MedCrave

Step into the Wonld of Research

i@

Journal of Neurology & Stroke

Review Article

8 Open Access

‘ N CrossMark‘

Minocycline: a novel stroke therapy

Abstract

The only FDA approved treatment for ischemic strokes is tissue plasminogen activator
(tPA). The benefit of treatment with tPA is limited and it has to be administrated within
a short time window; furthermore, the side effects are serious including increased risk
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of subsequent hemorrhagic transformation. This review discusses minocycline’s role in

neuroprotection, and it discusses the results of five published clinical trials regarding the
use of administration of minocycline for treatment of acute stroke. The studies find that
the benefit of tPA treatment alone is limited and has serious side effects. While many new
agents have been studied to ameliorate this, minocycline, a tetracycline antibiotic, seems
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the most promising. Some investigators have suggested that administration of minocycline

may be suitable as a general treatment of patients with acute stroke that is safe and can
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be used in both ischemic and hemorrhagic strokes as a single treatment that may provide

benefits in reducing the deficits from ischemic stokes with little side effects.

Keywords: Stroke, Minocycline, Neuroprotection, tPA

Introduction

Strokes are a cause of death in western, industrialized countries and
are a major cause of long-lasting disability. Approximately 795,000
new and recurrent ischemic or hemorrhagic strokes occurred each
year from 2000 to 2010 in the United States. Of these approximately
610,000 were first events and185, 000 were recurrent strokes.' More
than 690,000 ischemic strokes have been reported to occur every year
in the USA.? Stroke is more frequent in men than in women, of all
ages. Up to 12% of people of age 45-64 dies within 30 days after an
ischemic stroke.’* One of every 19 deaths in the USA is caused by
strokes. Thrombolytic therapy of acute ischemic strokes with tPA is
the only FDA approved therapy, but because of the adverse side effects
from treatment with tPA, many physicians have opted out of treating
stroke patients with tPA. There is therefore a need for an improved
stroke therapy that can be used inside a larger time window, is safer to
use, perhaps can be used in combination with tPA to extend the latter’s
use, and give better long-term outcomes by saving the penumbra and
restore neural function.

Great progress has been made in finding the risk factors for
stroke.> It was estimated that 40% of the patients who had ischemic
stroke would have significant functional disability or death following
stroke. This is only little changed despite the progress in determining
the risk factors for ischemic stroke. Control of blood pressure and
some supplements such as magnesium have been found to reduce the
risk of stroke.

Many compounds have been investigated to reduce infarct size
and improve neurological outcomes, and some have shown effect
in animal models. Yet, most of these compounds have failed in the
transition to clinical, due to deleterious side effects or an even more
limited time window.

Studies have suggested various forms of anti-inflammatory
treatments to reduce the deficits from strokes. It is a problem; however,
that inflammation may be both beneficial and destructive depending
on the timing of the intervention of the inflammation modulation.

In this review we discuss the use of a readily available substance,
minocycline, for reducing the harm from inflammatory processes
that occurs subsequent to the acute phase of an ischemic stroke. This
review also discusses the neuroprotective properties of minocycline.

Nature of the pathology of ischemic strokes

The ischemic insult from stroke causes necrotic cell death
by changing the balance in pH, nutrition, waste removal, and
temperature. A subsequent ischemic cascade occurs. It was mentioned
by Mass & Sadieh,® that 70% of the metabolic demand in the brain
is due to the sodium-potassium ATPase pump that maintains ion
gradient necessary for cell function. Immediately after blocking blood
supply to a region of the brain a cascade of events occurs, causing
cells to rapidly depolarize. Glutamate release leads to calcium influx
through NMDA receptors, which in turn leads to excitotoxic cell
death. As described by Gotoh et al.” ischemia subsequently breaks
down blood-brain barrier hours after infarction, causing vasogenic
edema. Depolarization waves spread from the infarct core, damaging
surrounding cells, eventually involving the penumbra.

There is evidence that the destruction of brain tissue from
ischemia somehow causes an immune reaction and that the resulting
inflammatory reactions cause some of the acute damage and, in
particular, contribute to the progression of the damage that was caused
by the initial localized ischemia.® This means that treatment that
somehow reduces the inflammatory processes induced by activation
of the innate or the adaptive immune system might reduce the deficits
from strokes.

A review by Wang et al.” has described the inflammatory response
in stroke. Reperfusion of an occluded vessel leads to a generation
of reactive oxygen species (ROS). ROS then stimulate ischemic
cells to secrete inflammatory cytokines and chemokines that
upregulate adhesion molecules and peripheral leukocyte recruitment,
respectively.” Activated inflammatory cells also release more
cytokines, matrix metalloproteinases (MMPs), nitric oxide, and more
ROS. Secretion of MMPs lead to blood-brain barrier disruption, which
exacerbates the injury through involvement of activated microglia
and involved peripheral inflammatory cells. Importantly though,
Wang!® concluded that while inflammation is an important mediator
in the pathology of ischemic stroke, inflammation may play both
beneficial and detrimental role: Wang'®in 2003 suggested that early
inflammatory responses may potentiate injury while later responses
might be important in recovery and repair.
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Treatment of ischemic stroke

The only FDA approved treatment of acute strokes is thrombolytic
therapy using tissue plasminogen activator (tPA) which has a limited
time window for administration,' and its beneficial effect is limited.
The use tPA therapy in patients with ischemic stroke was approved
by the FDA 1996.> Therefore considerable experience of its use has
been gained.

tPA therapy has several side effects and severe limitations. It
increases the risk of bleeding and can therefore not be used in treatment
of hemorrhagic stroke, and treatment of ischemic stroke with tPA
may cause transformation into hemorrhagic stroke. Therefore, tPA
cannot be administrated before it is ruled out that the stroke is not a
hemorrhagic stroke. Consequently, a CT must be performed, which
delays therapy with tPA. A medical history of recent brain trauma or
surgeries, bleeding problems, uncontrolled high blood pressure or
use of blood thinners rules out tPA use. Due to the nature of hospital
organization, these studies may take several hours. Add to this the
time it takes for a person to reach the hospital, several hours can elapse
before treatment can be made. The upper time limit for delay from the
occurrence of a stroke and the administration of tPA is regarded to be
3 to 4.5 hours.

A study by The National Institutes of Neurological Disorders and
Stroke (NINDS) found that the neurological functioning statistically
increased at 30 days post-stroke in patients who had received tPA
against those who had not.'? The study did concede though that giving
tPA in acute ischemic stroke within the first 180 minutes did not
yield a statistically significant benefit in the first 24 hours and even
increased the risk of hemorrhagic stroke.

Actions of tPA

tPA binds to the fibrin on the clot surface, activating fibrin-
bound plasminogen and cleaving plasmin from this bound complex,
which goes on to break apart the collected fibrin strands of the
clot.” Circulating o2-antiplasmin inactivates this plasmin, so that
a natural balance may be maintained in the body. To override this
limiting effect, intravenous tPA is administered. tPA can also increase
the permeability of the blood-brain barrier from activation of latent
platelet-derived growth factor-CC (PDGF-CC),'*!” and an increase
in matrix metalloproteinases.'® Furthermore, tPA enhances the
excitotoxic effect of glutamatergic (NMDA) receptors.!”

Minocycline

Minocycline is a semisynthetic drug that has been in use
since the 1970s. It is in the tetracycline family of antibiotics,
which were discovered in 1948 by Duggar'® as a natural product
of Streptomyces. Streptomyces are soil-dwelling bacteria that
produce tetracycline among other diverse products. Modifications
to the chemically isolated byproducts eventually led to two of the
more common semi-synthetic tetracycline used clinically today
as antibiotics, doxycycline and minocycline. In order to exert this
activity, tetracycline inhibits protein translation by binding to the P30
subunit of the ribosome.

Minocycline is distinguishable from other tetracycline for its
highly lipophilic nature; it is a superior blood-brain barrier penetrator
compared to the other tetracycline, including doxycycline.!” It has
properties, discussed below, that are outside of its antibiotic abilities.

Pharmacokinetics

Recent studies indicate that minocycline’s therapeutic window
show is wide enough for clinical application.” A 3mg/kg intravenous
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dose of minocycline yielded similar to plasma peak concentrations of
200mg oral dose in humans and successfully reduced infarct size in
ischemic stroke.”!

Minocycline for neuroprotection

The precise target of minocycline’s neuroprotection in acute stroke
is unknown. Minocycline has been shown to alter many cellular
processes that may have beneficial relevance to stroke recovery.

Programmed cell death, or apoptosis, is largely mediated by
caspases. The two pathways of caspase activation, extrinsic and
intrinsic, are named after the source of the stress to the cell. In the
intrinsic pathway, different variables inevitably lead to mitochondrial
outer membrane permeabilization, causing decreased ATP production,
and further release of proteins that lead to caspase activation. Some
of these include cytochrome c, apoptosis-inducing factor (AIF), and
direct IAP-binding protein with low PI (DIABLO/SMAC) among
others. The extrinsic pathway involves DNA damage that leads to
over-activation of PARP, release of AIF, and endonuclease G, all of
which leads to apoptosis.?

The Bcl-2 family of proteins is involved in the pathway of
intrinsic activation; however, there are pro-apoptotic and anti-
apoptotic members of this family. By inducing anti-apoptotic Bcl-2
proteins and inhibiting cytochrome c release, minocycline has been
shown to protect kidney epithelial cells at the mitochondrial level.
Minocycline showed similar results in neurons (but not astrocytes),
as well as improved stroke-induced behavioral effects and cerebral
infarction areas, but showed a dose-dependent effect in that high doses
exacerbated ischemic injury.?*

Reactive oxygen species scavenging

The initial occlusion of a blood vessel in ischemic stroke damages
tissue by inadequate perfusion. When blood flow is reestablished, either
spontaneously or by therapeutic intervention, the affected tissue may
undergo reperfusion injury. This is associated with deleterious effects
in both stroke and myocardial infarctions.” The surge of oxygen into
these injured tissues leads to generation of reactive oxygen species
(ROS). This, in turn, causes mitochondrial permeability transition
which leads to mitochondrial depolarization and swelling, along with
outer membrane rupture which leads to cytochrome c release and
subsequent activation of caspases to end in cell death.

Minocycline’s ability to protect against oxidative stress may be
due to its activity as a ROS scavenger. Minocycline’s direct ROS
scavenging is due to its multiply substituted phenol ring resulting
in a phenol-derived free radical that is stable and unreactive due
to resonance stabilization and number and size of the other phenol
ring substituents. Minocycline was at least 200-fold better at
ROS scavenging than tetracycline;* these authors attribute this to
minocycline’s dimethylamino substituent on the phenol ring, which
provides for increased resonance and steric stabilization.

Inhibition of microglia

Minocycline is a known inhibitor of microglial activity in the
brain.?’ Early research showed that minocycline prevented the
excitotoxin-induced proliferation of microglia.?® Minocycline also
reduced the microglia-induced cell death of endothelial cells and
astrocytes by half.® Though the microglial M1/M2 switch has not
been thoroughly studied, recently published work has indicated that
early minocycline treatment promoted neurovascular remodeling
post-stroke and promoted M2-phenotype microglia activation even at
4 weeks post-stroke.*
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Suppression of MMPs

MMP-2 has been shown to play a role in early blood-brain barrier
disruption.’' Furthermore, direct injection of MMP-2 onto the rodent
brain disrupts the blood-brain barrier.’> While this does provide
evidence for MMP-2’s roles in hemorrhagic transformation, its role
in ischemia is less certain. Knockout of MMP-2 did not reduce infarct
size in a 2-hour MCAO model in mice, but this study did find that
MMP-9 levels were increased.

Animal models have shown that MMP-9 is actively induced
following ischemia, and is localized to endothelial cells and
parenchymal cells. Knockout or inhibition of MMP-9 has been shown
to decrease lesion volume.® One review has suggested that early
hemorrhagic transformation (<24 hours after ischemic stroke) occurs
due to leukocyte-derived MMP-9 and brain-derived MMP-2, while
delayed hemorrhagic transformation (>24 hours after ischemic stroke)
are related to ischemic activation of brain proteases MMP-2, MMP-3,
and MMP-9, neuroinflammation, and factors that promote vascular
remodeling.’*

Many studies have found that Matrix Metalloproteinases (MMPs)
plays a critical role during human stroke, especially MMP-9.
Castellanos et al.* found that elevated MMP-9 in the acute phase
of a cerebral infarct was indicative of hemorrhagic transformation.
Montaner et al.* found that even baseline MMP-9 levels predicted
hemorrhagic transformation after tPA treatment. Both MMP-2 and
MMP-9 are elevated after cerebral infarct, and MMP-9 levels were
increased in patients treated with tPA compared to those treated with
hypothermia. MMP-9 levels are higher in brain tissue in both human
ischemic and hemorrhagic stroke cases.”’

Intraperitoneal treatments of minocycline in rats significantly
reduced activity and protein concentration of both MMP-2 and MMP-
9, and MMP-9 was extremely sensitive even at low doses.*

Treatment with minocycline in humans

Neuroprotection is the term used for actions that protect the
integrity of the central nervous system in cases of ischemic damage
such as from ischemic stokes of other forms of trauma.* The interest
into minocycline as a potential neuroprotective agent in stroke
coalesced with the landmark studies by Yrjanheikki.* In the first of
their studies, they found that minocycline was neuroprotective in a
model of global ischemia.*! In the second, minocycline was shown
to reduce infarct volume when given before and after transient
middle cerebral artery occlusion (MCAO).* This sparked studies into
minocycline’s potential as a therapeutic agent in ischemic stroke.

Treatment with minocycline is different from treatment with tPA.
It does not affect coagulations and it can therefore be administered
without ensuring that the patient does not have a hemorrhagic stroke.
It is an antibiotic of the tetracycline family and its beneficial effect for
stroke is related to its anti-inflammatory and neuroprotective action.
Minocycline it is not approved for treatment by FDA for treatment of
stroke. It can be used as an “off-label” treatment.

There is conflicting data on the use of minocycline in hemorrhagic
stroke. In one study, minocycline was found to reduce MMP levels,
especially MMP-12, and some positive behavioral outcomes on
days 7 and 28 after stroke.*> A more recent study found that while
minocycline did suppress microglial and macrophage activation
in peri-infarct region, there was no reduction in infarct volume or
functional benefit on days 5 or 14 post-intracerebral hemorrhage.
However, there is limited research done in this area and more will
need to be done to elucidate minocycline’s neuroprotective ability
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in hemorrhagic stroke. Minocycline can be used without adverse
side effects in the acute stroke period and perhaps throughout the
subsequent recovery period.

Early research has shown that acute administration of minocycline
up to 5 hours after ischemic insult reduces infarct size and inflammation
in animal models.* Another study correlated these results in human
trials, finding that minocycline was effective at reducing infarct size
when administered 5 hours after ischemic insult.?!

On a longer time scale, two studies found that minocycline
improved neurological functioning and behavioral recovery when
given for four days after ischemic insult in MCAO rodent model
and then for four weeks.* In the second animal study,* minocycline
did not reduce infarct size, but did decrease the number of activated
microglia while preserving plasticity in the dentate gyrus.

Recently published clinical trials varied on whether they gave
minocycline orally or intravenously, the dose used, and how often
minocycline was administered. In 1988, Saivin and Houin'” described
the pharmacokinetics of minocycline. The 200mg dose, which is
the standard used in many of the studies conducted, yields a peak
concentration of 6mg/L in humans. The steady state concentration
achieved when this dose is split in half and given orally is 1.4-1.8mg/
L. As aforementioned, minocycline is highly lipophilic and penetrates
the blood-brain barrier well. As such, the CSF concentration is
approximately 0.5mg/L. In humans, the half-life is approximately 24
hours,?! while in rats; it is 3 hours.*’

Tolerability

When taken chronically, patients taking above 100mg daily
commonly complained of dizziness.* However, in acute therapy in an
exploratory clinical trial of stroke patients, minocycline was found to
be well tolerated up to 10mg/kg IV.2! Even when used at doses from
200-400mg (IV) and given from 2-24 days, only 18% of patients
complained of side effects, with half involving gastrointestinal
complaints.* From a tolerability standpoint, there is no issue for its
use as an acute ischemic stroke therapy.

Results of clinical trials of treatment with
minocycline

There are currently five published clinical trials evaluating the
use of minocycline in acute ischemic stroke (in order of publication
date): Minocycline treatment in acute stroke;* Minocycline to
improve neurologic outcome in stroke: a dose-finding study;”
Efficacy of minocycline in acute ischemic stroke: A single-blinded,
placebo-controlled trial;>' Intravenous minocycline in acute stroke: a
randomized, controlled pilot study and meta-analysis;*> An open-label
evaluator-blinded clinical study of minocycline neuroprotection in
ischemic stroke: gender-dependent effect.>

Lampl et al.’** did a randomized, open-label, evaluator-blinded
study of minocycline administered to 152 patients with acute ischemic
stroke age >18, NIHSS(NIH Stroke Scale) score greater than 5, and
stroke onset 6-24 hours before treatment, 35.1% female; mean age
66.7+11.11 years). Average time to treatment in minocycline group
was 12.64 hours compared to 11.99 hours in placebo group. They
compared NIH stroke scale (NIHSS) scores, which are used to
measure stroke-related neurologic deficits (higher scores indicative
of more severe symptoms) on day 90 in patients either treated with
or without 200mg/day oral minocycline. They also included NIHSS
score on days 7 and 30, modified Rankin Scale (mRS) scores
(measure of the degree of disability regarding daily activities) on
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days 7, 30, and 90 to measure degree of disability in daily activities
(lower score indicative of less severe disability), and Barthel Index
(BI) scores (measure of performance in activities of daily living) on
those same days to measure for performance in activities of daily
living (higher score indicative of better performance). Patients with
a history of hemorrhagic stroke were excluded as were people with
other central nervous system disease, tPA use, pre-existing neurologic
disability, known allergy to tetracyclines, acute or chronic renal
failure, pre-existing infectious disease requiring antibiotic therapy,
and swallowing difficulties.

The mean NIHSS scores between the minocycline-treated group
and control group were similar (7.5+£3.2 vs 7.6£3.8, respectively).
There was a significant difference at day 90 between the two groups
as the minocycline-treated group had a significantly improved NIHSS
score compared to the control group (1.6+1.9 vs 6.5+3.8, respectively).
Improvement in treatment vs. no treatment groups was seen on day
7. The secondary outcomes showed significant differences between
treatment and control groups at days 7, 30, and 90.

Fagan et al.?! performed an open-label, dose-escalation trial in 60
patients older than 18 (age: 65+13.7 years; race: 83% white; sex: 47%
female) who had acute onset of focal neurologic deficit consistent
with acute ischemic stroke or computed tomographic scan consistent
with acute cerebral ischemia, symptom onset less than 6 hours, and
NIHSS score greater than 1. tPA was also given in 60% of the patients.
NIHSS score at baseline was 8.7+5.8. The mean time from symptom
onset to IV minocycline infusion was 307.4+50 minutes. The
primary objective was to identify the safety of giving minocycline
intravenously to patients with acute ischemic stroke, in combination
with tPA and within 6 hours of symptom onset. Four dose tiers were
tested: 3mg/kg, 4.5mg/kg, 6mg/kg, and 10mg/kg. Treatment with tPA
was allowed. No control was used. Patients were given an IV loading
dose of minocycline followed by maintenance doses of half the daily
dose every twelve hours for a total of six doses. Inclusion criteria
were patient.

Exclusion criteria were similar to those in the study by Lamp
et al.®* but also included severe stroke (NIHSS>22), pregnancy,
thrombocytopenia, dizziness at time of stroke or in the past month,
aphasia, availability for 90-day follow-up, and those who underwent
interventional neuroradiological intervention in the first 12 hours.

At 90 days, half of the patients had a mRS of 0 or 1, with no
difference between dose tiers (again, no control used). Only one case
of dose limiting toxicity was found, and this was at the highest dose
administration (1/41 patients at this level). The participants reported
that side effects reported were mild, self-limiting, and unrelated
to dose (all being reversible). No cases of thrombophlebitis were
reported. Those patients given tPA did not have subsequent severe
intracerebral hemorrhage, and minocycline was well tolerated at all
doses.

Padma-Srivastava et al.’! reported the results of investigated the
efficacy of minocycline in 23 patients with first-ever acute ischemic
stroke 6-24 hours of symptom onset in a single-blinded, placebo-
controlled study conducted at the All India Institute of Medical
Sciences. The mean age was 52.7+15.3 year and male: female ratio
of 13:10 compared with a control group of 27 patients with acute
ischemic stroke with mean age of 57+14.2 and male: female ratio of
18:9. All participants were given 200mg capsule of minocycline once
a day for five days orally (or through Ryle’s tube if they had difficulty
swallowing) or oral vitamin B capsules as a placebo. The mean time
to treatment in minocycline group was 13.5h and, in the control group,
it was 11.99h.
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No mortality, myocardial infarctions, recurrent strokes, and
hemorrhagic transformations were noted in either group.

There was no significant difference between treatment and control
groups at days one and seven, but NIHSS scores improved an average
of two points versus the control cohort at the primary endpoint of
90 days, with improvement showing at 30 days as well. mRS score
(1.8 vs 2.4) and mBI (75.3 vs 64.1) also improved over the three-
month time period in the treatment group versus the control group,
respectively.

Kohler et al.>? performed a multicenter, prospective, randomized
open-label, blinded, end point evaluation pilot study of the effect of
administration of minocycline to patients with acute stroke that had
enrolled 95 patients. Exclusion criteria were similar to the Fagan
et al.?! study. This study, done at three hospitals in Perth, Western
Australia, included patients who had both ischemic and hemorrhagic
stokes and those given and not given tPA, although both represented
small subgroups of the overall study. The primary endpoint was mRS
<2 at day 90 for patients given or not given 100mg minocycline IV
every 12 hours for a total of five doses. Secondary outcomes included
NIHSS at day 7 and BI at day 90. Inclusion criteria were age great
than (or equal to) 18, onset of stroke within 24 hours, any measurable
NIHSS scale deficit, and ability to provide informed consent.

The two groups did not differ in age (67.7+11.0 years in treatment
vs 67.9£16.3 years in control), sex (38.3% female in treatment vs
43.8% female in control), mean NIHSS score (9.1£7.2 in treatment
group vs 8.7+6.4 in control) or other baseline characteristics. The mean
time to treatment was 10.7 hours in minocycline group (14 patients
between 0-6 hours; 15 between 6-12; 6 between 12-18; 9 between
18-24). Hemorrhagic stroke was present in 5 patients (11.4%) given
minocycline and 6 patients (12.5%) in control. Thrombolysis with
tPA was given in 8 patients (18.2%) given minocycline and 6 patients
(12.5%) in control. The primary endpoint was mRS <2, and Kohler et
al.” reported no significant difference in the primary and secondary
outcomes between the two groups; 65.9% of the minocycline-treated
group and 70.2% of the control group reached this goal.

Analysis of the categorical shift in mRS at day 90 and secondary
outcomes showed similar results, per Kohler et al.>> The study did find
similar numbers of death (4.2% both treatment and control groups) and
hemorrhagic transformation (6.2% in treatment and 4.2% in control)
in both groups. Urinary tract infections occurred in no patients given
minocycline and 7 patients (14.6%) in control group. The study had
95 participants divided into two groups, one with 47 participants to
receive minocycline and another with 48 participants to receive no
minocycline. In the intention-to-treat population, 29 of 47 (65.9%)
allocated minocycline survived free of handicap compared with 33 of
48 (70.2%) allocated no minocycline (rate ratio, 0.94; 95% confidence
interval, 0.71-1.25 and odds ratio, 0.73; 95% CI, 0.31-1.71). A meta-
analysis of the 3 human trials suggests minocycline may increase the
odds of handicap-free survival by 3-fold (odds ratio, 2.99; 95% ClI,
1.74-5.16) but there was substantial heterogeneity among the trials.*

In this pilot study of a small sample of acute stroke patients,
intravenous minocycline was regarded to be safe but not efficacious.
The authors of the study admitted that it was not powered to identify
reliably or exclude a modest but clinically important treatment
effect of minocycline. Larger trials would improve the precision of
the estimates of any treatment effect of minocycline. They state the
negative efficacy result of our study may be a false-negative (i.e. a
type II error) because of inadequate statistical power, and minocycline
could potentially improve survival free of handicap by as much as
25% (i.e. the upper 95% CI of the observed estimate of the rate ratio,
0.94; 95% CI, 0.71-1.25).
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An open-label, evaluator-blinded clinical trial by Amiri-Nikpour et
al.*is the latest study of the results of administration of minocycline
to patients with acute ischemic stroke. Similar criteria were used for
inclusion as in the Lampl study. Onset of symptoms was between
6-24 hours, NIHSS scores greater than 5, and computed tomography
compatible with an acute stroke. Exclusion criteria were similar to
the Lampl et al.* study (including tPA use), as well as pregnancy
and estrogen therapy. 60 patients were divided into a control group
and a minocycline-treated group, which was given 200mg of oral
minocycline once daily for 5 days from symptom onset. Both control
and treatment groups were given 100mg aspirin daily. All participants
received therapy within 9 hours of arriving at the hospital. The primary
end points were NIHSS scores at day 90, but were also collected on
days 30 and 60.

Seven patients dropped out of the study, so only 53 were analyzed
(26 in treatment group; 27 in control group). The mean age was similar
between the treatment and control groups (65.23£9 vs 66.52+7.8
years, respectively). Females were evenly distributed between the
two groups (53.8% in treatment vs 51.9% in control, P=0.884). No
significant differences in risk factors between the two groups were
detected by the research group, though they do report that only the
control group had taken antihypertensive and anti-diabetic drugs. Per
Amiri-Nikpour et al.3 there was no significant difference in stroke
location between the two groups.

Fifty-three patients (88.3%) completed the study. The NIHSS score
at admission was 9 amongst both groups. Among all patients, NIHSS
score was significantly lower in the minocycline-treated compared
with control on day 90 (minocycline median 4, interquartile range
4-7, control median 7, interquartile range 5-8, P=0.031). While the
NIHSS score only improved 2 points for the control group at day 90,
the NIHSS score improved by 5 points for the treatment group. The
study related that there was no significant difference between the two
groups, in terms of NIHSS score, at days 30 and 60.

When the participants were divided into sex subgroups for further
analysis, the aforementioned improvement in NIHSS score held
significant for male participants and was present on days 30 and 60
as well. Analysis of female subgroups showed that NIHSS score
at baseline for the minocycline-treated group was actually higher
than the NIHSS score for the control group. In addition, while the
NIHSS scores in both groups improved, there was no statistically
significant difference between the improvement in the treatment and
control groups. No adverse outcomes including myocardial infarction,
recurrent stroke, or mortality were observed during the study.

The results of the five studies are summarized in Table 1.

Discussion

The results of the published clinical trials of the effect of
administration of minocycline to patients with acute strokes are
encouraging although some of the studies had several limitations. The
studies’ independent statistical analyses showed that minocycline was
effective in improving neurological outcome. All but one found that
their primary endpoints were achieved --NIHSS scores at day 90 were
statistically improved in the minocycline group in the Lampl et al.*
Padma-Srivastava et al.’! and Amiri-Nikpour et al. studies, and the
Fagan et al.”! study found minocycline to be well tolerated at their
dose range with and without tPA. The only study that didn’t find their
primary endpoint reached, which was a mRS <2 at day 90, was the
Kohler et al.** study.

Many also found their secondary endpoints to also be achieved.
The Lampl et al.* study found NTHSS scores, mRS, and BI scores
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decrease significantly over time in the minocycline-treated group
vs the control group. Fagan et al.?! found that half of their patients
had a mRS of 0 or 1 at day 90. Padma-Srivastava et al.>! found that
NIHSS score improved even at day 30, and the mRS and mBI scores
significantly decreased over the three month period in the minocycline
treated group. In contrast, the Kohler et al.>* study found no statistically
significant difference in the NIHSS and BI at the other time points
they were recorded. Similarly, Amiri-Nikpour et al.** study found that
there was no statistically significant difference in NIHSS score at days
30 or 90 between the treatment or control groups.

In the 5 published clinical trials of minocycline in acute ischemic
stroke, minocycline use was shown to improve neurological
functioning on any of the measures used to quantify neurological
improvement after acute ischemic stroke. While minocycline might
not show immediate improvement on day 1, this data does show that
improvement can be seen as soon as three months post-stroke. Studies
that had long times between stroke onset and administration of
minocycline showed similar results. In three studies the time between
stroke onset and administration of minocycline ranged from 10-13.5
average hours. Only in one study, the Fagan et al.?! was the average
time before administration of minocycline 6 hours or less.

Only one study, done by Kohler et al.’* did not show efficacy of
minocycline in treating acute stroke. However, it should be noted
that the dose used in this study was only 100mg/day, half of what
the other studies used, and was continued only for 2.5 days. As other
groups found minocycline to have some therapeutic benefit at 200mg/
day orally for 5 days, this seems appropriate for future studies and
applications (though 3mg/kg IV causes the same plasma concentration
and avoids any dysphagia complications).

Two studies also employed adjunct tPA, but in one more than the
other. The Fagan et al.*' study found that even though 60% of the
patients were given tPA on top of minocycline, none of them had
severe subsequent hemorrhagic stroke. In the Kohler et al.* study, 1
of 8 patients given minocycline and tPA had subsequent hemorrhagic
stroke, and this ratio was similar in the tPA-only group.

The limitations of the clinical trials include their relatively small
sample size. Only one study, done by Fagan et al.*! had more than 100
patients. Two studies, Amiri-Nikpour et al.** and Padma-Srivastava et
al.*"only had about 50 patients, while Fagan et al.*' had 60 and Kohler
et al.> had 95 participants. These studies were too small to ensure
statistical rigor. Three studies (Amiri-Nikpour et al.* Lampl et al.>
and Kohler et al.’?) were designed as open-label studies, which could
have led to investigative bias, however unlikely.

In addition, route of administration varied between the studies.
Three out of the five studies gave oral minocycline doses instead
of through an IV route. Oral administration of minocycline leads
to absorption of about 95-100% through the stomach and small
intestine.* However, peak concentrations when given orally are
achieved at up to 3 hours of administration orally® this delay, as
compared to IV administration, may limit minocycline’s efficacy in
acute stroke, where time is of the essence. The Fagan et al.”! study
found that IV doses up to 10mg/kg were mostly safe, with only
one dose-limiting case. Since oral minocycline may not be easily
swallowed following a stroke, IV administration represents a more
optimal route. Furthermore, duration of administration varied in one
trial --the only published study to find that minocycline was ineffective
also used a shorter duration of administration (2.5 versus 5 days).*

The studies by Amiri-Nikpour et al.”® and Fagan et al.?! also
did not use a placebo as a control (the Amiri-Nikpour et al.> study
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used administration of 100mg aspirin as the control). While the
Amiri-Nikpour et al. studies cites a meta-analysis that suggested
no superiority of placebo over no-treatment in clinical trials existed
when the outcome had been an objective measurement,* this study
design could have led to the false-negative effect found (no benefit
for females).

Only two studies, Fagan et al.?! and Kohler et al.**> allowed for
adjunct tPA use, though the latter did admit that they failed to account
for the potential beneficially effects of combination treatments.
Combining tPA and minocycline could lead to a synergistic effect (see
below).

Finally, the time between stroke onset and time of medication
administration is lackluster in most of these studies. For reference,
tPA must be given within the first 3-4.5 hours of stroke. In this
study, the time frame ranged from 5 hours to 24 hours. The Fagan
et al.”! Padma-Srivastava et al.’! and Kohler et al.>? studies averaged
administration of minocycline about 10-12 hours after stroke onset.
Cells start exhibiting DNA fragmentation as early as 30 minutes after
stroke onset, with peak at 24-48 hours and persistence for 4 weeks.*
Therefore, it is imperative that faster diagnosis of stroke and initiation
of treatment protocol be administered. This will give more comparable
data to the current practice of giving tPA.

Gender differences

The finding by Amiri-Nikpour et al.** raises a question of whether
minocycline is beneficial in both males and females. The epidemiology
of ischemic stroke is sexually dimorphic-- ischemic stroke occurs
more often in men than women, regardless of ethnicity.*’

Estrogen has been shown to be neuroprotective in the brain.®
Female animals suffered less damage from acute stroke than males,
though this could be reversed through ovariectomy. Male rats given
estrogen had smaller infarcts than untreated males.” A review by
Bushnell examines the effect of hormones in female stroke.® Yet,
women continue to suffer fewer strokes than men in old age when
they are post-menopausal, so this steroidal effect can’t be the single
factor mediating this difference.’?

A review by Lang & McCullough® examined another factor
regarding the effect of gender. Their findings suggest that the gender
effect in treatment outcomes result from gender differences in
caspase-3 and cytochrome c activation as well as the role of PARP-
1 in both sexes. Caspase-dependent pathways were more harmful in
females than males.

These findings might have affected the outcome of the Amiri-
Nikpour et al. study that found no significant effect of administration
of minocycline in females. However, this study was not placebo
controlled and the sample size was small. No other clinical trials
reported a difference between genders. Gender differences in treatment
response will need to be addressed in future trials.

Combining minocycline with tPA

Using minocycline with tPA as a combination therapy may be
expected to yield synergistic effects. tPA’s use is worrisome due to its
increased risk of subsequent hemorrhagic transformation. Minocycline
can help in this area. One study has shown that after permanent focal
ischemia, a PARP inhibitor reduced hemorrhagic transformation.*
More studies have been done on minocycline inhibition of MMPs in
this regard.

Another way that minocycline could complement tPA therapy is by
inhibition of MMPs. MMPs play a mediating role in the hemorrhagic
transformation post-ischemic stroke.
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Minocycline has been shown to decrease plasma MMP-9 levels
in multiple studies.®** In fact, an analysis of the Fagan et al.?! study
showed that lower MMP-9 levels were found in those treated with tPA
and minocycline.%

Minocycline doesn’t affect the fibrinolytic and amidolytic
properties of tPA.%> Additionally, minocycline was able to extend
tPA’s time window to 6 hours in an embolic focal ischemia model
in rats with similar infarct volumes to tPA treatment at 1 hour post-
occlusion (and was also protective without tPA at 4 hours).* Even
in a type-1 diabetic rat model of focal embolic stroke, combination
therapy of minocycline and tPA was more effective at reducing brain
infarction, hemorrhagic transformation and hemispheric swelling
after 24 hours.®

Future prospects: replicating the NINDS
study

In 1995, the National Institute of Neurological Disorders and
Stroke (NINDS) stroke trial was published, and it has since been
credited as one of the most crucial final steps in getting tPA FDA
approved in 1996.%7

Replicating the methods and structure of the NINDS stroke trial
with minocycline should yield the definitive data needed to prove
minocycline’s clinical effectiveness. Previous studies have had limited
patient numbers, so achieving a larger patient pool, closer to three or
four hundred, should be appropriate. It would be important to identify
the effect of minocycline alone and a combination of minocycline and
tPA. A 3mg/kg dose of minocycline should be given intravenously
and acutely for treatment, along with maintenance doses for 5 days;
or, a 200mg dose of oral minocycline given in the same was as done
in the previous studies. Furthermore, there will need to be subgroup
analysis to determine if there are effects due to gender, stroke onset
to treatment time, effectiveness of combination therapy, and age.
Similar outcome measures should be used to the previous clinical
studies on minocycline --the BI, mRS, NIHSS on days 1, 7, 30, and
90. A statistically significant improvement in these outcome measures
should persuade the medical community to reconsider minocycline
as an acute stroke therapy. The effect of minocycline in hemorrhagic
strokes may have to be studied in a separate study.

A study of the effect of administration of minocycline to patients
with ischemic stroke is in progress.®® The purpose of the study is to
find out if the risk of ischemic strokes to convert into hemorrhagic
strokes is reduced from administration of minocycline.

Conclusion

Minocycline therapy in acute ischemic stroke is promising.
Minocycline is a well-tolerated drug that has been used for decades
as an antibiotic. Its side effects are well-known and few. While the
exact direct or indirect pathway in its neuroprotection has not been
clearly illustrated as of yet, it seems to have multiple beneficial effects
including PARP-1 inhibition, anti-apoptotic properties, scavenging of
ROS, inhibition of microglia, and suppression of MMPs. The latter
is especially important, as MMPs are important factors mediating
hemorrhagic transformation and upregulated in tPA use.

As seen from the results of the five published clinical trials on
minocycline in acute stroke, minocycline aids stroke recovery even
when given up to 24 hours after stroke onset. Therefore, combining
tPA with minocycline for acute treatment of stroke seems promising
and could even possibly extend tPA’s time window. However, previous
clinical studies had important limitations. A future study should be
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done to illuminate minocycline’s neuroprotection in a large, double-
blinded, placebo-controlled study in which minocycline is given IV
in a time-efficient manner with or without tPA that also analyzes
differences in gender, age, stroke onset to treatment time, age, and
beneficiary effect in combination treatment, including possible
extension of tPA window.

With the present knowledge about the efficacy of minocycline
in reducing the effects of ischemic strokes the authors of the West
Australian study known as the Intravenous Minocycline and TPA
Stroke Study (WAIMATSS)® concluded that: “Minocycline has
practical advantages, including its well-established track record of
safety (when used as an antibiotic), bioavailability (including orally),
and the fact that it can be safely used in patients with hemorrhagic
stroke. This makes it a candidate for use in the prehospital setting,
without the need for imaging prior to administration. Ease of use and
inexpensiveness also make it a candidate for widespread use without
concomitant thrombolytic therapy in nontertiary, rural, and even third
world settings.® To reach that conclusion the authors point to the
side effects and poor efficacy of the FDA approved treatment using
administration of tPA and instead point to the advantages of the use
of minocycline.
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