharmacological proper-
ties, contraindications, and clinically relevant drug
interactions of methylene blue remain unchanged
irrespective of its commercial classification as a
dietary supplement or wellness product [3, 36, 37,
50-53]. Together with continuing regulatory un-
certainty and concerns regarding product qual-
ity, these considerations support the view that
methylene blue should continue to be regarded
primarily as a medicinal compound rather than
an evidence-based nutraceutical [62-71]. Future
well-designed randomized controlled trials evalu-
ating pharmaceutical-grade formulations at doses
relevant to consumer use will be essential to de-
termine whether any of the proposed benefits can
be translated into clinical practice.

Methylene blue in veterinary medicine

Veterinary applications of methylene blue
emerged shortly after its introduction into human
medicine. Initially, its applications were primarily
diagnostic, including tissue staining during patho-
logical examinations and visualization of anatom-

ical structures during surgery [122]. As knowledge
of its redox properties expanded, methylene blue
gradually became recognized as an effective an-
tidote for acquired methemoglobinemia in do-
mestic animals exposed to oxidizing agents such
as nitrates, nitrites, chlorates, aniline deriva-
tives, acetaminophen, benzocaine and other oxi-
dant toxins. This therapeutic application remains
the most scientifically established indication for
methylene blue in veterinary medicine and is sup-
ported by decades of experimental studies and ac-
cumulated clinical experience [122-124].

Throughout the twentieth century, addition-
al veterinary applications emerged, particular-
ly in aquaculture and ornamental fish medicine
[122]. Methylene blue became widely used as a
water disinfectant and antifungal agent for fish
eggs because of its broad antifungal and antisep-
tic activity against water molds, especially spe-
cies of Saprolegnia. Its use later expanded to the
management of selected protozoal and external
bacterial infections in ornamental fish. However,
increasing awareness regarding environmental
persistence, residue formation and ecotoxicolog-
ical concerns has progressively restricted its use
in commercial aquaculture intended for food pro-
duction, particularly within the European Union.
Consequently, methylene blue is currently em-
ployed predominantly in ornamental fish rather
than in food-producing aquatic species [122, 125].

Advances in molecular pharmacology have
further transformed the perception of methylene
blue during the last three decades [126]. Beyond
its classical role as an antidote for methemoglo-
binemia, the compound has been investigated for
multiple pharmacological properties, including
modulation of mitochondrial electron transport,
inhibition of nitric oxide-mediated vasodilation,
antioxidant activity, antimicrobial effects, neuro-
protection and intraoperative tissue visualization.
These emerging applications have renewed scien-
tific interest in methylene blue, particularly in the
fields of mitochondrial biology, redox pharmacol-
ogy and translational medicine [122, 126]. Never-
theless, current regulatory authorities, including
the European Medicines Agency and the U.S. Food
and Drug Administration, continue to recognize
only a limited number of veterinary indications as
being supported by sufficient scientific evidence,
while most proposed applications remain investi-
gational or off-label [127, 128].

Veterinary pharmaceutical formulations
and current market availability

Although historically important, methylene
blue currently occupies a relatively limited niche
within the veterinary pharmaceutical market [122].
Its availability varies considerably according to
species, intended use, and regulatory jurisdiction
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[127,128]. In modern veterinary medicine, methyl-
ene blue is primarily encountered in three catego-
ries: pharmaceutical-grade preparations intended
for emergency or compounding purposes, prod-
ucts for ornamental aquaculture, and laboratory
or diagnostic reagents [122, 126]. The availability
of commercially authorized veterinary medicinal
products specifically containing methylene blue
has declined substantially over the past decades,
largely because of increasing regulatory require-
ments regarding efficacy, safety, environmental
impact, and residue control in food-producing
animals [127, 128].

Within the European Union, no centrally au-
thorized veterinary medicinal product contain-
ing methylene blue is currently available through
the European Medicines Agency. Most veterinary
applications therefore rely on national authoriza-
tions, magistral preparations, or off-label use in
accordance with the prescribing cascade estab-
lished under Regulation (EU) 2019/6 [126]. Conse-
quently, methylene blue is not routinely available
as an authorized first-line veterinary medicinal
product for companion animals and is instead re-
served for specific clinical situations in which no
suitable authorized alternative exists [127, 128].

In the United States, methylene blue is not
marketed as a routinely prescribed veterinary
drug for dogs, cats, or livestock [129, 130]. The
U.S. Food and Drug Administration recogniz-
es methylene blue as a bulk drug substance that
may be considered for compounding under spe-
cific regulatory circumstances, particularly for
non-food-producing animals when no approved
veterinary alternative is available. Importantly,
compounded preparations must comply with FDA
guidance governing animal drug compounding
and cannot be marketed as approved veterinary
medicinal products [129].

The most visible commercial application of
methylene blue remains within ornamental fish
medicine. Numerous aquarium products con-
taining methylene blue are commercially availa-
ble worldwide and are intended for the preven-
tion or treatment of superficial fungal infections,
particularly those caused by Saprolegnia spp., as
well as for egg disinfection and selected external
protozoal infections [122, 125]. These products are
generally marketed for ornamental species and
explicitly exclude use in fish intended for human
consumption because residue depletion data and
maximum residue limits have not been estab-
lished [125, 128].

Beyond therapeutic products, pharmaceuti-
cal-grade methylene blue continues to be widely
available for diagnostic and surgical applications
in veterinary practice [122, 127]. Sterile injecta-
ble formulations intended for human medicine
are occasionally employed under the veterinary
prescribing cascade for the treatment of methe-

moglobinemia or for intraoperative visualization
of lymphatic vessels, parathyroid glands, urinary
tract structures, and fistulous tracts [123, 124, 128,
131]. Such use remains off-label in most veterinary
species and requires careful consideration of spe-
cies-specific pharmacology and potential adverse
effects [122, 128].

In recent years, methylene blue has also ap-
peared in commercially available products mar-
keted online for mitochondrial support, cognitive
enhancement, longevity, or antimicrobial activity
in companion animals. However, these products
generally lack authorization as veterinary me-
dicinal products and are not supported by robust
clinical evidence demonstrating efficacy or safety
in dogs or cats [127, 129]. Both European and U.S.
regulatory authorities emphasize that therapeutic
claims associated with such products require ap-
propriate scientific evaluation before they can be
considered evidence-based veterinary interven-
tions [127-129].

Overall, the contemporary veterinary mar-
ket reflects a transition from widespread empir-
ical use toward a far more restricted and regu-
lated application of methylene blue. While the
compound remains clinically valuable in selected
situations, particularly for methemoglobinemia
and ornamental aquaculture, its role as a rou-
tinely marketed veterinary medicinal product has
become increasingly limited owing to regulato-
ry, toxicological, and food safety considerations
[122, 127, 128].

Methylene blue has historically been em-
ployed for a wide range of veterinary applications;
however, only a limited number are currently sup-
ported by scientific evidence or regulatory accept-
ance. Its best-established indication remains the
treatment of methemoglobinemia, whereas most
other veterinary applications, including those in
surgery, aquaculture, and companion animal med-
icine, are considered off-label or species-specif-
ic [122, 127, 128]. Consequently, methylene blue
should be regarded as a drug with a narrow but
clinically important therapeutic spectrum rather
than a broad-spectrum veterinary agent.

The primary evidence-based indication for
methylene blue in veterinary medicine is the treat-
ment of acquired or hereditary methemoglobine-
mia [122-124]. Methemoglobinemia develops when
the iron atom within hemoglobin is oxidized from
the ferrous (Fe?") to the ferric (Fe®") state, render-
ing hemoglobin incapable of transporting oxygen
efficiently. Clinical manifestations include cya-
nosis, tachypnea, weakness, exercise intolerance
and, in severe cases, neurological impairment and
death [122, 124].

Methylene blue acts as an artificial electron
acceptor within erythrocytes. Following reduction
by NADPH-dependent methemoglobin reduc-
tase, leukomethylene blue donates electrons to
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methemoglobin, restoring functional hemoglobin
and rapidly improving oxygen transport. Because
this mechanism depends on adequate intracellular
reducing capacity, excessive doses may paradox-
ically exert oxidative effects and worsen methe-
moglobinemia [122].

Clinical evidence supporting this indication
in veterinary medicine is strongest in dogs. Jaffey
et al., 2023 [122] described a juvenile mixed-breed
dog with hereditary cytochrome b5 reductase
deficiency in which intravenous methylene blue
(1 mg/kg) rapidly reduced methemoglobin con-
centrations and resolved cyanosis. Long-term oral
administration (1.5 mg /kg) successfully controlled
recurrent clinical signs without clinically signif-
icant hematological adverse effects during fol-
low-up, demonstrating that carefully monitored
treatment may be effective in selected hereditary
cases [123, 124].

Additional work by Jaffey et al., 2023 [122]
further characterized the clinical phenotype of
dogs with hereditary methemoglobinemia and
evaluated long-term methylene blue treatment.
The authors reported sustained clinical improve-
ment and acceptable tolerability during prolonged
administration, although regular hematological
monitoring was recommended because of the po-
tential for oxidative erythrocyte injury associated
with excessive dosing [122, 124].

Although methemoglobinemia may occur
following exposure to numerous oxidizing agents,
including acetaminophen, benzocaine, nitrates,
nitrites, aniline derivatives, chlorates and cer-
tain plant toxins, methylene blue should only be
administered after confirmation of methemoglo-
binemia, preferably by co-oximetry, because cy-
anosis may have multiple differential diagnoses.
Furthermore, correction of the underlying tox-
ic exposure remains an essential component of
therapy [122].

Beyond its antidotal role, methylene blue is
widely used as an intraoperative diagnostic dye in
veterinary surgery. Owing to its intense colora-
tion and rapid tissue uptake, it facilitates visuali-
zation of lymphatic vessels, sentinel lymph nodes,
fistulous tracts, urinary structures and selected
endocrine tissues. These applications improve
anatomical identification during surgery but rely
primarily on the staining properties of the mole-
cule rather than on pharmacological activity [122].

One veterinary example is lymphatic map-
ping in dogs [129]. Enwiller et al., 2003 [129]
demonstrated that methylene blue injection into
popliteal and mesenteric lymph nodes success-
fully stained the thoracic duct, improving surgi-
cal visualization during experimental procedures.
This technique has since become a useful adjunct
in selected thoracic surgical interventions, al-
though its use remains procedure-specific rather
than routine [130].

More recently, Marchese and Pascal [130] de-
scribed the use of methylene blue as a surgical dye
during partial pancreatectomy in a dog. Besides
facilitating tissue identification, transient increas-
es in systemic arterial pressure were observed
following administration, highlighting that even
when used primarily as a staining agent, methyl-
ene blue retains clinically relevant pharmacolog-
ical activity that should be considered during an-
esthesia and perioperative monitoring [122, 130].

Methylene blue continues to play an im-
portant role in ornamental aquaculture, where it
is commonly employed as a water treatment or
immersion bath. Its principal indications include
prevention of fungal colonization of fish eggs, par-
ticularly by Saprolegnia spp., reduction of second-
ary bacterial contamination, and supportive treat-
ment of selected external protozoal infections
[122, 128]. Unlike companion animal medicine,
where systemic administration predominates, fish
applications rely almost exclusively on environ-
mental exposure through bath treatments [122].

Experimental studies have demonstrated
that methylene blue can significantly improve egg
survival and hatching success under controlled
conditions. Chambel and colleagues [123] com-
pared methylene blue, hydrogen peroxide and io-
dine for egg disinfection in freshwater ornamental
fish species and demonstrated that all three com-
pounds significantly improved hatching success
compared with untreated controls, confirming
methylene blue as an effective antifungal agent
under controlled hatchery conditions [125].

However, contemporary commercial aqua-
culture has progressively shifted toward alterna-
tive disinfectants because of increasing concerns
regarding environmental persistence, tissue res-
idues and regulatory restrictions in food-pro-
ducing fish. Accordingly, methylene blue remains
principally confined to ornamental aquaculture
rather than intensive food fish production, con-
sistent with current FDA and European regulatory
frameworks governing aquaculture therapeutics
[122, 128, 129].

Several additional veterinary applications
have been investigated, although supporting evi-
dence remains limited. Experimental reports de-
scribe the use of methylene blue as a vasopressor
in refractory intraoperative hypotension, as an aid
for tissue visualization during pancreatic surgery,
and as an adjunct in selected toxicological con-
ditions [122, 132]. However, these reports consist
primarily of isolated case reports or small experi-
mental studies and do not constitute sufficient ev-
idence for routine clinical recommendation [122].

Likewise, internet-based claims promoting
methylene blue as a mitochondrial enhancer, cog-
nitive supplement, antimicrobial agent or longev-
ity-promoting compound for companion animals
currently lack robust veterinary clinical evidence
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[122]. Neither the European Medicines Agency
nor the U.S. Food and Drug Administration rec-
ognizes these indications as approved veterinary
therapeutic uses [127, 129]. Instead, regulatory au-
thorities emphasize that compounded methylene
blue preparations should be used only when no
suitable authorized veterinary alternative is avail-
able and when supported by sound clinical judg-
ment. [128, 129].

Overall, the available evidence indicates that
methylene blue retains an important place in vet-
erinary medicine, but its clinically validated appli-
cations remain relatively restricted. Treatment of
methemoglobinemia is supported by the strong-
est experimental and clinical evidence, whereas
most other indications should currently be re-
garded as adjunctive, investigational or off-label
applications pending further controlled veterinary
studies [122-124].

Although methylene blue has been used in
veterinary medicine for more than a century, its
clinically validated applications remain relatively
limited compared with human medicine. Treat-
ment of acquired and hereditary methemoglo-
binemia continues to represent the principal
evidence-based indication, while most other ap-
plications are confined to diagnostic procedures,
ornamental aquaculture, or selected off-label in-
terventions [122-125]. Importantly, the increasing
availability of internet-marketed products pro-
moting methylene blue for cognitive enhance-
ment or longevity in companion animals is not
supported by robust veterinary clinical evidence.
Consequently, current veterinary practice con-
tinues to emphasize evidence-based use, careful
patient selection, and compliance with national
and international regulatory frameworks govern-
ing off-label administration and pharmaceutical
quality [122].

Methylene blue in the food chain

Methylene blue entered the food chain
through several distinct pathways that differ fun-
damentally in their purpose, mechanism of ex-
posure, and regulatory status. Unlike its well-es-
tablished medical applications, the compound’s
relationship with food has been driven primarily by
its antimicrobial, antifungal, redox, and analytical
properties rather than by therapeutic intent. Over
time, four principal routes of entry have emerged:
its use as a microbiological indicator in dairy qual-
ity control, its application in aquaculture, its re-
cent commercialization as a dietary supplement,
and its experimental use in antimicrobial photo-
dynamic food preservation [133-136].

The earliest food-related application of meth-
ylene blue was analytical rather than nutritional.
During the early twentieth century, the Methylene

Blue Reduction Test (MBRT) was introduced as a
rapid microbiological assay for evaluating the hy-
gienic quality of raw milk [133, 137-139]. The test
exploits the ability of metabolically active bacteria
to reduce oxidized methylene blue to its color-
less leuco form once dissolved oxygen has been
depleted. Consequently, the time required for dis-
coloration is inversely proportional to the micro-
bial load of the milk sample, providing a rapid and
inexpensive estimate of bacterial contamination
without requiring conventional microbiological
culture techniques [133, 137-139].

Although largely superseded by modern mi-
crobiological and molecular methods in highly
industrialized dairy systems, the MBRT remains
widely employed in many regions because of its
simplicity, minimal equipment requirements, and
low operational cost. The method continues to
serve as a practical screening tool at milk collec-
tion centres and dairy-processing facilities where
rapid assessment is required and access to sophis-
ticated analytical infrastructure is limited [133,
138, 140, 141].

A second and far more important pathway in-
volves the direct administration of methylene blue
to food-producing aquatic species. For decades,
the compound has been used in aquaculture as
an antifungal, antiparasitic, and disinfecting agent
for fish eggs, larvae, and juvenile fish. While these
applications improve hatchability and reduce in-
fectious losses, they also create the possibility of
persistence of methylene blue and its biologically
active metabolites within edible tissues. This vet-
erinary-residue pathway has become the principal
food-safety concern associated with methylene
blue and has shaped current international regula-
tory policies governing its use in food-producing
animals [66, 134, 142, 143].

More recently, an additional route into the
food chain has emerged through the commer-
cialization of oral methylene blue preparations
marketed as dietary supplements or “biohacking”
products. Unlike pharmaceutical formulations in-
tended for approved medical indications, these
products are promoted for cognitive enhance-
ment, mitochondrial support, longevity, and gen-
eral wellness. Their increasing availability through
internet retailers has generated a new and largely
unregulated exposure scenario in which methyl-
ene blue is intentionally ingested by healthy in-
dividuals despite the absence of robust clinical
evidence supporting many of the claimed bene-
fits [144-147].

Afourth and fundamentally different applica-
tion has arisen from advances in food technology.
Methylene blue has attracted considerable inter-
est as a photosensitizer in antimicrobial photody-
namic inactivation (aPDI), where visible light acti-
vates the dye to generate singlet oxygen and other
reactive oxygen species capable of destroying
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bacteria, fungi, and other microorganisms pres-
ent on food surfaces [135, 136, 148]. Experimental
studies have demonstrated promising antimicro-
bial efficacy in seafood and other perishable prod-
ucts, suggesting a potential role as a non-thermal
food preservation technology. Nevertheless, un-
certainties regarding residue formation, limited
light penetration into complex food matrices, and
current European regulatory restrictions contin-
ue to limit industrial implementation [134].

Taken together, these diverse pathways il-
lustrate the unique and often paradoxical posi-
tion of methylene blue within the food chain. The
compound functions simultaneously as an ana-
lytical reagent, a veterinary medicinal product, a
consumer dietary supplement, and an emerging
food-processing aid. These markedly different ap-
plications are governed by distinct scientific, tox-
icological, and regulatory frameworks, emphasiz-
ing the need to evaluate methylene blue according
to the specific context in which exposure occurs
rather than considering the molecule as a single
homogeneous entity [134, 149, 150].

The Methylene Blue Reduction Test (MBRT)
represents the oldest and most widely established
food-related application of methylene blue. Unlike
veterinary or pharmaceutical uses, MBRT does not
involve consumer exposure to the dye but exploits
its reversible redox properties as an indicator of
microbial metabolic activity in raw milk. Since its
introduction in the early twentieth century, the
test has remained one of the simplest and most
economical methods for the preliminary assess-
ment of milk hygiene and continues to be em-
ployed in many dairy production systems world-
wide [133, 137, 139].

The analytical principle of the MBRT is based
on bacterial respiration. Microorganisms present
in raw milk progressively consume dissolved oxy-
gen during metabolism. Once the available oxygen
has been depleted, electrons generated through
bacterial respiration reduce methylene blue from
its oxidized blue form to the colourless leuco-
methylene blue. Consequently, the time required
for complete discoloration is inversely propor-
tional to the initial bacterial load of the sample.
Milk containing high numbers of viable microor-
ganisms decolorizes rapidly, whereas high-quality
milk with low bacterial contamination retains its
blue colour for several hours [133, 137-139].

The classical MBRT procedure is technically
straightforward and requires minimal laboratory
infrastructure. Typically, 1 mL of a 0.005% aqueous
methylene blue solution is added to 10 mL of raw
milk, followed by incubation at 37°C under stand-
ardized conditions. The reduction time is then
recorded by visual observation of colour disap-
pearance. Because the assay depends on bacterial
metabolic activity rather than direct enumeration,
it provides a rapid estimate of microbiological

quality without requiring microbiological culture
or colony counting [133, 138, 139].

One of the principal advantages of the MBRT
is its simplicity. The method requires only inex-
pensive reagents, standard laboratory glassware
and a temperature-controlled incubator, making
it particularly attractive for routine screening in
milk collection centres and small dairy-process-
ing facilities. In contrast to conventional aerobic
plate counts, which require 24-48 hours of incu-
bation before results become available, the MBRT
generally provides an assessment within two to
eight hours, thereby facilitating rapid decisions
regarding milk acceptance, storage, or processing
[133, 138, 140].

The test has therefore remained incorpo-
rated into internationally recognized dairy quali-
ty-control procedures and continues to be includ-
ed in the Standard Methods for the Examination of
Dairy Products published by the American Public
Health Association. In many low- and middle-in-
come countries, where access to automated mi-
crobiological instrumentation remains limited,
the MBRT continues to represent an important
component of routine raw-milk quality assurance
[132, 133, 139, 140].

Several modifications of the original assay
have subsequently been developed to improve its
practical applicability. Extended MBRT protocols
classify raw milk into quality categories according
to progressively longer reduction times, provid-
ing indirect information not only about bacterial
load but also about hygienic conditions during
milking, anticipated shelf life, and suitability for
downstream dairy processing. More recently, au-
tomated systems employing optical sensors have
been designed to continuously monitor methyl-
ene blue discoloration, converting colour chang-
es into electronic signals that correlate closely
with conventional MBRT results while allowing
semi-automated monitoring at dairy processing
plants [133, 138, 139].

Despite these practical advantages, the
MBRT possesses important limitations that re-
strict its role to a preliminary screening method
rather than a definitive microbiological assay. Be-
cause the test measures bacterial metabolic activ-
ity rather than viable cell numbers directly, several
external factors may influence the reduction time
independently of microbial concentration. Resid-
ual antimicrobial substances, particularly antibi-
otic residues present in milk, may inhibit bacterial
metabolism and artificially prolong the discolora-
tion time, leading to an overestimation of microbi-
ological quality. Similarly, environmental variables
such as storage temperature, water hardness, heat
stress, and milking hygiene may contribute to in-
ter-sample variability [133, 138, 139].

Another limitation is the inability of the
MBRT to identify the composition of the microbial
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population. Unlike modern microbiological tech-
niques, including aerobic plate counting, flow
cytometry, molecular diagnostics, or PCR-based
pathogen detection, the test cannot distinguish
between spoilage microorganisms, pathogenic
bacteria, spore-forming organisms, or post-pas-
teurization contaminants. Consequently, MBRT
should be regarded as a rapid indicator of overall
microbial activity rather than a substitute for con-
firmatory microbiological analysis [138, 139, 151].

Nevertheless, numerous comparative stud-
ies have demonstrated satisfactory agreement
between MBRT classifications and conventional
microbiological methods, particularly when dis-
tinguishing milk of excellent hygienic quality from
heavily contaminated samples. Accordingly, the
test continues to occupy a valuable niche within
dairy quality assurance, especially where rapid
decision-making, limited laboratory infrastruc-
ture, and low analytical costs remain important
practical considerations [133, 138, 140].

From the perspective of food-chain safety,
the significance of the MBRT differs fundamen-
tally from all other food-related applications of
methylene blue. In this context, the dye functions
exclusively as an analytical reagent and is never
intended to remain within the final food product.
Unlike veterinary use in aquaculture or the mar-
keting of oral methylene blue supplements, the
MBRT therefore represents a controlled analytical
application that does not contribute directly to
consumer exposure. This distinction explains why
methylene blue continues to be accepted as an in-
dispensable laboratory reagent despite the strict
regulatory restrictions governing its presence as a
residue in food of animal origin [134, 149, 150].

Aquaculture represents the principal route
through which methylene blue may enter the hu-
man food chain. Unlike its analytical use in dairy
quality control, where the dye functions solely as a
laboratory reagent, administration in aquaculture
involves direct exposure of food-producing ani-
mals to a pharmacologically active compound ca-
pable of persisting in edible tissues. Consequently,
methylene blue has become a substance of con-
siderable interest in food safety, veterinary phar-
macology, and regulatory toxicology, despite the
prohibition of its use in food-producing species in
many jurisdictions [133, 138, 139, 152].

Methylene blue has been employed in aqua-
culture for more than five decades because of its
broad antimicrobial and antiparasitic properties.
In aqueous solution, its cationic structure inter-
feres with microbial enzyme systems by com-
peting for hydrogen ions and disrupting essen-
tial metabolic pathways, thereby inhibiting the
growth of fungi, protozoa, and certain bacterial
pathogens. Historically, the compound has been
widely used for the prevention and treatment of
saprolegniasis affecting fish eggs and larvae, ich-

thyophthiriasis caused by Ichthyophthirius mul-
tifiliis, chilodonelliosis, costiasis, and selected gill
diseases [134, 142, 143, 153].

An additional therapeutic application in-
volves the management of so-called “brown blood
disease” in freshwater aquaculture. This condition
results from elevated nitrite concentrations in
pond water, which oxidize haemoglobin to meth-
aemoglobin and impair oxygen transport. As in
human medicine, methylene blue restores func-
tional haemoglobin through reduction of meth-
aemoglobin, thereby reversing tissue hypoxia and
improving survival of affected fish [134, 147, 154].

In routine aquaculture practice, methylene
blue has traditionally been administered either as
prolonged immersion baths at relatively low con-
centrations, short high-concentration dip treat-
ments, or continuous egg treatments throughout
incubation. The selected protocol depends upon
fish species, developmental stage, target path-
ogen, water chemistry, and temperature, all of
which influence therapeutic efficacy and toxicity.
Commercial formulations remain widely availa-
ble for ornamental fish, generally as concentrated
aqueous solutions of methylthioninium chloride
specifically labelled for aquarium use rather than
for food-producing animals [134, 142, 143, 153].

Although these therapeutic applications are
effective, their use in commercial food fish pro-
duction presents important toxicological con-
cerns. Experimental studies have demonstrated
that prolonged exposure to therapeutic concen-
trations may induce significant haematological al-
terations in fish. Goldfish exposed to methylene
blue exhibited reductions in erythrocyte count,
haemoglobin concentration, haematocrit, leuko-
cyte count and lymphocyte percentage, indicating
both haematotoxic and immunomodulatory ef-
fects. Similar findings have been reported in com-
mon carp, where therapeutic exposure produced
inflammatory changes accompanied by evidence
of compensatory erythropoiesis consistent with
an anaemic response [143, 155, 156].

Adverse developmental effects have likewise
been documented during egg incubation. Exper-
imental studies in freshwater angelfish demon-
strated that exposure of fertilised eggs and newly
hatched larvae to elevated methylene blue con-
centrations significantly increased the incidence
of swim bladder non-inflation syndrome. Histo-
pathological examination revealed irreversible hy-
pertrophy of the gas gland and hyperplasia of the
rete mirabile, suggesting interference with normal
embryonic development during critical stages of
swim bladder inflation. Subsequent investigations
confirmed that both dye concentration and water
temperature influence the severity of these devel-
opmental abnormalities [142, 153].

Beyond toxicity in target species, the greatest
food-safety concern arises from the persistence
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of methylene blue and its metabolites in edible
tissues. Following administration, methylene blue
undergoes sequential N-demethylation, produc-
ing the metabolites azure A, azure B and azure C.
Among these, azure B is of particular toxicological
interest because it retains substantial pharmaco-
logical activity, including inhibition of monoamine
oxidase A (MAO-A), the same mechanism respon-
sible for clinically significant drug interactions ob-
served after therapeutic methylene blue adminis-
tration in humans [145, 146, 154, 157].

Pharmacokinetic investigations in Japanese
eel have demonstrated prolonged tissue persis-
tence of both the parent compound and its me-
tabolites following immersion treatment. Detecta-
ble concentrations of methylene blue, azure A and
azure B remained present in blood, liver, kidney,
skin and muscle for several weeks after exposure,
whereas azure C was not consistently detected.
This prolonged tissue residence has important
implications for withdrawal periods and greatly
increases the likelihood of residue detection in
edible products entering the food chain [157-159].

These pharmacokinetic characteristics have
strongly influenced the regulatory evaluation of
methylene blue. From a food-safety perspective,
both the parent compound and its metabolites
must be regarded as residues of toxicological rel-
evance. The European Food Safety Authority clas-
sified methylene blue among dyes used illegally in
aquaculture and assigned it to Group I within its
guidance on Reference Points for Action, the cate-
gory reserved for compounds presenting potential
genotoxic carcinogenicity for which no toxico-
logical threshold can be assumed. Consequently,
regulatory authorities aim to minimise residues to
the lowest analytically achievable concentration
rather than establish an acceptable maximum res-
idue limit [134, 149, 150, 160].

The need for reliable residue surveillance has
driven the continuous development of increasing-
ly sensitive analytical methodologies. Early analyt-
ical procedures relied upon liquid chromatogra-
phy with visible detection and provided sufficient
sensitivity for preliminary residue screening in
fish tissue. However, these methods were unable
to detect the very low residue concentrations re-
quired under current regulatory standards and
generally quantified only the parent compound
[159, 161, 162].

Modern analytical techniques are based pri-
marily on liquid chromatography coupled with
tandem mass spectrometry (LC-MS/MS). These
methods provide substantially improved sensi-
tivity while simultaneously identifying methylene
blue together with its principal metabolites, in-
cluding azure A, azure B and azure C. Fully vali-
dated HPLC-MS/MS protocols have now been
developed for numerous aquaculture matrices,
including trout, carp, catfish, shrimp, mussels,

crabs and marine fish-with limits of quantification
around 1 pg/kg and analytical performance fully
compliant with Commission Decision 2002 /657/
EC. Such methods currently represent the refer-
ence standard for regulatory residue monitoring
within the European Union [155, 159-162].

Further technological advances have ex-
panded analytical capabilities even further. Ul-
tra-performance liquid chromatography coupled
with tandem mass spectrometry (UPLC-MS/MS)
permits simultaneous determination of multiple
phenothiazine dyes and their metabolites, facil-
itating comprehensive surveillance of illegally
treated aquaculture products. In parallel, rapid
screening technologies have emerged, including
surface-enhanced Raman spectroscopy (SERS),
which enables highly sensitive on-site detection
of methylene blue in fish muscle with minimal
sample preparation, and enzyme-linked immuno-
sorbent assays (ELISA) developed specifically for
high-throughput screening of aquaculture prod-
ucts. Although these techniques cannot replace
confirmatory LC-MS/MS analysis, they provide
valuable tools for preliminary screening during
food inspection and border control [159, 163, 164].

Taken together, the available evidence
demonstrates that methylene blue occupies a
unique position in food safety. Its proven thera-
peutic efficacy in aquaculture contrasts sharply
with the toxicological concerns associated with
persistent tissue residues and biologically active
metabolites. These characteristics have justified
the implementation of highly sensitive analytical
surveillance systems and increasingly restrictive
regulatory policies aimed at preventing contami-
nated aquaculture products from entering the hu-
man food chain [134, 152, 165, 166].

Although methylene blue is generally dis-
cussed in the context of food safety as an undesir-
able veterinary residue, it also occupies a unique
and clinically important position as the specific
antidote for food-induced methaemoglobinaemia.
This dual role distinguishes methylene blue from
most other veterinary pharmaceuticals: while its
presence in food products is considered unac-
ceptable, its administration may become life-sav-
ing when foodborne exposure to oxidising agents
results in clinically significant methaemoglobi-
naemia [147, 167].

Food-induced methaemoglobinaemia devel-
ops when dietary oxidising agents convert the fer-
rous iron (Fe?*) within haemoglobin into the ferric
(Fe*) state, producing methaemoglobin, which is
incapable of transporting oxygen efficiently. The
resulting reduction in oxygen delivery leads to tis-
sue hypoxia of variable severity, with clinical man-
ifestations ranging from cyanosis and fatigue to
seizures, cardiovascular collapse and death in se-
vere cases. Infants are particularly susceptible be-
cause fetal haemoglobin is more readily oxidised
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and because the activity of endogenous methae-
moglobin reductase systems remains physiologi-
cally immature during early life [167-170].

Methylene blue reverses this process through
a well-established enzymatic mechanism. After
intravenous administration at the recommended
therapeutic dose of 1-2 mg/kg, the compound is
reduced by NADPH-dependent methaemoglobin
reductase to leucomethylene blue, which subse-
quently donates electrons to methaemoglobin,
restoring functional haemoglobin and rapidly im-
proving oxygen-carrying capacity. This mecha-
nism has remained the cornerstone of emergency
treatment for clinically significant methaemoglo-
binaemia for decades and continues to be recom-
mended in toxicology and emergency medicine
guidelines [144, 146, 147].

The strongest evidence linking methyl-
ene blue to the food chain derives from a recent
systematic review of food-induced methaemo-
globinaemia. McNulty and colleagues identified
97 publications describing 568 patients ranging in
age from two weeks to 80 years, with a median age
of six years and a median methaemoglobin con-
centration of 30%. Nitrates and nitrites accounted
for the majority of cases, while the principal expo-
sure scenarios included ingestion of nitrate-rich
vegetables, accidental consumption of industrial
sodium nitrite, and errors associated with cured
meat preparation. Administration of methylene
blue produced a mean reduction in methaemo-
globin concentration of 39.1%, and successful re-
covery was reported even in patients presenting
with methaemoglobin fractions approaching 90%.
Importantly, none of the fatal cases identified in
the review had received methylene blue, empha-
sizing that delayed recognition and failure to ad-
minister the antidote were the principal determi-
nants of mortality rather than treatment failure
itself [147, 167].

Vegetable-derived =~ methaemoglobinaemia
remains one of the best-characterised food-re-
lated indications for methylene blue administra-
tion. Leafy vegetables and root crops capable of
accumulating high nitrate concentrations-includ-
ing spinach, beetroot, silver beet, courgette, and
green beans-have repeatedly been implicated in
infant poisoning. Under inappropriate storage
conditions, bacterial reduction of nitrate to nitrite
substantially increases the oxidising potential of
vegetable purées prepared for infants. A retro-
spective case-control study from northern Spain
identified silver beet as the vegetable containing
the highest nitrate concentrations among affected
patients and demonstrated that improper storage
of homemade vegetable purées constituted a ma-
jor contributing factor to infant methaemoglobi-
naemia [167, 168].

Subsequent case reports have confirmed
these observations. Severe methaemoglobinaemia

has been described in young infants fed formula
prepared with nitrate-rich vegetable soups, par-
ticularly courgette-based preparations used as
home remedies for constipation. In these cases,
prompt intravenous administration of methylene
blue resulted in rapid clinical recovery and com-
plete normalization of methaemoglobin concen-
trations, illustrating the effectiveness of early an-
tidotal therapy when the diagnosis is recognized
without delay [147, 168, 170].

Processed meat products constitute another
important source of foodborne exposure. Sodium
nitrite remains widely used during meat curing
because of its antimicrobial activity and its abil-
ity to stabilize the characteristic colour of cured
meats. Accidental ingestion of concentrated so-
dium nitrite, however, may produce severe meth-
aemoglobinaemia requiring immediate treatment.
Several recent reports describe paediatric poi-
sonings following accidental exposure to sodium
nitrite intended for sausage production, in which
intravenous methylene blue rapidly reversed cy-
anosis and prevented fatal outcomes. Similar ob-
servations have been reported during outbreaks
associated with improperly cured meat products,
where early recognition of methaemoglobinaemia
and timely antidotal treatment proved decisive for
patient survival [136, 167, 169].

Despite its remarkable therapeutic efficacy,
methylene blue is not universally applicable. The
principal contraindication is glucose-6-phos-
phate dehydrogenase (G6PD) deficiency, in which
impaired NADPH generation prevents reduction
of methylene blue to its active leuco form. Under
these circumstances, methylene blue becomes in-
effective and may paradoxically exacerbate oxida-
tive stress, precipitating severe haemolysis. This
limitation is particularly relevant in regions where
G6PD deficiency is prevalent and where food-re-
lated oxidant exposures-including ingestion of
fava beans or nitrate-rich foods-may occur. In
such patients, alternative therapeutic approach-
es, including high-dose ascorbic acid or exchange
transfusion in severe cases, should be considered
[146, 147, 167].

The relationship between methylene blue
and the food chain is therefore fundamentally par-
adoxical. In aquaculture, the compound is regard-
ed as an undesirable veterinary residue whose
presence in edible tissues represents a regulato-
ry violation and a potential toxicological concern.
In contrast, when dietary nitrates or nitrites in-
duce clinically significant methaemoglobinaemia,
methylene blue remains the specific and often
life-saving antidote. These opposing roles high-
light the importance of evaluating methylene blue
within its precise biological and regulatory con-
text rather than considering the molecule solely
as either a contaminant or a therapeutic agent
[134, 147, 167].
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The regulatory status of methylene blue with-
in the European Union reflects the toxicological
concerns associated with its use in food-produc-
ing animals. Unlike numerous veterinary medic-
inal products for which maximum residue limits
(MRLs) have been established, methylene blue is
not included among the pharmacologically active
substances listed in Commission Regulation (EU)
No. 37/2010 [142]. Its absence is not the result of
insufficient analytical data but rather of the con-
clusion that an acceptable residue level cannot be
established because of the potential risk to con-
sumers [149, 150].

The legal basis for this approach is provided
by Regulation (EC) No. 470,/2009, which specifies
that pharmacologically active substances present-
ing an unacceptable risk to consumer health can-
not be authorized for administration to food-pro-
ducing animals. Consequently, any confirmed
detection of methylene blue in edible products of
animal origin constitutes regulatory non-compli-
ance and requires enforcement by the competent
authorities [149, 150, 170].

A major milestone in the European risk as-
sessment of methylene blue was the Scientific
Opinion published by the European Food Safety
Authority (EFSA) in 2017 concerning dyes used
illegally in aquaculture. Following evaluation of
available toxicological evidence, methylene blue
was assigned to Group I of the Reference Points
for Action (RPA) guidance, together with several
other unauthorized veterinary dyes. This catego-
ry is reserved for substances presenting potential
genotoxic carcinogenicity, for which no threshold
of toxicological concern can be assumed. Accord-
ingly, EFSA recommended that residues should
be controlled to the lowest analytically achieva-
ble level rather than through the establishment of
conventional maximum residue limits [134].

Implementation of this regulatory strategy
relies on comprehensive residue surveillance pro-
grammes operated by all European Union Member
States. Under the framework established by Coun-
cil Directive 96/23/EC and the analytical perfor-
mance criteria specified in Commission Decision
2002/657/EC, competent authorities are required
to monitor food products of animal origin for un-
authorized veterinary substances using validat-
ed analytical methodologies. Modern HPLC-MS/
MS methods capable of simultaneously detecting
methylene blue together with its principal metab-
olites have therefore become the reference tech-
niques for confirmatory residue analysis in aqua-
culture products [155, 159, 160, 162, 171].

The practical impact of these regulatory
measures is reflected in the Rapid Alert System
for Food and Feed (RASFF), which provides the
principal European surveillance mechanism for
food safety incidents involving veterinary drug
residues. Analyses of RASFF notifications covering

the last two decades demonstrate that unauthor-
ized veterinary residues continue to represent an
important category of chemical hazards affecting
imported fish and aquaculture products. Although
methylene blue is reported less frequently than
compounds such as malachite green, chloram-
phenicol or nitrofuran metabolites, improvements
in analytical methodology have progressively in-
creased its detection during official controls
[152, 165, 166].

Large-scale analyses of RASFF data further
indicate that notifications concerning veterinary
drug residues are disproportionately associated
with aquaculture products originating from South
and Southeast Asia, reflecting regional differences
in veterinary practices and regulatory implemen-
tation. Fish, crustaceans and other aquaculture
commodities imported from these regions there-
fore remain subject to particularly intensive bor-
der inspection and residue monitoring within the
European Union [152, 165, 166].

From a practical food-safety perspective,
the consequences of detecting methylene blue
are unequivocal. Once the presence of the com-
pound has been analytically confirmed, the affect-
ed consignment may be rejected at the border or
withdrawn from the European market because no
legally acceptable residue concentration has been
established. Unlike substances regulated through
conventional maximum residue limits, methylene
blue is therefore effectively managed according
to a zero-tolerance approach, in which any con-
firmed residue represents regulatory non-compli-
ance rather than merely exceeding a predefined
limit [134, 149, 150, 152].

Taken together, the current European reg-
ulatory framework illustrates how advances in
toxicological evaluation, analytical chemistry
and food surveillance have transformed methyl-
ene blue from a historically important veterinary
therapeutic into a strictly controlled food con-
taminant. While the compound continues to have
recognized pharmaceutical, analytical and ex-
perimental food-technology applications, its use
in food-producing animals remains incompatible
with current European food-safety legislation.
Consequently, regulatory surveillance, highly sen-
sitive analytical monitoring and the RASFF notifi-
cation system constitute essential safeguards for
preventing residue-bearing aquaculture products
from entering the European food supply [134, 149,
152, 165, 166].

Legal and regulatory affairs

The legal and regulatory status of methyl-
ene blue is considerably more complex than that
of most pharmacologically active substances be-
cause its classification is determined not by its
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chemical identity alone, but by the legal context
in which it is manufactured, marketed and used.
Unlike compounds that fall consistently within a
single regulatory category, methylene blue oc-
cupies multiple legal frameworks simultaneously.
Depending on its intended purpose, product pres-
entation and route of administration, the same
chemical entity may be regulated as a human me-
dicinal product, a veterinary medicinal product,
a laboratory reagent, an industrial chemical, or a
substance relevant to food law. Consequently, its
regulatory identity is dynamic rather than intrin-
sic, reflecting one of the fundamental principles
of European product legislation: identical chemi-
cal substances may be subject to entirely different
legal regimes according to their intended use and
the risks associated with that use [147, 148, 162].

This regulatory approach reflects a broader
principle of European Union law, whereby legisla-
tion governs products according to their function
and market presentation rather than their chemi-
cal composition alone. In practical terms, author-
ities do not initially assess whether methylene
blue is “safe” or “unsafe” as an isolated molecule.
Instead, they determine the regulatory framework
applicable to the specific product by examining its
intended purpose, the claims made by the man-
ufacturer, the target population or species, the
pharmaceutical form, the route of administration
and the overall context in which the product is
placed on the market. These factors determine
not only the applicable legislation but also the
competent regulatory authority, manufacturing
standards, quality requirements and post-mar-
keting surveillance obligations [128, 147, 148, 162].

Intended use represents the primary deter-
minant of legal classification. When methylth-
ioninium chloride is presented for the treatment
or prevention of disease, or when its pharmaco-
logical action constitutes the basis of its intended
therapeutic effect, it falls within the scope of Euro-
pean pharmaceutical legislation. Accordingly, au-
thorised medicinal products such as Proveblue®,
indicated for the treatment of acquired methae-
moglobinaemia, and Lumeblue®, approved as an
oral diagnostic agent during colonoscopy, are reg-
ulated under Directive 2001/83/EC and related
medicinal-product legislation. In these circum-
stances, the compound is evaluated according to
the well-established benefit-risk paradigm ap-
plicable to human medicines, including require-
ments concerning pharmaceutical quality, clinical
efficacy and pharmacovigilance [128, 148].

By contrast, when the same substance is in-
corporated into products marketed as food sup-
plements, an entirely different legal framework
applies. Food supplements are regulated princi-
pally under Directive 2002/46/EC together with
broader European food legislation, including the
rules governing nutrition and health claims. Im-

portantly, this regulatory pathway does not per-
mit disease-treatment claims or pharmacological
positioning comparable to that of medicinal prod-
ucts. Consequently, products containing methyl-
ene blue that are marketed with claims relating to
treatment, prevention or modification of disease
processes may become subject to reclassification
as medicinal products, irrespective of their com-
mercial designation as food supplements [147, 162].

Presentation is therefore closely linked to in-
tended use and constitutes an independent crite-
rion under European pharmaceutical law. The legal
concept of a medicinal product “by presentation”
extends beyond explicit therapeutic statements
to encompass the overall impression conveyed to
consumers through product labelling, advertising,
promotional materials and implied medical indica-
tions. Similarly, the concept of a medicinal prod-
uct “by function” focuses on the demonstrated
pharmacological, immunological or metabolic ac-
tivity of the substance itself [159]. Since methylene
blue possesses well-established pharmacological
effects,including reduction of methaemoglobin,
inhibition of monoamine oxidase A, modulation of
nitric oxide signalling and participation in mito-
chondrial electron transport, its biological activity
cannot be regarded as merely nutritional or phys-
iological [7]. These recognised mechanisms con-
tribute substantially to the regulatory assessment
of products containing methylene blue and ex-
plain why classification frequently depends upon
the interaction between pharmacological proper-
ties and commercial presentation rather than on
either criterion alone [7, 148].

Additional variables further influence the
applicable legal framework. Target species, for
example, represents a fundamental distinction
between human and veterinary legislation. Prod-
ucts intended for food-producing animals are
regulated under Regulation (EU) 2019/6 and as-
sociated legislation governing veterinary medici-
nal products, residue control and food safety. In
contrast, products intended exclusively for orna-
mental fish or companion animals may be subject
to different regulatory considerations because
they do not directly affect the human food chain.
Similarly, route of administration may alter both
the regulatory evaluation and the associated ben-
efit-risk assessment. Intravenous administration,
oral formulations, topical preparations and diag-
nostic applications each involve distinct patterns
of systemic exposure, safety considerations and
manufacturing requirements, despite containing
the same active pharmaceutical ingredient [126,
142, 170].

The legal status of methylene blue may
also change according to the broader commer-
cial context in which the substance is supplied.
Pharmaceutical-grade methylthioninium chloride
manufactured in accordance with the European
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Pharmacopoeia is subject to rigorous standards
regarding identity, purity, impurity profiling and
quality control. Conversely, methylene blue mar-
keted as an industrial chemical or laboratory re-
agent falls primarily under the framework estab-
lished by the REACH and CLP Regulations, where
the emphasis is placed on chemical classification,
hazard communication and occupational safety
rather than therapeutic benefit [137, 159]. Like-
wise, when detected as an unauthorized residue
in aquaculture products, methylene blue is evalu-
ated within the framework of European food law,
where consumer protection and residue surveil-
lance replace the benefit-risk considerations ap-
plicable to medicinal products [128, 149, 150].
These multiple regulatory identities explain
many of the controversies surrounding methyl-
ene blue in contemporary clinical practice and
consumer markets. The rapid expansion of on-
line commerce, biohacking communities and di-
rect-to-consumer marketing has increasingly
blurred the traditional boundaries separating med-
icines, food supplements and chemical products.
As aresult, products containing chemically identi-
cal methylene blue may appear on the market un-
der markedly different regulatory categories while
making comparable physiological or health-re-
lated claims. This convergence has complicat-
ed regulatory oversight and increased the risk of
consumer misunderstanding regarding product
quality, legal status and appropriate use [2].
Taken together, methylene blue exempli-
fies a multi-regime substance, whose legal iden-
tity cannot be inferred solely from its chemical
structure or pharmacological properties. Instead,
European legislation applies a context-dependent
approach in which intended use, product pres-
entation, claimed effects, target species, route of
administration and commercial setting collective-
ly determine the applicable regulatory framework.
Understanding these principles is essential for in-
terpreting the divergent legal treatment of meth-
ylene blue across pharmaceutical, veterinary, food
and chemical legislation and provides the concep-
tual basis for the more detailed regulatory analy-
ses presented in the following sections [128, 148].
Within the European Union, methylene blue
is unequivocally recognised as a pharmacological-
ly active substance with established therapeutic
and diagnostic applications. Consequently, when-
ever the compound is developed, authorised or
marketed as a medicinal product, it falls within
the regulatory framework established by Directive
2001/83/EC on the Community code relating to
medicinal products for human use. This legislation
provides the legal basis for the authorisation, man-
ufacture, quality control, pharmacovigilance and
post-marketing surveillance of medicinal prod-
ucts throughout the European Union and serves
as the primary framework governing pharmaceu-

tical preparations containing methylthioninium
chloride [148].

A fundamental feature of European pharma-
ceutical legislation is that a product may qualify
as a medicinal product through two independent
legal pathways. Article 1 of Directive 2001/83/EC
defines a medicinal product either by presenta-
tion or by function, concepts that have been con-
sistently interpreted by the Court of Justice of the
European Union in order to ensure a high level of
public health protection [148]. This dual approach
is particularly relevant for methylene blue because
both criteria are potentially applicable.

The concept of a medicinal product by pres-
entation applies when a product is presented as
possessing properties for treating or preventing
disease in humans. Importantly, this assessment
extends beyond explicit therapeutic claims and
encompasses the overall impression created by
product labelling, promotional materials, adver-
tising, dosage form and marketing strategy. Even
where manufacturers avoid direct medical claims,
products that imply therapeutic efficacy or en-
courage consumers to use methylene blue for the
management of recognised medical conditions
may fall within this legal definition. Consequent-
ly, regulatory classification depends not only upon
the chemical composition of the product but
also upon the manner in which it is presented to
healthcare professionals and consumers [148].

The second and often more significant crite-
rion is the concept of a medicinal product by func-
tion. Under this definition, classification is based
on the capacity of a substance to restore, correct
or modify physiological functions through phar-
macological, immunological or metabolic action.
Unlike the presentation criterion, this assessment
focuses on the intrinsic biological activity of the
molecule itself. Methylene blue clearly fulfils this
definition, as its therapeutic effects arise from
well-characterised pharmacodynamic mecha-
nisms that have been recognised in clinical prac-
tice for more than a century [7, 148].

The most established clinical indication is
the treatment of acquired methaemoglobinaemia.
Following intravenous administration, methyl-
ene blue is reduced by NADPH-dependent meth-
aemoglobin reductase to leucomethylene blue,
which subsequently reduces ferric iron (Fe*)
within methaemoglobin back to its functional
ferrous (Fe®") state. Restoration of normal hae-
moglobin rapidly improves oxygen transport and
reverses tissue hypoxia, making methylene blue
the standard antidotal therapy for clinically sig-
nificant methaemoglobinaemia. This mechanism
is both highly specific and directly responsible for
the authorised therapeutic indication of the com-
pound [14, 147].

Recognition of this therapeutic role is re-
flected in the European Medicines Agency (EMA)
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authorisation of Proveblue® (methylthioninium
chloride 5 mg/mL solution for injection). Prove-
blue is approved for the symptomatic treatment
of medicinal- and chemical-induced methaemo-
globinaemia in adults, adolescents and children,
including neonates. The recommended therapeu-
tic dose of 1-2 mg /kg administered intravenously
over five minutes has been established through
extensive clinical experience, while cumulative
doses above 7 mg/kg are avoided because exces-
sive exposure may paradoxically induce methae-
moglobinaemia and increase oxidative stress. The
EMA benefit-risk assessment therefore recognis-
es methylene blue as a medicine with well-defined
pharmacological activity, established efficacy and
predictable dose-dependent toxicity [14, 147].
More recently, methylene blue has also re-
ceived European authorisation for an entirely
different pharmaceutical indication. Lumeblue®
(methylthioninium chloride modified-release tab-
lets) is approved as an oral diagnostic agent to
enhance visualisation of colorectal lesions dur-
ing colonoscopy. Although administered orally,
its regulatory status remains that of a medicinal
product because the compound exerts a specific
pharmacological and diagnostic function under
controlled clinical conditions. This example illus-
trates that the legal classification of methylene
blue does not depend upon the route of adminis-
tration but rather upon its intended medical pur-
pose and demonstrated biological activity [15, 148].
The existence of these authorised prod-
ucts has broader regulatory significance. Both
Proveblue and Lumeblue underwent comprehen-
sive evaluation by the European Medicines Agency
regarding pharmaceutical quality, manufacturing
consistency, clinical efficacy and safety before re-
ceiving marketing authorisation. Consequently,
methylene blue cannot be regarded simply as an
industrial dye or colouring agent within European
pharmaceutical legislation. Instead, it is recognised
as an active pharmaceutical ingredient whose
manufacture and clinical use are subject to the
same scientific and regulatory standards applied
to other authorised medicinal products [14, 15, 148].
This regulatory position is further reinforced
by the European Directorate for the Quality of
Medicines and HealthCare (EDQM) through the
European Pharmacopoeia. Methylthioninium
chloride is described in an official pharmacopoeial
monograph that establishes legally binding quality
specifications for pharmaceutical-grade material,
including identity testing, assay limits, impurity
profiles and acceptable concentrations of related
substances such as Azure A, Azure B and Azure C.
The Pharmacopoeia also specifies stringent limits
for elemental impurities and other contaminants,
ensuring that only highly purified pharmaceuti-
cal-grade methylene blue may be used in author-
ised medicinal products. These standards clear-

ly distinguish pharmaceutical methylene blue
from industrial or laboratory-grade preparations,
which may contain substantially different impuri-
ty profiles and are not intended for human admin-
istration [172].

From a pharmacological perspective, meth-
ylene blue exhibits multiple mechanisms of ac-
tion that extend well beyond its classical role in
methaemoglobinaemia. Experimental and clinical
studies have demonstrated inhibition of mono-
amine oxidase A, modulation of the nitric oxide-
cyclic guanosine monophosphate (NO-cGMP)
signalling pathway, participation in mitochondri-
al electron transport and redox cycling, as well
as dose-dependent antioxidant and pro-oxidant
effects. These mechanisms underpin both its es-
tablished therapeutic indications and numerous
investigational applications in neurology, critical
care, infectious diseases and perioperative med-
icine. Equally importantly, they demonstrate that
methylene blue possesses genuine pharmacologi-
cal activity rather than merely nutritional or phys-
iological effects [2, 22, 28, 29, 35].

The recognition of these authentic pharma-
codynamic properties has important regulatory
implications [2, 148]. European pharmaceutical
law distinguishes medicinal products from foods
not simply according to their ingredients but ac-
cording to their capacity to exert clinically rele-
vant pharmacological effects. Since methylene
blue modifies physiological functions through
well-characterised molecular mechanisms, it sat-
isfies one of the central legal criteria for classifi-
cation as a medicinal product. This explains why
attempts to market methylene blue-containing
products with therapeutic or disease-related
claims frequently raise questions regarding me-
dicinal-product status, regardless of whether the
products are formally labelled as food supple-
ments or other consumer products [148].

Taken together, the European pharmaceuti-
cal framework leaves little ambiguity regarding the
regulatory identity of methylene blue when used
for medical purposes. Through the combined ap-
plication of Directive 2001/83/EC, EMA market-
ing authorisations and European Pharmacopoeia
quality standards, methylthioninium chloride is
recognised as an active pharmaceutical substance
with demonstrated therapeutic efficacy, validated
pharmacological mechanisms and rigorously con-
trolled manufacturing requirements. These char-
acteristics make it fundamentally different from an
inert colouring agent or nutritional ingredient and
provide the legal foundation upon which subse-
quent discussions regarding food supplements and
borderline products must be interpreted [14, 148].

The regulatory assessment of methylene blue
becomes considerably more complex when the
substance is marketed outside the pharmaceutical
sector, particularly as a food supplement. Unlike
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medicinal products, whose legal framework is pri-
marily determined by pharmacological activity
and therapeutic purpose, food supplements are
governed by food law, where safety, nutritional
purpose and truthful consumer information con-
stitute the principal regulatory objectives. Con-
sequently, products containing methylene blue
occupy one of the most debated regulatory in-
terfaces within European legislation, illustrating
the broader challenge of distinguishing medicines
from foods when the same substance possesses
recognised biological activity [147, 148, 162].

Directive 2002/46/EC defines food supple-
ments as foodstuffs intended to supplement the
normal diet and constituting concentrated sourc-
es of nutrients or other substances with nutrition-
al or physiological effects, marketed in dose form
such as capsules, tablets, powders or liquids. Im-
portantly, the Directive does not create an alter-
native pathway for products possessing medicinal
characteristics. Rather, it regulates products in-
tended to support normal physiological functions
without claiming to diagnose, prevent or treat
disease. Consequently, the legal classification of
a product containing methylene blue cannot be
determined solely by its pharmaceutical form or
its commercial designation as a food supplement
but must instead be assessed within the broader
framework of European food legislation [147, 148].

One of the principal regulatory questions
concerns whether methylene blue may legitimate-
ly qualify as a food ingredient within the European
Union. This issue is closely linked to the Novel
Food Regulation (EU) 2015/2283, which replaced
Regulation (EC) No. 258 /97 while maintaining the
same fundamental principle. Under this legislation,
foods or food ingredients that were not consumed
to a significant degree within the European Union
before 15 May 1997 are considered novel foods and
require pre-market authorisation before being le-
gally marketed. The date represents the entry into
force of the original Novel Food Regulation and
therefore serves as the historical reference point
for determining whether an ingredient possesses
a recognised history of food use [173].

The concept of significant human consump-
tion represents the cornerstone of this legal as-
sessment. European legislation does not establish
a quantitative threshold defining what constitutes
“significant” consumption; instead, the evalua-
tion relies upon the totality of available evidence
demonstrating that the substance was intentional-
ly marketed and consumed as food before the reg-
ulatory cut-off date. The European Commission
has consistently indicated that acceptable evi-
dence may include historical commercial docu-
mentation, product catalogues, invoices, food la-
bels, regulatory records, recipes or other reliable
sources demonstrating genuine food use. Con-
versely, isolated reports, experimental studies or

sporadic consumption are generally insufficient to
establish a history of significant food use [173].

A particularly important consequence of the
Novel Food framework is the allocation of the
burden of proof. European law does not require
regulatory authorities to demonstrate that a sub-
stance is unsafe before restricting its marketing
as a food ingredient. Instead, the responsibility
lies with the economic operator seeking to mar-
ket the product, who must demonstrate that the
ingredient either possesses a documented histo-
ry of significant consumption before 15 May 1997
or has received authorisation under the current
Novel Food framework. In the absence of such ev-
idence, a product may be regarded as containing
a non-authorised novel food irrespective of the
availability of toxicological or clinical data relating
to the substance itself [173].

For methylene blue, this distinction has
particular regulatory significance. Although the
compound has been administered to humans for
well over a century, the overwhelming majority
of historical evidence relates to its medicinal use
rather than its consumption as a food ingredient
[2, 9, 13]. European food law draws a clear legal
distinction between these concepts. Historical
use as a medicine, inclusion in national pharma-
copoeias, widespread therapeutic administration
or extensive documentation in medical literature
cannot, by themselves, demonstrate significant
food consumption within the meaning of Novel
Food legislation. Rather, they establish a history
of pharmaceutical use under medical supervision,
which represents an entirely different regulatory
category [148, 173].

The same principle applies to other non-food
applications of methylene blue. Its historical use
as a veterinary medicine, laboratory reagent, tex-
tile dye or analytical stain likewise provides no
evidence supporting a history of intentional hu-
man food consumption. Even extensive scientif-
ic literature describing residues in fish, milk or
other food products does not indicate legitimate
food use but instead reflects analytical monitoring
of contaminants or veterinary residues. Conse-
quently, from a regulatory perspective, medicinal
history and food history constitute legally inde-
pendent concepts, and evidence supporting one
cannot automatically satisfy the requirements of
the other [9, 148, 173].

The regulatory assessment is further compli-
cated by the rules governing nutrition and health
claims. Regulation (EC) No. 1924 /2006 permits
only health claims that have been scientifically
substantiated and specifically authorised at the
European level following scientific evaluation by
the European Food Safety Authority (EFSA). Claims
suggesting disease treatment, disease prevention
or pharmacological efficacy are prohibited within
food law because they fall within the legal domain
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of medicinal products. Consequently, manufac-
turers marketing methylene blue-containing food
supplements using claims relating to mitochon-
drial enhancement, neuroprotection, antimicrobi-
al activity, cognitive improvement or treatment of
recognised medical conditions may inadvertently
shift the regulatory assessment toward medici-
nal-product legislation, regardless of the prod-
uct’s commercial classification [148, 162].

These considerations illustrate the broad-
er legal concept of borderline products, namely
products situated at the interface between food
law and pharmaceutical legislation. European case
law, including numerous judgments of the Court
of Justice of the European Union (CJEU), has con-
sistently emphasised that no single characteristic
determines legal classification. Instead, compe-
tent authorities must perform an individual as-
sessment considering multiple factors, including
composition, pharmacological properties, dosage,
intended purpose, route of administration, pat-
terns of use, consumer perception and product
presentation. Classification therefore results from
a cumulative evaluation rather than the applica-
tion of a single legal criterion [174].

This case-by-case approach is particularly
relevant for methylene blue because many com-
mercially available products intentionally occu-
py this regulatory grey zone. Manufacturers may
avoid explicit therapeutic claims while simulta-
neously employing terminology associated with
cellular energy, mitochondrial support, longevity,
detoxification or cognitive optimisation. Although
such wording may appear less overtly medicinal,
the overall presentation of the product, together
with the recognised pharmacological activity of
methylene blue, may nevertheless influence reg-
ulatory classification. Accordingly, competent au-
thorities evaluate not only individual claims but
also the overall commercial context in which the
product is marketed [2, 174].

The growing popularity of biohacking prod-
ucts has further blurred these traditional regu-
latory boundaries. Internet marketing frequently
combines pharmaceutical terminology, referenc-
es to scientific publications and wellness-orient-
ed claims in ways that make the distinction be-
tween medicinal products and food supplements
increasingly difficult for consumers to appreciate.
This convergence represents one of the principal
regulatory challenges currently facing European
authorities, as products containing identical ac-
tive substances may be marketed under different
legal categories despite promoting similar physio-
logical effects.

Taken together, the European regulatory
framework demonstrates that the legal status of
methylene blue as a food supplement cannot be
determined simply by the absence of medicinal
authorisation or by its historical therapeutic use.

Instead, classification depends upon compliance
with food legislation, including Novel Food re-
quirements, restrictions governing health claims
and the principles developed through CJEU juris-
prudence for assessing borderline products. Most
importantly, European law recognises that a doc-
umented history of medicinal use does not con-
stitute evidence of significant food consumption,
making the distinction between pharmaceutical
and food use one of the defining legal issues sur-
rounding methylene blue in contemporary regula-
tory practice [148, 162, 173, 174].

Conclusions

A century and a half after its synthesis in
Heinrich Caro’s laboratory, methylene blue re-
mains one of the most instructive examples of
therapeutic repositioning in modern medicine,
having evolved from textile dye to histological
stain, to early targeted antimicrobial, and eventu-
ally to a compound at the interface of pharmacol-
ogy, toxicology, diagnostics, surgery, critical care
and mitochondrial medicine. Its defining phar-
macological characteristic is a biphasic, hormetic
dose-response relationship. The molecule that re-
stores functional hemoglobin in acquired methe-
moglobinemia induces oxidative stress and par-
adoxical methemoglobinemia at excessive doses,
and the alternative mitochondrial electron carrier
of low concentrations becomes a pro-oxidant un-
der supratherapeutic exposure. Methylene blue is
therefore not a harmless supplement, but a potent
pharmacologically active substance that requires
standardized formulations, evidence-based dosing
and careful patient selection. Its established role
is accordingly limited to first line antidotal treat-
ment of acquired methemoglobinemia, diagnostic
and surgical tissue visualization and rescue thera-
py in vasoplegic syndromes, while applications in
neurodegeneration, oncology, infectious diseases
and mitochondrial dysfunction remain investiga-
tional and need confirmation in adequately pow-
ered randomized trials. Equally significant is the
fact that it is a multi-regime substance: the same
molecule may be governed as a human medicinal
product, a veterinary product, an industrial chem-
ical or an unauthorized residue in the food chain
according to the intended purpose, target species
and commercial context. It will therefore be as re-
liant on pharmaceutical quality, precision dosing
and regulatory oversight as on its biological ver-
satility, for its future clinical impact.
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