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ABSTRACT

Minocycline, an antibictic of the tetracycline family,
has been shown to display neurorestoractive or neu-
roprotective properties in various models of neu-
rodegenerative diseases. In particular, it has been
shown to delay motor alterations, inflammation and
apoptosis in models of Huntington’s disease, amyo-
trophic lateral sclerosis and Parkinson’s disease. De-
spite controversies about its efficacy, the relative
safety and tolerability of minocycline have led to the
launching of various clinical trials. Previously, we
reported the antipsychotic effects of minocycline in
patients with schizophrenia. In a pilot investigation,
we administered minocycline as an open-label ad-
junct to antipsychotic medication to patients with
schizophrenia. The results of thistrial suggested that
minocycline might be a safe and effective adjunct to
antipsychotic medications, and that augmentation
with minocycline may prove to be a viable strategy
for “boosting” antipsychotic efficacy and for treating
schizophrenia. Recently, in randomized double-blind
placebo-controlled clinical trials, the addition of mi-
nocycline to treatment as usual early in the course of
schizophrenia predominantly improves negative symp-
toms. The present review summarizes the available
data supporting the clinical testing of minocycline for
patients with schizophrenia. In addition, we extend
our discussion to the potential applications of mino-
cycline for combining thistreatment with cellular and
molecular therapy.
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1. INTRODUCTION

There is a dramatic need of neuroprotective treatments
for neurodegenerative disorders. Thisis crucia for lethal
disorders such as amyotrophic lateral sclerosis (ALS)
and Huntington’s disease (HD) for which no pharmacol-
ogical or other efficient treatment is available yet. Recent
experimental evidence from in vitro and in vivo models
of degeneration points out that minocycline could have
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beneficial properties independent of their initial antibac-
tericid effects [1]. This is of high interest because these
molecules have been clinically well known and have a
long history of safe use.

Schizophrenia is a complex disorder characterized by
profound disturbances of perception, cognition, emotion
and social function. It affects approximately 0.5% - 1.0%
of the general population. The treatment of patients suf-
fering from schizophrenia who experience minimal or no
response to adequate doses of antipsychotics represents
an enomous challenge to clinicians. These antipsychotic
treatmen-resistant patients constitute up to 25% of all
patients suffering from schizophrenia [2]. In such situa
tions clinicians embark on therapeutic trials of alterative
strategies that usually involve the addition of other
agents to the standard antipsychotic treatment. We re-
ported the antipsychotic effects of minocycline in pa-
tients with schizophrenia [3]. In pilot investigation, we
administered minocycline as an open-label adjunct to
antipsychotic medication to patients with schizophrenia
[4]. Recently, in randomized double-blind placebo-con-
trolled clinical trials, the addition of minocycline to
treatment as usual early in the course of schizophrenia
predominantly improves negative symptoms [4-6].

Based on recent experimental and clinical data, herein
we review the preclinical and clinical potential of mino-
cyclinein schizophrenia.

2. MINOCYCLINE: CLINICAL
PHARMACOLOGY

Minocycline is a broad-spectrum, second-generation
semisynthetic antibiotic belonging to the tetracycline
family, approved by the FDA and indicated (100 - 200
mg/day) for acne vulgaris, some sexualy transmitted
diseases and rheumatoid arthritis [7]. In rodents, mino-
cycline readily crosses the blood-brain barrier with arate
of at least fivefold higher than doxycycline, another
compound of the same family [8].

In humans, long-term treatment with minocycline up
to 200 mg/day is generdly safe and well tolerated as
demonstrated by tolerability tests and clinical trials in
rheumatoid arthritis, acne vulgaris and HD [9]. In some
rare cases, the treatment can cause reversible side effects
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such as liver toxicity, serum sickness, and systemic lupus
erythematosus [10]. Given that chronic treatment in-
creases the risk for adverse effects, liver and renal func-
tions, as well as immunologic status, should be assessed
before starting treatment and monitored regularly during
the administration [11].

3. MECHANISM SUNDERLYING
MINOCYCLINE-INDUCED
NEUROPROTECTION

Almost all the beneficia effects of minocycline are re-
lated to an inhibitory activity on inflammation and/or
apoptotic cell death, both phenomena being intimately
related to neural degeneration. Several studies clearly
indicate that minocycline is able to inhibit inflammation
and more particularly microgliosis. Morphologically,
minocycline reduce the proliferation/activation of resting
microglial cells[12].

3.1. Inhibition of Microglial Activation

Evidence that minocycline prevents microglial activation
was first provided by Yrjanheikki and colleagues [13] in
model of forebrain ischemia in gerbils. Decreased mi-
croglial activation by minocycline has since been re-
ported in models of neurodegenerative disorders [14].
The expression of several molecules associated with mi-
croglia activation, including caspase 1 (interleukin-1b-
converting enzyme) and inducible nitric oxide synthase,

reduced expression after treatment with minocycline [15].

Nevertheless, these reports do not discriminate between a
direct effect of minocycline in the inhibition of micro-
glial activation or an indirect effect through reduced
neurodegeneration and, consequently, less microglial
activation.

Whether minocycline has a direct or an indirect effect

on microglial activation was investigated in tissue culture.

Minocycline directly inhibited the proliferation and the
activation state of cultured microglia [16]. Microglia
activation in tissue culture contributed to glutamate ex-
citotoxicity, and microglial activation was reduced by
minocycline with associated aleviation of excitotoxicity
[17].

That minocycline inhibits microglial activation has
been exploited in the area of cell transplants and neuro-
genesis. A myeline mutation in the spinal cords of Long
Evans Shaker rats produces myeline defects that are as-
sociated with progressive microglial activation. In this
model, the transplantation of oligodendroglia progenitor
cells during peak microglial activation did not lead to
myelination because the grafted cells died promptly after
transplantation. However, pretreatment of these animals
with minocycline reduced microglial activation and re-
sulted in cell survial and myelin formation by the im-
plants [18]. Furthermore, hippocampal neurogenesis, a
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process that continutes in the adult brain, was impaired
by microglial activation caused by lipopolysaccharide
infusion into the brain, and this difient neurogenesis was
restored by the systemic administration of minocyclinein
association with reduced microglial activation [19].

3.2. Attenuation of Apoptosis

Apoptosis and the release of apoptosis-inducing drug isa
common mechanism of neurodegeneration. Minocycline
reduces apoptosis of neurons and oligodendrocytes in
various neural insults [20] and alleviates necroric cell
death [21]. There is increasing evidence to suggest that
the antiapoptotic effect is achieved through several
mechanisms at the level of the mitochondrion. Mino-
cycline stabilities mitochondria membranes and inhibits
the mitochondrial permesbility transition-mediate release
of ctochrome c into the cytosol [22], which is a potent
stimulus for the activation of caspase 9 and 3 and the
induction of apoptosis. The stabilization of mitochondrial
membranes al so reduces the release into the cytoplasm of
other factors that trigger both caspase-dependent and
caspase-independent apoptoic pathways, including apop-
tosis-including factor and Smac/Diablo [23]. In cell cul-
ture, minocycline upregulates the anti-apoptoic factor
Bcl-2, which then accumulates in mitochondria to an-
tagonise the pro-apoptotic Bcl-2 family members Bax,
Bak, and Bid [24]. Indeed, the downregulation of Bcl-2
by antisense oligonuclectides prevents the protective
capacity of minocycline in vitro. Finally, in a cell model
of Huntington's disease, minocycline inhibitede the gen-
eration of the proapoptoic protein, t-Bid [25].

3.3. Supression of Free-Radical Production

The generation of free radicals, leading to lipid and pro-
tein peroxidation and damage to membranes is also a
common mechanism across a spectrum of disease. Mi-
nocycline depresses the release of oxygen radicals from
various cell types, including leucocytes. As mentioned
above, the production of nitric oxide is decreased by mi-
nocycline through an effect on nitric oxide synthase [26].

3.4. Ihibition of MM Ps

Another mechanism for minocycline action that may
account for its effect on various neurological disease is
its inhibition of MM Ps. Various MM Ps are upregulate in
neurological disorders. In which they can contribute to
demyelination, neurotoxicity, and neuroinflammation
[27]. Thus, it is relevant that minocycline is a direct in-
hibitor of MMP enzymatic activity [28] and can also
reduce the production of MMPs by leucocytes [29]. An
effect on MMPs can aso affect the transmigration of
leucocytes into the CNS [30], thereby reducing neuroun-
flammation further. Various inflammmatorycell subsets
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can disrupt CNS functions and produce toxic effects
when present in the CNSin large numbers.

3.5. Changesin Leucocyte Function

Besides inhibiting MMPs, leukocyte migration, and
neuroinflammation in the the nervous system, minocy-
cline aso has adirect effect on the activity of leucocytes.
Kloppenburg and colleagues [31] noted that minocycline
inhibited T-cell proliferation and reduced their oroduc-
tion of inflammatory cytokines. By contrast, the addition
of minocyline to activated monocytes led to a dose-de-
pendent increase in the production of tumor necrosis
factor o and interleukin 6 [32].

3.6. Other M echanisms

Other mechanisms may also contribute to the activity of
minocycline. The drug is a Ca’* cheltor and may seques-
ter excess Ca’" release after injury. The dereasing of Ca?*
concentrations may prevent activation of calpains and
preserve axonal integrity [15]. Firthermore, minocycline
can inhibit the activation of p38 mitogen-activated pro-
tein (MAP) kinase and thus influence multiple processes
that would otherwise reduce cell integrity. The antibiotic
activity of minocycline is unlikely to accont fot its effec-
tiveness in neurological diseases, since infection is not a
component of these animal models, and because mino-
cycline derivatives without antimicrobial action can aso
affect some of the above processes[17].

In summary, among several activites, minocycline
impairs microglial activation, neuroinflammation, and
apotosis, which are all common to many neurological
diseases and schizophrenia [33,34]. The early appearance
of these mediators of injury may help account for the
apparent transient need for giving minocycline in the
first few days after damage, such as in spinal-cord injury.
Although many of the benefits of minocycline are likely
to be derived from its action in the CNS, its effectson T
cells and other leucocyte subsets could also happenin the
periphery.

4. MINOCYCLINE IN EXPERIMENTAL
MODELS OF SCHIZOPHRENIA

Levkovitz et al. indicated the effects of minocycline in
an animal model of schizophrenia involving, the non-
competitive N-methyl-D-aspartate receptor antagonist
(dizocilpine maleate; MK801) [35]. The effects of mi-
nocycline were compared to those of haloperidol, a do-
pamine antagonist used for the treatment of schizophre-
nia. The study protocol involved daily intraperitoneal
injections of minocycline for three consecutive days. On
the fourth day, the rats were injected with MK801 and
assessed for visual-spatial memory (Morris water maze)
and sensorimotor gating (acoustic startle response (ASR),
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and the PPl of the ASR). MK801 caused cognitive
visuo-spatial memory deficits and changes in sensori-
motor gating, similar to those evident in schizophrenia.
Minocycline reversed these cognitive effects of MK801
and this effect was similar to that of haloperidol demon-
strating protective properties against the cognitive effects
of MK801.

Zhang et al. examined whether minocycline attenuates
behavioral changes (e.g. acute hyperlocomotion and PP
deficits) in mice after the administration of MK-801 [36].
MK-801-induced hyperlocomotion was significantly
attenuated by pretreatment with minocycline. Further-
more, PPl deficits after a single administration of MK-
801 were attenuated by pretreatment with minocycline
(10, 20, or 40 mg/kg), in a dose-dependent manner.
Moreover, in vivo microdialysis investigations in free-
moving mice revealed that pretreatment with minocy-
cline significantly attenuated the increase of extracel-
lular dopamine (DA) levels in the frontal cortex and
striatum after administration of MK-801, suggesting that
the inhibition of MK-801-induced DA release by mino-
cycline may, at least in part, be implicated in the mecha-
nism of action of minocycline with respect to MK-801-
induced behavioral changes in mice. These finding led
the authors to speculate that minocycline would be a po-
tential therapeutic drug for schizophrenia.

Mizoguchi et al. reported the effect of minocycline on
learning and memory in the novel object recognition test
(NORT) and behavioral sensitization in mice that had
been administered methamphetamine (METH) for 7 days
[37]. When minocycline was administered intrape-
rioneally once a day for seven consecutive days to mice
that had previously been treated with METH for 7 days,
minocycline ameliorated the METH-induced impairment
of recognition memory in a dose-dependent manner, al-
though the same treatment with minocycline had no ef-
fect on behavioral sensitization to METH. The admini-
stration of minocycline, together with METH, inhibited
the development of METH-induced behavioral sensitiza-
tion. The improvement in memory caused by minocy-
cline was associated with an amelioration of the nov-
elty-induced activation of extracellular signal-regulated
kinase 1/2 in the prefrontal cortex of METH-treated mice.
Since the dopaminergic overactivity engendered by
METH has been associated with schizophrenic symp-
toms, the results of this study suggest that minocycline
might be useful for the treatment of cognitive deficits in
patients with METH induced psychosis or schizophrenia.

5. POSSIBLE ANTIPSYCHOTIC
EFFECTSOF MINOCYCLINE IN
PATIENTSWITH SCHIZOPHRENIA:
CASE REPORTS

We reported two cases of acute schizophrenia that re-
sponded to minocycline [3]. In this report, minocycline
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was effective in treatment of acute schizophrenia with
predominantly catatonic symptoms. Case 1: The patient
was a 23-year-old male. He was diagnosed with catatonic
schizophrenia. Haloperidol (4 - 20 mg/day) was started.
One week later, his psychomotor excitement, auditory

and catatonic stupor and persecutory delusions continued.

Moreover his symptoms were complicated by severe
pneumonia. A regimen of minocycline, 150 mg/day was
initiated, and haloperidol treatment was continued. Two
weeks later, his psychiatric symptoms and pneumonia
were recovered, and minocycline treatment was discon-
tinued for a period of 1 week, which was followed by
significant worsening of his psychiatric symptoms.
Therefore, minocycline treatment was resumed and,
within 3 days, a noticeable clinical improvement was
observed. He was maintained on haloperidol and mino-
cycline. 24 days later, the patient became practically
symptom-free. His psychiatric symptoms were evaluated
by the positive and negative symptom scale (PANSS)
[38]. The clinical course is shown in Figure 1. Case 2:
The patient was 61-year-old single male. At the age of 20,
he experienced insomnia and auditory hallucinations and
was diagnosed with schizophrenia. Since then he has had
five psychiatric hospitalizations. In the last, he had been
hospitalized for 4 years when he deteriorated and went
into an autistic state. He was given 10 mg of haloperidol
and 2 mg of risperidone per day for his psychosis. At the
age of 60, his mental state showed psychomotor excite-
ment, catatonic stupor, and negativism. Moreover, alarge
decubitus had developed on his left hip. A regimen of
minocycline, 150 mg/day was initiated, and haloperidol
and risperidone treatment were continued. Two weeks
later, his decubitus was recovered, and minocycline
treatment was discontinued for a period of 1 week, which

was followed by significant worsening of his psychiatric
symptoms. Therefore, minocycline treatment was re-
sumed and, within 3 days, al noticeable clinical im-
provement was observed. He was maintained on halop-
eridol, risperidone, and a dose of 150 mg/day of mino-
cycline. 16 days later, the patient became practically
symptom-free. He was maintained on minocycline plus
haloperidol (3 mg/day) treatment, with no need for any
additional drugs. His psychiatric symptoms were evalu-
ated by the PANSS. The clinical course is shown in Fig-
ure 2. In these patient’s, minocycline was effective in
treatment of acute schizophrenia with predominantly by
catatonic symptoms. At the remission of psychiatric
symptoms, these patients did not suffer any infection for
which minocycline indicated, and the use of minocycline
isexclusive use for psychosis.

6. CLINICAL TRIAL OF MINOCYCLINE
IN PATIENTSWITH
SCHIZOPHRENIA: OPEN-LABEL
STUDY

We examined the adjuvant therapeutic effect of mino-
cycline added to stable regimens of antipsychotic medi-
cations in patients with schizophrenia [4]. Twenty-two
patients with the diagnosis of schizophrenia (determined
by the structural clinical interview of DSM-IV) [39]
were recruited from outpatients and inpatients and en-
tered into this study. The patients selected for study those
not responding to their current medication or were treat-
ment resistant. No patients had co-morbidity including
alcohol and drug dependence, or depression. Psychiatric
symptoms were rated by the PANSS.

After baseline assessment with the aforementioned in-
struments, minocycline treatment was initiated according
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Figure 1. Clinical course of Case 1.
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Figure 2. Clinical course of Case 2.

to the following titration schedule: 100 mg oraly twice
daily for the first week, and 150 mg orally three times
daily from weeks 2 through 4. All patients were taking
atypical antipsychotic medications, including olanzapine,
risperidone, quetiapine, and perospirone. The total dura-
tion of minocycline treatment was four weeks. The
aforementioned clinical ratings were performed a total of
three times: 1) at baseline before minocycline initiation,
2) at the end of open-label minocycline treatment, and 3)

four weeks after minocycline treatment was discontinued.

Patients were also assessed weekly during minocycline
treatment to monitor compliance with medication and
adverse events.

All patients tolerated the full dose of minocycline (150
mg three times daily) during the study. No adverse
events were caused by minocycline treatment. The re-
sults of the outcome measure are presented in Figures
3-5). The PANSS positive symptoms subscale score was
reduced by 40% at 4 weeks (mean score, 14.5 + 5.0), and
this reduction was maintained at the 4-week follow-up
(mean score, 13.8 + 4.4). The PANSS negative symp-
toms subscale score was reduced by 44% at 4 weeks
(mean score, 14.4 + 5.3), and this reduction was main-
tained at the 4-week follow-up (mean score, 14.1 + 4.9).
The PANSS general pychopathology subscale score was
reduced by 52% at 4 weeks (mean score, 29.3 + 10.7),
and this reduction was maintained at the 4-week fol-
low-up (mean score, 25.6 = 9.4).

The present open-label study of adjunctive minocy-
cline treatment of schizophrenia showed improvement in
all PANSS subscales and presented preliminary evidence
that minocycline may have a potential role in the treat-
ment of schizophrenia. The small size and open nature of
this study caution against any definite conclusions being
drawn. However, the findings suggest that mino cycline
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administration over 4 weeks in this subject group was
feasible and safe, with no worsening of psychotic symp-
toms or neuropsychological function. The present data
need to be confirmed in lager, randomized, and long term
trials.
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7. CLINICAL TRIAL OF MINOCYCLINE
IN PATIENTSWITH
SCHIZOPHRENIA: DOUBLE-BLIND,
RANDOMIZED STUDY

Levkovitz et al. [5] reported, in longitudinal double-blind,
randomized, placebo-controlled design, minocycline was
well tolerated and it showed a beneficia effect on nega-
tive symptoms and general outcome, and a similar pat-
tern was found for cognitive functioning, mainly in ex-
ecutive functions (working memory, cognitive shifting,
and cognitive planning). They concluded minocycline
treatment was associated with improvement in negative
symptoms and executive functioning, both relative to
frontal-lobe activity, and the findings support the benefi-
cia effect of minocycline add-on therapy in early-phase
schizophrenia.

Chaudhry et al. [6] investigated whether the addition
of minocycline to treatment as usual (TAU) for 1 year in
early psychosis would reduce negative symptoms com-
pared with placebo. They concluded that the addition of
minocycline to TAU early in the course of schizophrenia
predominantly improves negative symptoms, and whe-
ther this is mediated by neuroprotective, anti-inflam-
matory or other actionsis under investigation.

8. DISCUSSION

Schizophrenia is a neurodevelopmenta disorder associ-
ated with persistent symptomatology, severe functional
disability, and residual morbidity characteristic of neu-
rodegenerative brain diseases. The illness begins with
genetic susceptibility and generally expresses itself after
puberty through subtle changes that begin the prodromal
stage. Symptoms get progressively worse and tend to
become more resistant to treatment with each relapse.
Evidence for a neuroprotective effect of some forms of
early treatment is beginning to emerge. While the under-
lying mechanisms remain [40,41]. Studies that have ex-
amined markers of apoptosis and levels of apoptotic
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regulatory proteins in postmortem schizophrenia brain
tissue indicated a dysfunction of apoptosis in severa
cortical regions in schizophrenia, including evidence that
vulnerability of apoptosis is increased [42,43]. Although
the exact role of apoptosis in schizophrenia remains un-
certain, the potential involvement of non-lethal localized
apoptosis is intriguing, especialy in the earlier stages of
the illness [44]. The continued clinical improvement of
schizophrenic patients was surprising in light of their
previous deterioration; the clinical improvement appears
to be at least partly related to treatment with minocycline.
Ahuja et al. described that it is possible that minocycline
acted as a functional NMDA antagonist and helped im-
proved the catatonic symptoms when used as an adjunct
to antipsychotic medication [45]. Furthermore, mino-
cycline appears to be safe for use in patients with ad-
vanced schizophrenia, although the precise mechanism
of action of this agent remains unclear. The present re-
sults raise the possibility that minocycline may have ef-
fects beyond its action as an antiapoptotic agent [46-49].

9. CONCLUSION

Minocycline has demonstrated efficacy in treatment of
schizophrenic patients in both open-label study, in two
case reports, and randomized double-blind study. More-
over, preclinical finding are consistent with an antipsy-
chotic-like profile of this molecule. Minocycline is also
well tolerated. Minocycline counteracts apoptosis and
inflammantion that are both common features in neu-
rodegeneration, that minocycline has other therapeutic
potential other than schizophrenia and/or that neurode-
generation has relevance to the pathophysiology of
schizophrenia. The mechanism of action of minocycline
that might be related to its antipsychotic potential ap-
pears to involve inhibition of apoptosis and inflammation.
Furthermore, minocycline affords the possibility to be
combined with other pharmacological molecules and
shows promising properties for transplantation and gene
therapy. However, it remains important to conduct fur-
ther experimenta studies on various relevant models to
determine its activity upon caspase-independent degen-
eration, its long-term-effect on brain metabolism and also
to precisely evaluate the additional potential benefit it
could afford for cellular and molecules.
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