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IMPORTANCE There are no disease-modifying treatments for Alzheimer disease (AD), the
most common cause of dementia. Minocycline is anti-inflammatory, protects against the toxic
effects of β-amyloid in vitro and in animal models of AD, and is a credible repurposed
treatment candidate.

OBJECTIVE To determine whether 24 months of minocycline treatment can modify cognitive
and functional decline in patients with mild AD.

DESIGN, SETTING, AND PARTICIPANTS Participants were recruited into a double-blind
randomized clinical trial from May 23, 2014, to April 14, 2016, with 24 months of treatment
and follow-up. This multicenter study in England and Scotland involved 32 National Health
Service memory clinics within secondary specialist services for people with dementia. From
886 screened patients, 554 patients with a diagnosis of mild AD (Standardised Mini-Mental
State Examination [sMMSE] score �24) were randomized.

INTERVENTIONS Participants were randomly allocated 1:1:1 in a semifactorial design to receive
minocycline (400 mg/d or 200 mg/d) or placebo for 24 months.

MAIN OUTCOMES AND MEASURES Primary outcome measures were decrease in sMMSE score
and Bristol Activities of Daily Living Scale (BADLS), analyzed by intention-to-treat
repeated-measures regression.

RESULTS Of 544 eligible participants (241 women and 303 men), the mean (SD) age was 74.3
(8.2) years, and the mean (SD) sMMSE score was 26.4 (1.9). Fewer participants completed
400-mg minocycline hydrochloride treatment (28.8% [53 of 184]) than 200-mg minocycline
treatment (61.9% [112 of 181]) or placebo (63.7% [114 of 179]; P < .001), mainly because of
gastrointestinal symptoms (42 in the 400-mg group, 15 in the 200-mg group, and 10 in the
placebo group; P < .001), dermatologic adverse effects (10 in the 400-mg group, 5 in the
200-mg group, and 1 in the placebo group; P = .02), and dizziness (14 in the 400-mg group, 3 in
the 200-mg group, and 1 in the placebo group; P = .01). Assessment rates were lower in the
400-mg group: 68.4% (119 of 174 expected) for sMMSE at 24 months compared with 81.8%
(144 of 176) for the 200-mg group and 83.8% (140 of 167) for the placebo group. Decrease in
sMMSE scores over 24 months in the combined minocycline group was similar to that in the
placebo group (4.1 vs 4.3 points). The combined minocycline group had mean sMMSE scores 0.1
points higher than the placebo group (95% CI, −1.1 to 1.2; P = .90). The decrease in mean sMMSE
scores was less in the 400-mg group than in the 200-mg group (3.3 vs 4.7 points; treatment
effect = 1.2; 95% CI, −0.1 to 2.5; P = .08). Worsening of BADLS scores over 24 months was similar
in all groups: 5.7 in the 400-mg group, 6.6 in the 200-mg group, and 6.2 in the placebo groups
(treatment effect for minocycline vs placebo = –0.53; 95% CI, −2.4 to 1.3; P = .57; treatment
effect for 400 mg vs 200 mg of minocycline = –0.31; 95% CI, −0.2 to 1.8; P = .77). Results were
similar in different patient subgroups and in sensitivity analyses adjusting for missing data.

CONCLUSIONS AND RELEVANCE Minocycline did not delay the progress of cognitive or
functional impairment in people with mild AD during a 2-year period. This study also found
that 400 mg of minocycline is poorly tolerated in this population.
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A lzheimer disease (AD) affects 50 million people
worldwide,1 with numbers projected to reach 135.5 mil-
lion by 2050; associated costs for the United States are

$1.2 trillion.2 At the 2013 Dementia Summit, G8 ministers com-
mitted to identifying a cure or disease-modifying therapy by
2025,2 but no therapy has so far been shown to delay the pro-
gression of cognitive and functional disability. Failure of treat-
ment approaches directed at preventing buildup of β-amy-
loid (Aβ) or tau has stimulated investigation of alternative
treatment approaches, including targeting inflammation.

Alzheimer disease is associated with immune-related and
inflammatory genes, including myeloid-specific sialic acid
binding receptor (CD33), triggering receptor expressed on my-
eloid cell 2 (TREM2), complement receptor 1 (CR1), and bridg-
ing integrator 1 (BIN1).3 Microglial activation is increased in AD.4

Aβ is a proinflammatory agent in AD,5 and microglial surface
receptors are also Aβ receptors.6 In early AD, microglia clear
Aβ by phagocytosis and produce Aβ-degrading enzymes.7 How-
ever, as AD progresses, accumulation of Aβ stimulates micro-
glial production of proinflammatory agents that are associ-
ated with neurodegeneration.7

Two systematic reviews, based on expert opinion and tol-
erability, brain penetration, and preclinical and early phase trial
data on repositioned drugs identified minocycline hydrochlo-
ride among the high-priority drugs to progress to clinical trials
in AD.8,9 Minocycline is an anti-inflammatory tetracycline that
crosses the blood-brain barrier and inhibits proinflammatory
microglia. In vitro, minocycline protects against Aβ-induced
cell death and prevents fibrillization of Aβ.10 In transgenic
mice, minocycline prevents Aβ deposition and neuronal
death11; reduces tau phosphorylation and insoluble tau
aggregates12; downregulates inducible nitric oxide synthe-
tase, cyclooxygenase-2, and Aβ precursor protein cleaving
enzyme-113; and protects hippocampal neurogenesis in the
presence of Aβ.14 Minocycline reduces interleukin and tumor
necrosis factor levels in mice15 and neuronal death and learn-
ing deficits in rats after Aβ administration.16

We investigated whether minocycline slows the decline in
cognitive and functional ability in people with mild AD over a
2-year treatment period and whether giving minocycline hy-
drochloride at a higher (400-mg) dose than the 200 mg used
in standard practice enhanced efficacy.

Methods
Study Design
The Minocycline in Alzheimer Disease Efficacy (MADE) trial
is a double-blind randomized clinical trial of individuals with
mild AD that is investigating whether 200 mg or 400 mg of mi-
nocycline hydrochloride per day slows the rate of decline in
cognitive and functional ability over 2 years compared with pla-
cebo. Participants were enrolled from National Health Ser-
vice memory services from May 23, 2014, to April 14, 2016. Eli-
gible participants had a diagnosis of possible or probable AD,17

were older than 50 years, could give informed consent for
involvement, had a Standardised Mini-Mental State Examina-
tion (sMMSE)18 score of 24 to 30, and had a caregiver to su-

pervise medication and complete Bristol Activities of Daily Liv-
ing Scale (BADLS) assessments.19 Exclusions included
tetracycline allergy, women of childbearing age, uncon-
trolled serious concomitant illness, stage 3b to 5 chronic kid-
ney disease, moderate liver disease, systemic lupus erythem-
atosus, and participation in another clinical trial in the previous
28 days. The MADE trial was conducted in accordance with the
International Conference on Harmonization Good Clinical Prac-
tice guidelines and the Declaration of Helsinki.20 Patients pro-
vided written informed consent. The study protocol, patient
and caregiver information sheets, and informed consent forms
were approved by East of England/Essex Research Ethics
Committee and the Medicines and Healthcare Products Regu-
latory Agency (trial protocol in Supplement 1). This study fol-
lowed the Consolidated Standards of Reporting Trials
(CONSORT) reporting guideline.

Randomization and Masking
Participants were centrally randomized to receive minocy-
cline hydrochloride, 400 mg; minocycline hydrochloride, 200
mg; or placebo. The minimized randomization procedure
aimed to balance treatment allocation overall and by 4 strati-
fication variables: center, duration of symptoms prior to ran-
domization (<6 months or ≥6 months), sMMSE score (24-26
or 27-30), and age (<65 years, 65-74 years, or ≥75 years). Par-
ticipants were enrolled by their clinicians, or appropriately
trained clinical study officers, who also administered out-
come assessments.

Trial Procedures
Modified-release capsules, containing 100 mg of minocy-
cline hydrochloride, and identically appearing placebo cap-
sules (Modepharma) in foil blister packs, dispensed every 13
weeks, were used. Trial group dosing was as follows: (1) mi-
nocycline hydrochloride, 400 mg (two 100-mg capsules in the
morning and the evening); (2) minocycline hydrochloride, 200
mg (one 100-mg capsule plus 1 placebo capsule in the morn-
ing and the evening); and (3) placebo (2 placebo capsules in
the morning and the evening). Participants, carergivers, pre-
scribing clinicians, outcome assessors, and all trial staff mem-
bers (except statisticians) were masked to group assignment.

Participants visited the clinic at baseline, week 2, and
months 3, 6, 9, 12, 15, 18, 21, and 24. Information on ad-
herence was collected at each assessment and through dis-
pensing records. Adverse events were recorded at each visit.

Key Points
Question Can 2 years of minocycline treatment modify the course
of mild Alzheimer disease?

Findings In this randomized clinical trial that included 544
participants, 24 months of minocycline treatment did not
significantly delay progression of functional and cognitive
impairment compared with placebo.

Meaning Minocycline is not a candidate for disease modification
for patients with symptomatic Alzheimer disease.
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Outcome assessments were at baseline and months 6, 12, 18,
and 24.

Outcome Measures
Co-primary outcomes were rate of decline from baseline to 24
months on sMMSE (scores range from 0 to 30, with higher
scores indicating better cognitive function)21 and BADLS (scores
range from 0 to 60, with higher scores indicating greater
impairment).22 Secondary outcomes were safety and concur-
rent infections.

Statistical Analysis
Predefined primary analyses were of minocycline (any dose)
vs placebo and of minocycline hydrochloride 400 mg vs 200
mg. Based on previous studies, we estimated that 24-month
assessments would be available for at least 80% of surviving
participants (approximately 390 participants), which would
provide 90% power at P < .05 to detect a small to moderate
(0.35 SD) effect size for minocycline (any dose) compared with
placebo on the primary outcome measures. With outcome as-
sessments on 130 patients allocated minocycline hydrochlo-
ride, 400 mg, and 130 allocated minocycline hydrochloride,
200 mg, we would have 80% power at P < .05 to detect a 0.35-SD
treatment effect of 400 mg compared with 200 mg at 24
months.

Only participants who received at least 1 capsule of study
treatment were to be included in the analyses of primary and
secondary outcomes. The primary analyses of the effect of mi-
nocycline on the rate of decline of sMMSE and BADLS scores
and subgroup analyses used intention-to-treat repeated-
measures regression methods, adjusted for baseline scores.
These analyses use all available assessment data to maximize
statistical power to detect any differences between treat-
ments and to minimize the effect of missing outcome data. Dif-
ference in the rate of decline between minocycline (any dose)
and placebo, and between patients allocated 400 mg and 200
mg of minocycline hydrochloride, was compared using a time-
by-treatment interaction test, with time modeled as a con-
tinuous variable. Comparisons of time prescribed trial medi-
cation over the 24-month follow-up period split by treatment
groups are displayed in Kaplan-Meier curves, with statistical
significance determined by log-rank tests. Reasons for stop-
ping trial medication and adverse events are tabulated by treat-
ment group. We used SAS, version 9.3, software (SAS Insti-
tute) for statistical analyses. All P values were from 2-sided tests
and results were deemed statistically significant at P < .05. The
trial is registered with the International Standard Random-
ized Clinical Trials Number register (ISRCTN16105064) and the
European Union Clinical Trials Register (EudraCT 2013-
000397-30).

Results
Between May 23, 2014, and April 14, 2016, a total of 886 pa-
tients were screened for eligibility, from whom 554 partici-
pants entered the trial, from 32 National Health Service
memory services in England and Scotland. The reasons for

screening failures are given in eTable 2 in Supplement 2. Ten
patients did not start trial medication and, as prespecified in
the protocol, were excluded from all analyses (Figure 1). The
baseline characteristics of the 544 eligible participants were
well balanced across treatment groups (Table 1). We obtained
sMMSE assessments for 542 of the 544 participants (99.6%)
at baseline, 498 of 544 participants (91.5%) at 6 months, 453
of 537 participants (84.4%) at 12 months, 420 of 528 partici-
pants (79.5%) at 18 months, and 403 of 517 participants (77.9%)
at 24 months (eTable 1 in Supplement 2).

Minocycline hydrochloride, 400 mg, was poorly toler-
ated, with 28.8% of participants (53 of 184) completing 2 years
of treatment, significantly fewer than in the 200-mg group
(61.9% [112 of 181]) or the placebo group (63.7% [114 of 179];
P < .001) (Figure 1 and Figure 2). Minocycline hydrochloride,
200 mg, was well tolerated, with similar discontinuation rates
with placebo. The mean duration of treatment was 11.4 months
in the 400-mg group, 18.6 months in the 200-mg group, and
18.9 months in the placebo group. When reasons for stopping
trial treatment were compared (Table 2), more participants al-
located to minocycline than to placebo stopped because of
gastrointestinal symptoms (42 in the 400-mg group, 15 in the
200-mg group, and 10 in the placebo group; P < .001), der-
matologic adverse effects (10 in the 400-mg group, 5 in the
200-mg group, and 1 in the placebo group; P = .02), and
dizziness (14 in the 400-mg group, 3 in the 200-mg group,
and 1 in the placebo group; P = .01). Discontinuation rates
did not differ by age, sex, or duration of symptoms (eTable 4
in Supplement 2).

Because of the higher treatment withdrawal rate, fewer as-
sessments were obtained for the 400-mg treatment group than
for the 200-mg and placebo groups (eTable 1 in Supple-
ment 2). At 24 months, 68.4% (119 received out of 174 ex-
pected) of patients in the 400-mg group, 81.8% (144 of 176) of
patients in the 200-mg group, and 83.8% (140 of 167) of pa-
tients in the placebo group provided sMMSE assessments.

Change from baseline in sMMSE over time is shown in
Figure 3A. There was a mean 4.1-point reduction in the com-
bined minocycline groups over 24 months compared with 4.3
points in the placebo group. The combined minocycline group
had a mean sMMSE score 0.1 points higher than the placebo
group (95% CI, −1.1 to 1.2; P = .90). The decrease in mean
sMMSE scores over 24 months was less in the 400-mg group
than in the 200-mg group (3.3 vs 4.7 points), but this differ-
ence was not significant (treatment effect = 1.2; 95% CI, −0.1
to 2.5; P = .08).

Worsening of BADLS scores over 24 months was similar in
all groups: 5.7 in the 400-mg group, 6.6 in the 200-mg group,
and 6.2 in the placebo group, with no significant differences
between participants receiving minocycline compared with
those in the placebo group (treatment effect = −0.53; 95% CI,
−2.4 to 1.3; P = .57) or between those allocated 400 mg and
those allocated 200 mg of minocycline (treatment ef-
fect = −0.31; 95% CI, −0.2 to 1.8; P = .77) (Figure 3B).

Participants in the 400-mg group who stopped treat-
ment were similar to those in other groups, although they
tended to be older (eTable 4 in Supplement 2). To assess how
the higher number of missing outcome assessments in the
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400-mg group than in the 200-mg or placebo groups (eTable 1
in Supplement 2) might have affected outcome comparisons,
we performed sensitivity analyses to investigate potential bias
from nonrandom withdrawal. There were 41 participants who
had a baseline sMMSE assessment but no further assess-
ments, so they did not contribute any information to the pri-
mary analysis (eFigure 1 in Supplement 2). Those who discon-
tinue treatment in AD trials are often atypical, usually having
worse cognitive and functional ability than those who con-
tinue treatment.21 This finding is evident from the scores of
the 41 participants with a 6-month sMMSE assessment but no
later assessments. The mean decrease in sMMSE score from
baseline to 6 months in this subset was 3.9 points, a rate of de-
crease 3 times higher than the 1.3-point mean decrease among
the 498 patients who had a 6-month sMMSE assessment and
completed later assessments. It seems likely, therefore, that
patients with no postbaseline assessments, who do not con-

tribute to the estimate of the rate of decline, also had worse
than average decline in cognitive and functional ability.

To estimate what effect the missing outcome data from the
41 participants with no postbaseline assessments might have
had on the trial results, our sensitivity analyses made 2 dif-
ferent assumptions. In method 1, we assumed that, for the first
6 months, they declined at a rate of 3.9 points (as did those who
had a 6-month sMMSE assessment but no further assess-
ments) and then declined at the mean rate of 1.1 points every
6 months for the rest of the trial. Method 2 assumed that pa-
tients with no postbaseline assessments declined at the mean
rate of those with assessments (ie, 1.3 sMMSE points for the
first 6 months and 1.1 points every 6 months subsequently).
The results from imputation method 1 and imputation method
2 are shown in eFigure 2 in Supplement 2. The results are not
qualitatively different from those of the primary analyses. The
only borderline significant (treatment effect = 1.2; 95% CI, 0.0-

Figure 1. Flowchart of Study

886 Patients screened

554 Patients allocated to treatment

64 Discontinued treatment

184 Assigned 400 mg

120 Completed 3 mo

19 Discontinued treatment

101 Completed 6 mo

21 Excluded
19 Discontinued treatment
2 Died (+ 1 died but

stopped trial treatment
previously)

15 Excluded because they
discontinued treatment
(+ 3 died but stopped trial
treatment previously)

27 Excluded
26 Discontinued treatment
1 Died (+ 6 died but

stopped trial treatment
previously)

80 Completed 12 mo

53 Completed 24 mo of treatment

25 Discontinued treatment

5 Discontinued treatment

181 Assigned 200 mg

156 Completed 3 mo

151 Completed 6 mo

16 Excluded
15 Discontinued treatment
1 Died

23 Excluded
22 Discontinued treatment
1 Died (+ 3 died but

stopped trial treatment
previously)

135 Completed 12 mo

112 Completed 24 mo of treatment

19 Discontinued treatment

8 Discontinued treatment

179 Assigned placebo

160 Completed 3 mo

152 Completed 6 mo

23 Excluded
18 Discontinued treatment
5 Died (+ 4 died but

stopped trial treatment
previously)

137 Completed 12 mo

114 Completed 24 mo of treatment

332 Screening failures
165 Ineligible
99 Patient or caregiver  choice
55 Unknown
13 Other reasons

10 Patients never started trial medication (1 died before month 9)
1 In 400-mg group
4 In 200-mg group
5 In placebo group

544 Patients randomized
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2.4; P = .05) differences seen in these sensitivity analyses were
between the groups receiving 400 mg and 200 mg minocy-
cline hydrochloride. However, because the 400-mg group had
results a little better than the placebo group and the 200-mg
group had results a little worse than the placebo group, and
no difference between any dose of minocycline and placebo,
this is likely a chance finding.

Because return rates for BADLs were also lower for the
400-mg group, we performed similar sensitivity analyses.
There were 39 participants with no BADLS assessment after
baseline who did not contribute to the primary analysis. Im-
putation method 1 assumed that their BADLS score worsened
(ie, increased) by 3.7 points during the first 6 months and then
by 1.9 points every 6 months for the rest of the trial. Method 2
assumed that their BADLS score worsened by 1.5 during the
first 6 months and then by 1.9 points subsequently. Because
BADLS is only valid for community-resident patients, scores
for those receiving residential care were only imputed up un-
til the last time point before moving into a care facility. The
results for imputation methods 1 and 2 are shown in eFig-

ure 3 in Supplement 2. Again, the results were not qualita-
tively different from those from the primary analyses of BADLS.

To investigate whether the efficacy of minocycline var-
ied by baseline characteristics, we did subgroup analyses of
change in sMMSE score over 24 months for minocycline (any
dose) vs placebo by duration of symptoms, baseline sMMSE
score, age, and sex (eFigure 4 in Supplement 2). There was no
indication of any benefit from minocycline for those with
shorter or longer duration of symptoms, lower or higher base-
line sMMSE score, or for men vs women. There was a border-
line significant trend toward greater efficacy in younger pa-
tients than in older patients, but this unanticipated finding
could be a chance occurrence given the number of subgroup
investigations.

In total, there were 252 reported serious adverse events,
with the most common categories being neuropsychiatric and
cardiocirculatory (Table 2). The number of serious adverse
events was somewhat higher in the placebo group (n = 105)
than the 400-mg group (n = 78) or 200-mg group (n = 69).
Given that gastrointestinal symptoms were the main reason

Table 1. Baseline Characteristics by Treatment Allocation for the 544 Eligible Patients

Characteristic

Patients No. (%)
Minocycline Hydrochloride,
400 mg (n = 184)

Minocycline Hydrochloride,
200 mg (n = 181)

Placebo
(n = 179)

Age, y

<65 22 (12.0) 22 (12.2) 21 (11.7)

65-74 68 (37.0) 66 (36.5) 66 (36.9)

≥75 94 (51.1) 93 (51.4) 92 (51.4)

Age, mean (SD), y 74.3 (8.0) 74.1 (8.4) 74.6 (8.1)

Sex

Male 104 (57) 100 (55.2) 99 (55.3)

Female 80 (43) 81 (44.8) 80 (44.7)

Race/ethnicity, No./total No.
(%)

White 173/183 (94.5) 169/176 (96.0) 171/176 (97.2)

Asian 5/183 (2.7) 1/176 (0.6) 3/176 (1.7)

Black 5/183 (2.7) 5/176 (2.8) 2/176 (1.1)

Other 0 1/176 (0.6) 0

Home circumstance

Living with spouse, partner,
or relative

153 (83.2) 153 (84.5) 149 (83.2)

Living alone 31 (16.8) 28 (15.5) 29 (16.2)

Duration of symptoms, mo

<6 20 (10.9) 20 (11.0) 20 (11.2)

≥6 164 (89.1) 161 (89.0) 159 (88.8)

Duration of symptoms, mean
(SD), mo

23.5 (18.3) 23.1 (17.8) 24.2 (18.0)

sMMSE scorea

24-26 100 (54.3) 97 (53.6) 96 (53.6)

27-30 84 (45.7) 84 (46.4) 83 (46.4)

sMMSE score, mean (SD)a 26.4 (1.9) 26.5 (1.9) 26.4 (1.8)

BADLS scoreb

0-4 100/183 (54.6) 110 (60.8) 92/178 (51.7)

5-14 70/183 (38.3) 57 (31.5) 69/178 (38.8)

≥15 13/183 (7.1) 14 (7.7) 17/178 (9.6)

BADLS score, mean (SD)b 5.6 (6.3) 4.9 (5.4) 5.5 (5.5)

Abbreviations: BADLS, Bristol
Activities of Daily Living Scale;
sMMSE, Standardised Mini-Mental
State Examination.
a Scores range from 0 to 30, with

higher scores indicating better
cognitive function.

b Scores range from 0 to 60, with
higher scores indicating greater
impairment.
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for stopping trial treatment, it is reassuring that the numbers
of gastrointestinal serious adverse events in the minocycline
groups were low and no higher than in the placebo group. Simi-
larly, although more skin-related toxic effects, particularly pig-
mentation, were reported with minocycline than placebo
(35.6% [130 of 365] vs 21.2% [38 of 179]; P < .001), few stopped
trial treatment because of such toxic effects (Table 2), and only
6 skin toxic effects were considered severe (3 receiving any dose
of minocycline and 3 receiving placebo). There were no dif-
ferences in the numbers of patients stopping treatment
because of impaired renal function, which had been a prior
concern, nor in the numbers of renal serious adverse events.
Twenty-eight patients died during the study: 10 who re-
ceived 400 mg of minocycline hydrochloride, 6 who received
200 mg of minocycline hydrochloride, and 12 who received
placebo (eTable 3 and eFigure 5A in Supplement 2). Fifteen of
these 28 patients had stopped trial treatment prior to dying.
One additional patient died without starting trial treatment.
Rates of admission to residential care facilities were low in
this population of patients with mild AD, with no difference
in the numbers between trial groups (eFigures 5B and 5C in
Supplement 2).

Discussion
The MADE trial showed that, for patients with mild AD, 24
months of minocycline treatment at the doses tested does not
delay the progress of cognitive or functional impairment, as
measured by the widely used sMMSE and BADLS clinical rat-
ing scales. The trial also established that minocycline hydro-
chloride at a dose of 400 mg is poorly tolerated in this popu-
lation, with fewer than one-third of participants completing
24 months of treatment. By contrast, 200 mg per day of mi-
nocycline hydrochloride was well tolerated.

The failure of minocycline treatment to slow the progres-
sion of cognitive and functional decline in patients with mild
AD is disappointing given the evidence suggesting that
neuroinflammation is instrumental in AD progression7 and
given minocycline’s anti-inflammatory and neuroprotective
effects, as well as the positive data from experimental AD
models.10-16 Nonsteroidal anti-inflammatory drugs similarly
failed to slow AD progression in clinical trials,22 despite long-
term use being associated with a lower risk of developing
AD in observational studies23 and promising data from
transgenic models.24 Our findings parallel those of trials of
minocycline in other neurodegenerative disorders in which,
despite preclinical research suggesting neuroprotection,
minocycline worsened outcomes in amyotrophic lateral scle-
rosis (with faster amyotrophic lateral sclerosis functional
scale decline compared with placebo)25; had no effect in
Huntington disease,26 multiple system atrophy,27 and nega-
tive symptoms of schizophrenia28; and only short-term
benefits in multiple sclerosis.29

We consider that there could be 3 broad potential expla-
nations for the negative results of our trial. First, although there
is good evidence for neuroinflammation in AD,7 this may be a
reaction to pathologic characteristics of the disease rather than
an important factor in neurodegeneration, particularly in pa-
tients whose AD is mild. Second, even if neurodegeneration
is accelerated by neuroinflammation, minocycline at the doses
administered in the MADE trial may not have had sufficient
activity to show efficacy. Animal studies, from which much of
the evidence for minocycline as an anti-inflammatory and
anti-AD agent come, generally used higher doses of minocy-
cline (typically equivalent to 3-7 g per day in humans),30 and
so it could be that trial participants were not exposed to a suf-
ficiently high dose. We included the 400-mg group to inves-
tigate whether a higher dose enhanced efficacy. A study in
amyotrophic lateral sclerosis25 that escalated doses from 200
to 400 mg reported that adverse events were unrelated to mi-
nocycline dose. The MADE trial established that treatment with
400 mg is poorly tolerated in patients with AD, with no ap-
parent benefit from the higher dose, despite a mean treat-
ment duration of about 1 year. Hence, efficacy of minocycline
could not be enhanced by using higher doses.

Minocycline is potentially neuroprotective through anti-
inflammation activity (suppression of microglial prolifera-
tion and activation, reduced IL-1β and IL-6 and tumor necro-
sis factor, decreased chemokine expression, and decreased
metalloproteases), as well as antiapoptotic and antioxidant
effects.10-16 A study in traumatic brain injury found reduced
microglial activation, visualized with carbon 11–labeled PBR28
positron emission tomography,31 after 12 weeks of treatment
with 200 mg of minocycline hydrochloride per day, indicat-
ing that the doses in the MADE trial can have a measurable
effect on inflammation. The association between minocycline-
sensitive microglial activation and neurodegeneration may,
however, be complicated. Minocycline treatment in the trau-
matic brain injury study31 was also associated with increased
plasma neurofilament light. The faster progression seen with
minocycline in amyotrophic lateral sclerosis25 also suggests that
some activated microglia might have a reparative function so

Figure 2. Proportion Taking Trial Treatment Over Time
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Table 2. Incidence and Severity of Adverse Effects, Reasons for Stopping Treatment, and Serious Adverse
Events by Treatment Allocationa

Characteristic

Minocycline
Hydrochloride, 400
mg (n = 184)

Minocycline
Hydrochloride, 200
mg (n = 181)

Placebo
(n = 179)

Minocycline vs
Placebo P Value

Adverse Effects, No.

Dermatologic symptoms
(hyperpigmentation,
photosensitivity, rash)

Mild 33 38 22 .04

Moderate 27 29 13 .008

Severe 1 2 3 .37

Gastrointestinal symptoms
(diarrhea, nausea, sore mouth,
vomiting)

Mild 52 55 55 .74

Moderate 46 24 17 .004

Severe 6 1 4 .81

Neurologic symptoms (headache,
visual or auditory disturbances,
dizziness)

Mild 53 57 51 .69

Moderate 27 16 16 .32

Severe 5 6 3 .36

Infections (oral or genital
candidiasis, vaginitis, anal
irritation, bacterial enteritis,
staphylococcal, or Clostridium
difficile)

Mild 16 10 16 .46

Moderate 17 17 25 .10

Severe 4 4 7 .25

Reasons for Stopping Trial Treatment, No.

Gastrointestinal symptoms (reflux,
constipation, diarrhea,
gastroenteritis)

42 15 10 <.001

Dizziness 14 3 1 .01

Dermatologic symptoms (rash,
hyperpigmentation,
photosensitivity)

10 5 1 .02

Hematologic symptoms 5 3 1 .16

Impaired renal function 2 5 4 .81

Infection 1 2 2 .74

Shortness of breath 6 0 0 .08

Worsening dementia 1 3 3 .57

Depression or anxiety 4 2 2 .63

Joint or muscle pain 2 0 2 .47

Concomitant disease or illness 9 6 7 .91

General deterioration in physical
health

2 0 2 .47

Unknown 1 0 0 .48

Unspecified adverse effect 5 2 7 .17

Patient or carer choice 23 21 18 .49

Total 127 67 60 <.001

Serious Adverse Events, No.b

Gastrointestinal 3 8 10 .14

Respiratory 8 8 10 .54

Falls and fractures 6 11 13 .21

Endocrine and metabolic 2 1 9 .002

Cancer 12 3 11 .30

Hematologic or thrombosis 3 1 2 .98

(continued)
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that their inhibition could accelerate neurodegeneration. Our
results do not suggest that minocycline worsens neurodegen-
eration in AD.

A third plausible explanation for the negative results of the
MADE trial could be that minocycline did have some efficacy
against AD, but treatment effects were too small to be detect-
able. It is difficult to discount this possibility. The MADE trial
was, however, powered to detect minimal clinically impor-
tant differences between minocycline and placebo, so smaller
differences might not be considered of clinical relevance.

Strengths and Limitations
Our pragmatic trial had a number of strengths. It was based
within a broad network of academic and National Health Ser-
vice memory services, and the wide eligibility criteria facili-
tated the recruitment of participants, many of whom had

physical comorbidities and were representative of patients
with mild AD. Outcome measures were limited in number,
easy to administer reliably by trial staff, and chosen because
any differences between minocycline and placebo would
have unambiguous clinical relevance.

The potential limitations of the study include that bio-
markers were not used to confirm AD diagnosis, because these
and APOE genotyping are not routinely available within the
National Health Service. Nonetheless, no diagnoses were re-
vised by responsible clinical teams during the study, and the
rates of decline were as expected in a population of individu-
als with mild AD and comparable between the most and least
mildly impaired participants (eFigure 6 in Supplement 2). Ad-
herence was also problematic, with few patients in the 400-mg
group completing 2 years of treatment and only moderate ad-
herence in the 200-mg and placebo groups.

Figure 3. Change in Mean (SE) Standardised Mini-Mental State Examination (sMMSE) and Bristol Activities of Daily Living Scale (BADLS) Scores
From Baseline to Month 24
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A, Change in sMMSE score from baseline to 24 months. Any dose of
minocycline vs placebo: treatment effect = 0.07; 95% CI, –1.1 to 1.2; P = .90;
400 mg vs 200 mg: treatment effect = 1.17; 95% CI, –0.1 to 2.5; P = .08.
B, Change in BADLS score from baseline to 24 months. Any dose of minocycline
vs placebo: treatment effect = –0.53; 95% CI, –2.4 to 1.3; P = .57; 400 mg vs
200 mg: treatment effect = –0.31; 95% CI, –0.2 to 1.8; P = .77. Baseline scores
are set to zero (baseline sMMSE scores: 26.3 in the 400-mg group, 26.5 in the

200-mg group, and 26.4 in the placebo group; baseline BADLS scores: 5.6 in
the 400-mg group, 4.9 in the 200-mg group, and 5.5 in the placebo group).
Treatment effect is the estimated difference in 2-year decline from repeated
measures analyses; P values are from tests comparing rate of decline between
groups (time by treatment interaction) from repeated measures analyses.
Results from intention-to-treat analysis of 554 patients.

Table 2. Incidence and Severity of Adverse Effects, Reasons for Stopping Treatment, and Serious Adverse
Events by Treatment Allocationa (continued)

Characteristic

Minocycline
Hydrochloride, 400
mg (n = 184)

Minocycline
Hydrochloride, 200
mg (n = 181)

Placebo
(n = 179)

Minocycline vs
Placebo P Value

Dermatologic 0 1 0 .48

Stroke 4 5 12 .02

Psychiatric symptoms and seizures 6 8 4 .33

Cardiocirculatory 14 9 11 .94

Renal 3 2 2 .81

Infection 10 1 19 <.001

Other 7 11 2 .03

Total 78 69 105 <.001

a Differences were compared by χ2

test with associated 2-sided
P values.

b Serious adverse events are adverse
events that were fatal (10 in the
400-mg group, 6 in the 200-mg
group, and 12 with placebo), life
threatening, resulted in or
prolonged hospital admission, or
resulted in disability (further
information in eTable 5A and
eTable 5B in Supplement 2).
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Although the trial protocol specified that outcome
assessments should be obtained irrespective of treatment
compliance, that could not always be achieved despite the
efforts of the trial team. Consequently, differential
follow-up rates could have biased our results. However,
despite the large number of treatment withdrawals in the
400-mg group and the consequent loss to follow-up of
some participants, the results were essentially unchanged in
sensitivity analyses investigating potential bias from miss-
ing data. These analyses indicate that bias from missing
assessments would tend to underestimate decline, and
more so in the 400-mg group than in the 200-mg and pla-

cebo groups, because more assessments were missing from
the 400-mg group. We are consequently confident that
we have not missed a benefit of 400 mg of minocycline
because of missing data.

Conclusions
Two years of minocycline treatment for patients with mild AD
does not result in any clinically meaningful difference in the
rate of decline of cognitive and functional ability. This find-
ing is disappointing but robust.
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Bharti Pathak, Vijayendra Waykar, Kerry Evans,
Dimple Oza, Aliya Turk, Richard Anand, and Joan
Spencer. Manchester Mental Health and Social Care
Trust (23 patients): Iracema Leroi (PI), Lewis Harpin,
Alistair Burns, Christopher Broughton, Hannah
Goldup, Sharon Hall, Lewis Harpin, Adam Kennedy,
Sally-Anne Heasman, Javier Torres Martin,
Stephanie Pacey, Andrew Peers, Jane Smithies,
Maxine Syme, and Michelle Thorpe. Norfolk and
Suffolk NHS Foundation Trust (15 patients): Judy
Rubinsztein (PI), Vandana Menon (PI), Kim
Clipsham, Chris Fox, Zoe Inman, Louise McCarthy,
Juniper West, Silvan Aidasani, Bonnie Teague,
James Curtis, Valerie Dixon, Susan Durrell, Dennis
Liew, Alex McFarlane, and Winnie Ng.
Northamptonshire Healthcare NHS Foundation
Trust (15 patients): Paul Koranteng (PI), Kim Burke,
Tim Crisp, Abby Lovesy, Gayle Borley, Tim Crisp,
Helen Reboul, Sarah Vogel, Jemma Gambrill,
Navdeep Kanwar, Rose Menzel, and Russell
Parsons. Northumberland Tyne and Wear NHS
Foundation Trust (22 patients): Robert Barber (PI),
Victoria Hetherington, Jill Davison, Nichola
Duffelen, Caroline Gerrard, and Matthew Haggerty.
Nottinghamshire Healthcare NHS Trust (21
patients): Rob Jones (PI), Sujata Das (PI), David
Trevor, Craig Beecroft, Kehinde Junaid, David Kelly,
John Lawton, and Effie Pitsillides. Oxford Health
NHS Foundation Trust (26 patients): Rohan
Van Der Putt (PI), Jenny McCleery (PI), Deborah
Cooper, Jemima Hume, Justine Adams, Hazel
Eaton, Rupert McShane, Claire Merritt, Christine
Parker, Gordon Wilcock, Marilyn Arnold, Ioana
Fodor, Orla Macdonald, and David Sharma. Royal
Bournemouth and Christchurch Hospitals NHS
Foundation Trust (2 patients): Divya Tiwari (PI), Jo
Bell, Chantel Cox, Owen David, Emma Gunter, Gail
Hann, Becky Jupp, Catherine Ovington, James
Page, Andrew Williams, Rachel Bower, Alison
Hogan, and Sam Lloyd. Southend University
Hospital NHS Foundation Trust (5 patients): Farhad
Huwez (PI), John Whitear (PI), Paula Harman,
Amirrah Ropun, and Laura Wilson. South London
and Maudsley NHS Foundation Trust (54 patients):
Robert Howard (PI), Olga Zubko, Leeza Almedom,
Lauren Armstrong, Ana Bajo, Rebecca Brendell,
Jack Cahill, Hannah Grocott, Siobhan Hurley, James
Rackie, Arann Rowe, Clive Ballard, Jenny Bousfield,
Elizabeth Highton-Williamson, Zainab Al Noor,
Suzanne Reeves, Melody Smith, Ola Dada, Martin
Heasman, Glynis Ivin, Ian Osborne, Sophie Ward,
and Michael Welds. South Staffordshire and
Shropshire Healthcare NHS Foundation Trust (33
patients): Ejaz Nazir (PI), Paula Dolby, Lucy
Hamilton, Yvette Lycett, Andy Taylor, Ayesha
Bangash, Liz Glaves, Sarah Johnson, Susan
Lavender, Prince Nwaubani, Richard Heys, Felicity
Massey, Ruth Mills, Allison Newman, Sacheev Patel,
Lindsay Rose, Carla Silva, Mark Stallard, Tamir Latif,
Farzad Khalkhali, Sudhakar Anumanchi, Eva Kabir,
Adnan Sharaf, Sajeev Kshemendran, and Rashi
Negi. South West London and St George's Mental
Health NHS Trust (9 patients): Robert Lawrence
(PI), Enitan Eboda, Ashes Howson, Robert
Lawrence, Mustabshira Qayyum, Philip Woodgate,
Laura Dalrymple, Jess Lee, Felicity Mayer, Carl
Holvey, and Aiste Navickaite. St George's University
Hospitals NHS Foundation Trust (20 patients):
Jeremy Isaacs (PI),

Tabindah Khan, Jake Cinco, Chukwuka Orefo, Sally
Goff, Servious Dube, Peter Garrard, Kirsty McMillan,
Emma Saunders, Jennifer Tulloch, Nia Al-Samarrai,
Alice Dainty, and Geoffrey Howell. Surrey and
Borders Partnership NHS Foundation Trust
(30 patients): Ramin Nilforooshan (PI), Ruth Charig,
Jane Gregg, Caroline Khurana, Helen Adams, Jack
Holland, Brian Parsons, Emily Williams, Samantha
Francis, Richard Johnson, Fiona Lockwood, Ailsa
McKay, and Jane Wenham. Sussex Partnership NHS
Foundation Trust (12 patients): Naji Tabet (PI),
Samuel Holden, Gail Chandler, Andrew Risbridger,
Gail Chandler, and Gus Fernandez. West London
Mental Health NHS Trust (3 patients): Sarah
Gregory, Merrie Manalo, Vanessa Raymont (PI),
Bryan Corridan (PI), Craig Ritchie (PI), Tahira
Arshad, Sharon Linsell, and Laura McKee.

Data Sharing Statement: See Supplement 3.

Additional Information: The Collaborative Group
members Dr Jones and Ms Paul died unexpectedly
during the course of the MADE trial.

REFERENCES

1. Alzheimer’s Disease International. World
Alzheimer Report 2015: The Global Impact of
Dementia. London, UK: Alzheimer’s Disease
International; 2015.

2. Vradenburg G. A pivotal moment in Alzheimer’s
disease and dementia: how global unity of purpose
and action can beat the disease by 2025. Expert Rev
Neurother. 2015;15(1):73-82. doi:10.1586/14737175.
2015.995638

3. Karch CM, Goate AM. Alzheimer’s disease risk
genes and mechanisms of disease pathogenesis.
Biol Psychiatry. 2015;77(1):43-51. doi:10.1016/j.
biopsych.2014.05.006

4. Edison P, Donat CK, Sastre M. In vivo imaging of
glial activation in Alzheimer’s disease. Front Neurol.
2018;9:625. doi:10.3389/fneur.2018.00625

5. VanItallie TB. Alzheimer’s disease: innate
immunity gone awry? Metabolism. 2017;69S:S41-S49.
doi:10.1016/j.metabol.2017.01.014

6. Yu Y, Ye RD. Microglial Aβ receptors in
Alzheimer’s disease. Cell Mol Neurobiol. 2015;35(1):
71-83. doi:10.1007/s10571-014-0101-6

7. Heneka MT, Carson MJ, El Khoury J, et al.
Neuroinflammation in Alzheimer’s disease. Lancet
Neurol. 2015;14(4):388-405. doi:10.1016/S1474-
4422(15)70016-5

8. Corbett A, Pickett J, Burns A, et al. Drug
repositioning for Alzheimer’s disease. Nat Rev Drug
Discov. 2012;11(11):833-846. doi:10.1038/nrd3869

9. Appleby BS, Cummings JL. Discovering new
treatments for Alzheimer’s disease by repurposing
approved medications. Curr Top Med Chem. 2013;13
(18):2306-2327. doi:10.2174/15680266113136660162

10. Familian A, Boshuizen RS, Eikelenboom P,
Veerhuis R. Inhibitory effect of minocycline on
amyloid beta fibril formation and human microglial
activation. Glia. 2006;53(3):233-240. doi:10.1002/
glia.20268

11. Seabrook TJ, Jiang L, Maier M, Lemere CA.
Minocycline affects microglia activation, Aβ
deposition, and behavior in APP-tg mice. Glia.
2006;53(7):776-782. doi:10.1002/glia.20338

12. Noble W, Garwood C, Stephenson J, Kinsey AM,
Hanger DP, Anderton BH. Minocycline reduces the
development of abnormal tau species in models of

Research Original Investigation Minocycline vs Placebo for Patients With Mild Alzheimer Disease

E10 JAMA Neurology Published online November 18, 2019 (Reprinted) jamaneurology.com

Downloaded From: https://jamanetwork.com/ by a University of East Anglia Library User  on 11/29/2019

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2019.3762?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2019.3762
https://dx.doi.org/10.1586/14737175.2015.995638
https://dx.doi.org/10.1586/14737175.2015.995638
https://dx.doi.org/10.1016/j.biopsych.2014.05.006
https://dx.doi.org/10.1016/j.biopsych.2014.05.006
https://dx.doi.org/10.3389/fneur.2018.00625
https://dx.doi.org/10.1016/j.metabol.2017.01.014
https://dx.doi.org/10.1007/s10571-014-0101-6
https://dx.doi.org/10.1016/S1474-4422(15)70016-5
https://dx.doi.org/10.1016/S1474-4422(15)70016-5
https://dx.doi.org/10.1038/nrd3869
https://dx.doi.org/10.2174/15680266113136660162
https://dx.doi.org/10.1002/glia.20268
https://dx.doi.org/10.1002/glia.20268
https://dx.doi.org/10.1002/glia.20338
http://www.jamaneurology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2019.3762


Alzheimer’s disease. FASEB J. 2009;23(3):739-750.
doi:10.1096/fj.08-113795

13. Ferretti MT, Allard S, Partridge V, Ducatenzeiler
A, Cuello AC. Minocycline corrects early, pre-plaque
neuroinflammation and inhibits BACE-1 in a
transgenic model of Alzheimer’s disease–like
amyloid pathology. J Neuroinflammation. 2012;9:62.
doi:10.1186/1742-2094-9-62

14. Biscaro B, Lindvall O, Tesco G, Ekdahl CT, Nitsch
RM. Inhibition of microglial activation protects
hippocampal neurogenesis and improves cognitive
deficits in a transgenic mouse model for
Alzheimer’s disease. Neurodegener Dis. 2012;9(4):
187-198. doi:10.1159/000330363

15. Garcez ML, Mina F, Bellettini-Santos T, et al.
Minocycline reduces inflammatory parameters in
the brain structures and serum and reverses
memory impairment caused by the administration
of amyloid β (1-42) in mice. Prog Neuropsychophar-
macol Biol Psychiatry. 2017;77:23-31. doi:10.1016/j.
pnpbp.2017.03.010

16. Choi Y, Kim HS, Shin KY, et al. Minocycline
attenuates neuronal cell death and improves
cognitive impairment in Alzheimer’s disease
models. Neuropsychopharmacology. 2007;32(11):
2393-2404. doi:10.1038/sj.npp.1301377

17. McKhann GM, Knopman DS, Chertkow H, et al.
The diagnosis of dementia due to Alzheimer’s
disease: recommendations from the National
Institute on Aging–Alzheimer’s Association
workgroups on diagnostic guidelines for
Alzheimer’s disease. Alzheimers Dement. 2011;7(3):
263-269. doi:10.1016/j.jalz.2011.03.005

18. Molloy DW, Standish TI. A guide to the
standardized Mini-Mental State Examination. Int

Psychogeriatr. 1997;9(suppl 1):87-94. doi:10.1017/
S1041610297004754

19. Bucks RS, Ashworth DL, Wilcock GK, Siegfried
K. Assessment of activities of daily living in
dementia: development of the Bristol Activities of
Daily Living Scale. Age Ageing. 1996;25(2):113-120.
doi:10.1093/ageing/25.2.113

20. World Medical Association. World Medical
Association Declaration of Helsinki: ethical
principles for medical research involving human
subjects. JAMA. 2013;310(20):2191-2194. doi:10.
1001/jama.2013.281053

21. Lavori PW. Clinical trials in psychiatry: should
protocol deviation censor patient data?
Neuropsychopharmacology. 1992;6(1):39-48.

22. Miguel-Álvarez M, Santos-Lozano A,
Sanchis-Gomar F, et al. Non-steroidal
anti-inflammatory drugs as a treatment for
Alzheimer’s disease: a systematic review and
meta-analysis of treatment effect. Drugs Aging.
2015;32(2):139-147. doi:10.1007/s40266-015-0239-
z

23. Breitner JC, Gau BA, Welsh KA, et al. Inverse
association of anti-inflammatory treatments and
Alzheimer’s disease: initial results of a co-twin
control study. Neurology. 1994;44(2):227-232. doi:
10.1212/WNL.44.2.227

24. McGeer PL, McGeer EG. NSAIDs and Alzheimer
disease: epidemiological, animal model and clinical
studies. Neurobiol Aging. 2007;28(5):639-647. doi:
10.1016/j.neurobiolaging.2006.03.013

25. Gordon PH, Moore DH, Miller RG, et al; Western
ALS Study Group. Efficacy of minocycline in

patients with amyotrophic lateral sclerosis: a phase
III randomised trial. Lancet Neurol. 2007;6(12):
1045-1053. doi:10.1016/S1474-4422(07)70270-3

26. Huntington Study Group DOMINO
Investigators. A futility study of minocycline in
Huntington’s disease. Mov Disord. 2010;25(13):
2219-2224. doi:10.1002/mds.23236

27. Dodel R, Spottke A, Gerhard A, et al.
Minocycline 1-year therapy in multiple-system-
atrophy: effect on clinical symptoms and [(11)C]
(R)-PK11195 PET (MEMSA-trial). Mov Disord. 2010;
25(1):97-107. doi:10.1002/mds.22732

28. Deakin B, Suckling J, Barnes TRE, et al;
BeneMin Study team. The benefit of minocycline on
negative symptoms of schizophrenia in patients
with recent-onset psychosis (BeneMin):
a randomised, double-blind, placebo-controlled
trial. Lancet Psychiatry. 2018;5(11):885-894. doi:10.
1016/S2215-0366(18)30345-6

29. Metz LM, Li DKB, Traboulsee AL, et al;
Minocycline in MS Study Team. Trial of minocycline
in a clinically isolated syndrome of multiple
sclerosis. N Engl J Med. 2017;376(22):2122-2133.
doi:10.1056/NEJMoa1608889

30. Plane JM, Shen Y, Pleasure DE, Deng W.
Prospects for minocycline neuroprotection. Arch
Neurol. 2010;67(12):1442-1448. doi:10.1001/
archneurol.2010.191

31. Scott G, Zetterberg H, Jolly A, et al. Minocycline
reduces chronic microglial activation after brain
trauma but increases neurodegeneration. Brain.
2018;141(2):459-471. doi:10.1093/brain/awx339

Minocycline vs Placebo for Patients With Mild Alzheimer Disease Original Investigation Research

jamaneurology.com (Reprinted) JAMA Neurology Published online November 18, 2019 E11

Downloaded From: https://jamanetwork.com/ by a University of East Anglia Library User  on 11/29/2019

https://dx.doi.org/10.1096/fj.08-113795
https://dx.doi.org/10.1186/1742-2094-9-62
https://dx.doi.org/10.1159/000330363
https://dx.doi.org/10.1016/j.pnpbp.2017.03.010
https://dx.doi.org/10.1016/j.pnpbp.2017.03.010
https://dx.doi.org/10.1038/sj.npp.1301377
https://dx.doi.org/10.1016/j.jalz.2011.03.005
https://dx.doi.org/10.1017/S1041610297004754
https://dx.doi.org/10.1017/S1041610297004754
https://dx.doi.org/10.1093/ageing/25.2.113
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2013.281053?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2019.3762
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2013.281053?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2019.3762
https://www.ncbi.nlm.nih.gov/pubmed/1571068
https://dx.doi.org/10.1007/s40266-015-0239-z
https://dx.doi.org/10.1007/s40266-015-0239-z
https://dx.doi.org/10.1212/WNL.44.2.227
https://dx.doi.org/10.1016/j.neurobiolaging.2006.03.013
https://dx.doi.org/10.1016/S1474-4422(07)70270-3
https://dx.doi.org/10.1002/mds.23236
https://dx.doi.org/10.1002/mds.22732
https://dx.doi.org/10.1016/S2215-0366(18)30345-6
https://dx.doi.org/10.1016/S2215-0366(18)30345-6
https://dx.doi.org/10.1056/NEJMoa1608889
https://jamanetwork.com/journals/jama/fullarticle/10.1001/archneurol.2010.191?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2019.3762
https://jamanetwork.com/journals/jama/fullarticle/10.1001/archneurol.2010.191?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2019.3762
https://dx.doi.org/10.1093/brain/awx339
http://www.jamaneurology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2019.3762

