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Abstract Introduction: Oral rifampicin has been shown to significantly reduce amyloid 8 (AB) and tau pathol-
ogies in mice. However, it shows occasional adverse effects such as liver injury in humans, making its
use difficult for a long period.

Methods: To explore safer rifampicin treatment, APPogk mice, a model of Alzheimer’s disease,
were treated with rifampicin for 1 month via oral, intranasal, and subcutaneous administration,
and its therapeutic efficacy and safety were compared.

Results: Intranasal or subcutaneous administration of rifampicin improved memory more eftectively
than oral administration. The improvement of memory was accompanied with the reduction of neu-
ropathologies, including A oligomer accumulation, tau abnormal phosphorylation, and synapse
loss. Serum levels of a liver enzyme significantly rose only by oral administration. Pharmacokinetic
study revealed that the level of rifampicin in the brain was highest with intranasal administration.
Discussion: Considering its easiness and noninvasiveness, intranasal administration would be the
best way for long-term dosing of rifampicin.

© 2018 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Background before the onset of clinical symptoms [5]. This view promp-
ted us to explore a preventive medicine which is orally avail-
able, has little adverse effects, and is effective at reducing
neurotoxic oligomers with a broad spectrum. Based on these
criteria, we demonstrated that a well-known antibiotic,
rifampicin, is a good candidate [6]. Under cell-free condi-
tions, rifampicin inhibited the oligomer formation of Af,
tau, and o-synuclein, indicating its broad spectrum [6].
When orally administered to aged APPosx mice (AR
oligomer model) for 1 month, rifampicin reduced the accu-
mulation of A oligomers as well as tau abnormal phosphor-
ylation, synapse loss, and microglial activation in a
dose-dependent manner and improved memory to a level

Cerebral accumulation of amyloid oligomers is believed
to be the initial step in the pathogenesis of neurodegenerative
dementia such as Alzheimer’s disease (AD) and tauopathy
[1,2]. Accordingly, reducing the content of amyloid
oligomers has long been hypothesized as a rational
strategy to treat these diseases. Meanwhile, clinical studies
of amyloid P (ApR)-targeting therapies in AD have
revealed that treatment after disease onset has little effect
on patient cognition [3,4]. This finding suggests that the
treatment of neurodegenerative dementia should be started
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similar to that in non-Tg littermates at 1 mg/day [6]. Oral
administration of rifampicin to aged tau609 mice (tauopathy
model) for 1 month also reduced tau oligomer accumulation,
tau hyperphosphorylation, synapse loss, and microglial acti-
vation in a dose-dependent fashion and improved memory
almost completely at 1 mg/day [6].
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Although these results indicate a therapeutic potential of
rifampicin against dementia, rifampicin shows occasional,
nonnegligible adverse effects such as liver injury (https://
livertox.nih.gov/Rifampin.htm) and drug-drug interactions
(https://www.drugs.com/drug-interactions/rifampin.html),
which discourages the use of rifampicin for a long period.
Orally administered rifampicin is absorbed from the intes-
tine, carried to the liver via the portal vein, and largely
metabolized in the liver before entering the blood circula-
tion, resulting in a lowered bioavailability (i.e., first pass
effect). The mechanism of rifampicin-induced hepatotox-
icity is unknown and unpredictable, as there is no evidence
for the presence of a toxic metabolite of rifampicin.
Rifampicin-related drug-drug interactions are thought to
occur via activation of the nuclear pregnane X receptor
in hepatocytes that in turn upregulates the expression of cy-
tochrome P450 and P-glycoprotein; the former metabo-
lizes many drugs, and the latter mediates drug adsorption
and efflux [7]. Thus, the delivery of rifampicin directly
to the brain or the promotion of brain penetration of rifam-
picin through the blood-brain barrier by increasing rifam-
picin bioavailability to avoid the fast pass effect would
permit a lower rifampicin dose and in turn reduce the
risk of adverse effects.

To explore safer rifampicin treatment, we tested several
routes of rifampicin application (oral, intranasal, and subcu-
taneous) in aged APPogk mice and compared their therapeu-
tic efficacy and safety. APPogk mice are a transgenic (Tg)
mouse model of AD that express A} oligomer-related pa-
thologies without forming amyloid plaques by the presence
of the Osaka mutation [8]. The mice display intraneuronal
accumulation of A oligomers and subsequent tau abnormal
phosphorylation, synapse loss, and memory impairment at
8 months, microglial activation at 12 months, and neuronal
loss at 24 months. Thus, APPosk mice are an ideal model
for investigating the effects of rifampicin on AP oligomers
in vivo. The results in the present study show that intranasal
and subcutaneous administration is safer and more effective
than oral administration and that intranasal application
achieves the highest brain delivery of rifampicin.

2. Methods
2.1. Rifampicin treatment to APP sk mice

Rifampicin is usually prescribed to adult humans at
10 mg/kg orally once a day for tuberculosis (https://www.
drugs.com/dosage/rifampin.html). Assuming a mean body
weight of adult mice of 30 g, the mean dose for mice corre-
sponds to 0.3 mg a day. We decided the daily dose of rifam-
picin for mice in our initial experiment as 0.25 mg. For oral
and subcutaneous administration, rifampicin was dissolved
to 0.83 mg/mL in 0.5% low-viscosity carboxymethylcellu-
lose (CMC; Sigma). Three hundred micro liters of the solu-
tion (i.e., 0.25 mg) was administered orally using feeding
needles or subcutaneously using injectors to 11-month-old

male APPogk mice 5 days a week (Monday through Friday)
for 1 month. For intranasal administration, rifampicin was
dissolved to 25 or 5 mg/mL in 0.5% CMC. Mice were
held in an upright to supine position without anesthesia,
and 10 pL of the rifampicin solution (i.e., 0.25 or 0.05 mg)
was administered into the bilateral nasal cavity using
10 pL. MiniFlex Round Tips (Sorenson BioScience, Inc.,
Salt Lake City, UT), utilizing capillary phenomenon. As
controls, age-matched Tg and non-Tg littermates were
treated with CMC solution intranasally and orally, respec-
tively. All treatments were performed without prior habitua-
tion of mice to handling. All animal experiments were
approved by the ethics committee of Osaka City University
(Osaka, Japan) and performed in accordance with the Guide
for Animal Experimentation, Osaka City University.

2.2. Behavioral test

Spatial reference memory in mice was assessed at
12 months of age using the Morris water maze, as described
previously [6]. Mice were trained to swim to a hidden plat-
form for four consecutive days, and the retention of spatial
memory was assessed by a probe trial on day 5. Rifampicin
treatment was continued during the behavioral test. To
ensure that APPosk mice have normal locomotor activity,
their spontaneous locomotion in the light and dark was
measured by an open field test at 18 months of age, as
described previously [9]. In brief, mice were allowed to
search freely in a square acrylic box (30 X 30 cm) for
20 min. The light attached to the ceiling of the enclosure
was on during the first 10 min (light period) and off during
the later 10 min. On each x and y bank of the open field,
two infrared rays were attached 2 cm above the floor at
10 cm intervals, making a flip-flop circuit between the two
beams. The number of beam crossing was counted every
min as traveling behavior of mice.

2.3. Measurement of liver enzymes

After the water maze task, blood was collected under
anesthesia, and sera was separated by centrifugation. The
levels of liver enzymes aspartate transaminase (AST, also
known as GOT) and alanine transaminase (ALT, also known
as GPT) in the sera were measured using a 7180 Clinical
Analyzer (Hitachi High-Technologies, Tokyo, Japan) with
L-type Wako AST-J2 and ALT-J2 reagents (Wako Pure
Chemical Industries, Osaka, Japan).

2.4. Immunohistochemical analysis

After collecting blood samples, mice were divided into
two groups: one for immunohistochemical analysis and the
other for biochemical analysis. Coronal brain sections
were prepared every 5 pm from the position of interaural
2.0 mm toward the caudal end, and immunohistochemical
staining was performed as described previously [6]. AP olig-
omers were stained with mouse monoclonal 11A1 antibody
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(IBL, Fujioka, Japan), and the staining intensity in a constant
area of the pyramidal cell layer in the hippocampal CA3 re-
gion was quantified using National Institutes of Health Im-
agel software, as described previously [6]. Phosphorylated
tau was visualized with mouse monoclonal PHF-1 antibody
(akind gift from Dr. Peter Davies, Albert Einstein College of
Medicine), and the staining intensity in a constant area of the
mossy fibers in the hippocampal CA2-CA3 region was quan-
tified. Synaptophysin was stained with mouse monoclonal
antibody to synaptophysin (SVP-38; Sigma), and synapse
levels in the apical dendritic-somata field in the hippocampal
CA2-CA3 region were evaluated by quantifying the staining
intensity in a constant area. Data were standardized with the
background intensity in each section, and the mean values of
staining intensity were calculated from randomly selected
two sections per animal. We assume that synaptophysin in-
tensity reflects synapse level, but other possibilities cannot
be ruled out: lower synaptophysin intensity may simply
represent its lesser expression in neurons, rather than fewer
synapses, or its reduced binding to the antibody.

2.5. Biochemical analysis

Hippocampal tissues were dissected from mouse brains
and homogenized by sonication in 4 volumes of 50 mM
Tris-HCI, pH 7.6, and 150 mM NaCl (Tris-buffered saline
[TBS]) containing 1/100 volume of protease inhibitor cock-
tail (P8340; Sigma-Aldrich). The homogenates were sub-
jected to Western blot with SVP-38 antibody for
synaptophysin and rabbit polyclonal antibody to actin
(Sigma-Aldrich). Signals were visualized and quantified us-
ing an ImageQuant LAS 500 (GE Healthcare Bio-Sciences,
Uppsala, Sweden).

The remaining brain tissues minus the cerebellum were
homogenized in four volumes of TBS containing P§340 us-
ing a tissue grinder with Teflon pestle. The homogenates
were fractionated by three-step ultracentrifugation,
including TBS, 2% sodium dodecyl sulfate (SDS), and
70% formic acid (FA) extraction, essentially as described
previously [8]. SDS and FA extracts were dialyzed against
TBS at 4°C overnight using Slide-A-Lyzer Dialysis Cassette
G2 with 2K cutoff membrane (Thermo Scientific). The
levels of AP40, AB42, and AP oligomers in each fraction
were measured using Human  Amyloid(1-40) enzyme-
linked immunosorbent assay (ELISA) kit Wako II, Human
B Amyloid(1-42) ELISA kit Wako, High-Sensitive (both
from Wako Pure Chemical Industries), and Human Amyloid
B Oligomers (81E1-specific) Assay kit-IBL (IBL), respec-
tively. AP oligomers were also measured by direct ELISA
with 11A1 antibody, as described previously [6].

2.6. Pharmacokinetic study

Radiolabeled rifampicin (rifampicin, [4-methylpiperazine-
3H]-, specific activity; 1.57 TBg/mmol) was a product of Mor-
avek (Brea, CA). Tissue solubilizer (Soluene-350®) and scin-

tillation cocktail (Clear-sol I®) were purchased from
PerkinElmer (Waltham, MA) and Nacalai Tesque (Kyoto,
Japan), respectively. Unlabeled rifampicin was dissolved in
phosphate buffered saline (PBS) at the concentration
250 pg/mL for intranasal application and 25 pg/mL for oral
and subcutaneous application. To each solution, *H-rifam-
picin was added at the dose 92.5 kBqg/mice.

Male ddY mice weighing 25 g were purchased from
Japan SLC (Shizuoka, Japan). All animal experiments
were conducted according to the principles and procedures
outlined in the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (National Institutes
of Health publication #85-23). The Animal Experiment
Committee of Kyoto Pharmaceutical University approved
all protocols of animal experiments. The dosing solution
of rifampicin was applied into bilateral nasal cavity
(10 pL), subcutaneously (100 pL), or orally (100 pL). At a
predetermined time (15, 30, 60, 120, or 180 min) after appli-
cation, blood was collected from the portacaval vein. Soon
after blood sampling, saline including heparin was flushed
by perfusion from the left cardioventricule to remove the
blood from the cerebral blood vessel, and the whole brain
was taken. The dissected brain was washed with ice-cold sa-
line. Plasma was obtained from whole blood by centrifuga-
tion. For decoloration, the plasma (100 pnL) was treated with
100 pL of 30% hydrogen peroxide at 0°C for 5 min. The
brain tissue was minced, weighed, and solubilized with
1 mL of Soluene 350® in the counting vial. After complete
solubilization, 200 uL of 10 N HCI was added to each sam-
ple for neutralization. After the addition of 5 mL scintillation
cocktail (Clear-sol I®) to the treated plasma and brain tissue,
radioactivity was determined with a liquid scintillation
counter, LSC6100 (Hitachi Aloka Medical, Ltd, Mitaka,
Tokyo, Japan).

2.7. Statistical analysis

All experiments and data analyses were performed under
unblinded conditions. Comparisons of means among more
than two groups were performed using analysis of variance
or two-factor repeated measures analysis of variance (for
the behavioral test), followed by Fisher’s PLSD test (for
immunohistochemistry and the behavioral test) or Tukey-
Kramer test (for ELISA and Western blot). For results
from the pharmacokinetic study, the difference was analyzed
with Dunnett’s test. Differences with a P value of <.05 were
considered significant.

3. Results

3.1. Effects of differently administered rifampicin on
memory in APP osx mice

The spatial reference memory of mice was assessed
by the Morris water maze after 1-month treatment with
rifampicin. CMC-treated 12-month-old APPosk mice
showed significantly impaired memory compared with
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CMC-treated age-matched non-Tg littermates (Fig. 1A).
Oral administration of rifampicin at 0.25 mg/day improved
memory, but the effect was incomplete. Previously,
we showed that 0.5 mg/day of oral rifampicin achieved
almost complete recovery of mouse memory in 12-month-
old APPosk mice, but that in 18-month-old mice more
than 1 mg/day of rifampicin was necessary to restore mem-
ory to the levels of age-matched non-Tg littermates [6].
These observations collectively indicate that the effect of
rifampicin on memory is very sensitive to the age of the
recipient and the daily dose of rifampicin. In contrast to
oral administration, intranasal or subcutaneous treatment
with the same dose (i.e., 0.25 mg/day) of rifampicin
improved mouse memory almost completely. Notably,
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when administered intranasally, even 0.05 mg/day of rifam-
picin produced a sufficient improvement of mouse memory
to a level similar to that of oral administration at 0.5 mg/day
for age-matched mice [6]. In probe trials, all rifampicin
treatments improved memory retention in mice (Fig. 1B).
Intranasal and subcutaneous treatments appeared to be
more effective than oral administration.

To ensure that APPoskx mice have normal locomotor ac-
tivity, their exploration-motivated locomotion in a novel
environment was measured in the light and dark phase by
an open field test at 18 months of age. APPogk mice dis-
played a pattern of spontaneous locomotion similar to that
of age-matched non-Tg mice (Fig. 1C), implying that the
Tg mice had no problem in locomotor activity.
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Fig. 1. Effects of differently administered rifampicin on memory in APPogk mice. (A and B) Rifampicin (RFP) was administered to APPogk mice orally (p.o.),
intranasally (i.n.) or subcutaneously (s.c.) at 0.25 or 0.05 mg/day for 1 month. As controls, carboxymethylcellulose (CMC) solution was administered to age-
matched Tg and non-Tg littermates. (A) Spatial reference memory in mice was assessed at 12 months of age using the Morris water maze. Each point represents
the mean of five trials per day = SEM (sample number for each group is shown). The differences between groups were evaluated using two-factor repeated
measures analysis of variance followed by Fisher’s PLSD test. *P = .0027 vs. Non-Tg, P = .0038 vs. RFP (i.n.) (0.25 mg), P = .0059 vs. RFP (i.n.)
(0.05 mg), P =.0029 vs. RFP s.c. (0.25 mg). (B) Retention of memory was assessed by a probe trial on day 5. Data are given as time occupancy in the target
quadrant. (C) Locomotor activity of APPosk mice in the light and dark was measured at 18 months of age by an open field test. Spontaneous locomotion of mice
was estimated by the number of their beam crossing. Each point represents the mean = SEM (n = 10 for each group). Abbreviation: SEM, standard error of the

mean.
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3.2. Effects of differently administered rifampicin on
neuropathology in APP o5 mice

After the water maze task, mice were divided into two
groups: one for immunohistochemical analysis and the
other for biochemical analysis. Brain sections were stained
with 11A1, PHF-1 (anti-pSer396/404-tau), and anti-
synaptophysin antibodies for AP} oligomers, tau phosphor-
ylation, and synapse loss. Rifampicin reduced 11Al-
positive staining in the hippocampal CA3 region regardless
of the administration route (Fig. 2A). Intranasal rifampicin
at 0.25 mg/day was most effective at reducing Af oligo-
mers (Fig. 2B). Brain homogenates were separated into
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AB40, AB42, and AP oligomers were measured by ELISA.
Rifampicin significantly reduced AB40 and AP42 in the
SDS-soluble fraction and tended to decrease them in the
TBS-soluble fraction but showed no discernible effect in
the FA-soluble fraction (Fig. 2C). AP oligomers were
significantly decreased in the TBS-soluble fractions and
tended to decrease in the SDS- and FA-soluble fractions
by rifampicin treatment. Rifampicin also decreased PHF-
1-positive staining in the hippocampal mossy fibers regard-
less of the administration route (Fig. 3A). Intranasal and
subcutaneous rifampicin at 0.25 mg/day displayed a signif-
icant effect, whereas oral rifampicin at the same dose
showed a weaker effect than even 0.05 mg/day intranasal
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Fig. 2. Effects of differently administered rifampicin on AB accumulation in APPngk mice. After the behavioral test, the mice were divided into two groups: one
for immunohistochemical analysis and the other for biochemical analysis. (A) Brain sections were stained with A oligomer-specific 11A1 antibody. The pho-
tographs were taken from the hippocampal CA3 region. Scale bar = 30 um. (B) The staining intensity in a constant area was quantified. Each bar represents the
mean = SEM (n = 6 for each group). AU, arbitrary unit. (C) Brain homogenates were separated into TBS-, SDS-, and FA-soluble fractions and subjected to
AB40, AP42, and AP oligomer sandwich ELISA. A oligomers were also measured by direct ELISA with 11A1 antibody. Each bar represents the mean = SEM
(n = 5 for CMC and subcutaneous RFP groups, and n = 6 for oral and intranasal RFP groups). *P < .05 vs. CMC treatment by Tukey-Kramer test. Abbrevi-
ations: AP, amyloid B; CMC, carboxymethylcellulose; ELISA, enzyme-linked immunosorbent assay; FA, formic acid; SDS, sodium dodecyl sulfate; SEM,

standard error of the mean; TBS, Tris-buffered saline.



T. Umeda et al. / Alzheimer’s & Dementia: Translational Research & Clinical Interventions 4 (2018) 304-313 309
B 10 l P=0.0422 |
P =0.0397
3 8
<
P
S st ® 6
p.o. s.c. E,
0.25 mg/day 0.25 mg/day 0.05 mg/day 0.25 mg/day -g) 4
=
\ -
RFP \ ® 2
CMC 025 025 0.05 025 RFP
p.o. — 5 sc (mg/day)
D
30 P=0.0023
P=0.0008
P=0.0014 P=0.0009
i1
2 P =0.0281
(2]
§ g_ 20
p.o. s.c. E 8
0.25 mg/day 0.25 mg/day 0.05 mg/day 0.25 mg/day ‘D ;
g - &7 2 : = 2 10
Q.
28
83
RFP %. <
CMC CMC 0.25 0.25 0.05 0.25 RFP
PO —=— S (mg/day)
Non-Tg —
30 um Tg
E Tg 1501
Non-Tg ) £ P<0.05
po. — M sc RFP 85
CMC CMC 025 025 005 025 (mg/day) = 1001
. ¥ [
Synaptophysin ' 4 = "ePeowmeenen _gg
‘ 25 gl
Acin (S0 - - - - - --- Se 0
&
CMC CMC 025 0.25 0.05 025 RFP
0. —7n— (mg/day)

Non-Tg

Tg

Fig. 3. Effects of differently administered rifampicin on tau phosphorylation and synapse loss in APPosk mice. Rifampicin-treated mice were further analyzed.
(A) Brain sections were stained with PHF-1 (anti-pSer396/404-tau) antibody. The photographs were taken from the hippocampal CA2/3 region. Scale
bar = 30 um. (B) The staining intensity in a constant area was quantified. Each bar represents the mean = SEM (n = 6 for each group). (C) Brain sections
were stained with anti-synaptophysin antibody. The photographs were taken from the hippocampal CA2/3 region. Scale bar = 30 pm. (D) The staining intensity
in a constant area was quantified. Each bar represents the mean = SEM (n = 6 for each group). (E) Hippocampal homogenates were subjected to Western blot for
synaptophysin and actin. The intensity of each signal was quantified. Each bar represents the mean = SEM (n = 6 for non-Tg, oral and intranasal RFP groups,
and n = 5 for CMC and subcutaneous RFP groups). Abbreviations: CMC, carboxymethylcellulose; SEM, standard error of the mean.

rifampicin (Fig. 3B). Furthermore, rifampicin restored syn-
aptophysin levels in the hippocampal CA3 region regard-
less of the administration route (Fig. 3C). Again, oral
rifampicin showed a weaker effect than the other adminis-
tration routes, including intranasal rifampicin at 0.05 mg/
day (Fig. 3D). The rifampicin-mediated recovery of synap-
tophysin levels was confirmed by Western blot with hippo-
campal homogenates. Intranasal rifampicin at 0.25 mg/day
was most effective, whereas oral rifampicin at the same
dose showed incomplete recovery (Fig. 3E).

3.3. Hepatotoxicity of differently administered rifampicin
in APP o5x mice

The levels of AST and ALT in the sera were measured to
estimate adverse effects of rifampicin. As shown in
Table 1, the serum levels of AST remained normal even after
1-month subcutaneous administration, slightly and dose-
dependently increased with intranasal administration, and
markedly rose with oral administration. These results suggest
that oral application of rifampicin risks liver dysfunction. In
spite of the AST alteration, the levels of ALT did not change.
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Table 1 Table 2
Serum levels of liver enzymes after 1-month rifampicin treatment AUC values after single rifampicin administration (2.5 pg/mouse)
NOH-Tg APPOSK mice AUCplnsma AUCbrﬂin
Rifampicin (mg/day) Oral 4039.0 69.7
Intranasal 8724.7 279.2
CMC eMCE 0.3 025 005 023 Subcutaneous 11,573.6 1445
Oral Intranasal Oral Intranasal Intranasal Subcutaneous Abbreviations: AUC, area under the curve; AUCjuema, area under the
n=10 n=9 n=12 n=12 n=11 n=10 curve of the concentrations in the plasma; AUCy,;,, area under the curve
of the concentrations in the brain.
AST 74 =5 104 = 13 248 = 56% 189 =25 16532 726
ALT 29*+1 35*+3 39=x5 455 40+10 29 =2

Abbreviations: AST, aspartate transaminase; ALT, alanine transaminase;
CMC, carboxymethylcellulose; SEM, standard error of the mean.

Note. Values represent the mean = SEM (IU/L).

*#P < .05 vs. Non-Tg mice, CMC-treated Tg mice, and subcutaneous
rifampicin-treated Tg mice by Tukey-Kramer test.

3.4. Pharmacokinetics of differently administered
rifampicin in normal mice

The pharmacokinetics of rifampicin was studied in
normal mice. The concentrations of rifampicin in the plasma
and the brain were measured after a single administration as
a function of time. Regardless of the administration route,
the concentration in plasma increased rapidly during the
initial 15 min after administration and subsequently stabi-
lized, but at different values, with subcutaneous administra-
tion giving the highest concentration and oral administration
giving the lowest (Fig. 4A). On the contrary, in the brain,
intranasal administration led to the highest concentration
of rifampicin in the brain, and oral administration led to
the lowest, indicating an enhanced delivery of rifampicin
to the brain by intranasal application (Fig. 4B). For quantita-
tive comparisons, the area under the curve of the concentra-
tions in the plasma (AUCpjasma) and the brain (AUCypy,in) up
to 180 min after administration were calculated (Table 2).
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AUCy,,;, after intranasal application was twice that after
subcutaneous application. Since the target organ of rifam-
picin is the brain, high plasma concentration is a risk factor
of peripheral side effects.

4. Discussion

Previously, we showed that oral rifampicin significantly
reduces A and tau pathologies in model mice of AD and
tauopathy [6], indicating its potential in dementia treatment.
However, rifampicin shows occasional adverse effects such
as liver injury and drug-drug interaction, making it difficult
to use for a long period in humans, particularly in elderly
people who usually take various medicines. To explore safer
rifampicin treatment, we compared oral, intranasal, and sub-
cutaneous administrations in aged APPogk mice for thera-
peutic efficacy and hepatotoxicity, the latter of which was
evaluated by measuring the serum levels of liver enzymes.
We found that intranasal and subcutaneous administrations
were safer and more effective at improving memory and
attenuating neuropathology than oral administration.
Notably, intranasal rifampicin at 0.05 mg/day had more
beneficial effects than 0.25 mg/day oral rifampicin.

The lower therapeutic efficacy of oral rifampicin is
probably due to its lower bioavailability. P-glycoprotein
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Fig. 4. Pharmacokinetics of differently administered rifampicin in normal mice. A mixture of unlabeled and radiolabeled rifampicin was single administered to
wild-type mice orally (p.o.), intranasally (i.n.), or subcutaneously (s.c.) at a dose of 2.5 pg/mouse. At the indicated time (15, 30, 60, 120, or 180 min) after
application, blood and whole brains were collected. Plasma (A) and brain homogenates (B) were prepared, and radioactivity in the samples was determined
with a liquid scintillation counter. Each bar represents the mean = SEM (n = 3 for each point except for n = 4 at 120 min after intranasal application and
at 15 min after subcutaneous application). *P < .05 vs. p.o., P < .01 vs. p.o., **P < .01 vs. s.c. by Dunnett’s test. Abbreviation: SEM, standard error of

the mean.
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is expressed on intestinal [10] and nasal epithelial cells
[11] and mediates drug adsorption and efflux, including
those of rifampicin [12]. While the transepithelial perme-
ability of rifampicin is high, P-glycoprotein works as a
barrier against rifampicin absorption. The efflux of rifam-
picin by P-glycoprotein in the intestine could explain the
low bioavailability of oral rifampicin. Although nasal
epithelial P-glycoprotein may also reduce the absorption
of rifampicin from the nasal cavity, its efflux capacity
may be easily saturated because the concentration of
rifampicin in the nasal dosing solution is higher than
that in the oral dosing solution. Thus, the inhibition of
rifampicin adsorption by P-glycoprotein in nasal epithe-
lial cells is likely small compared with that in intestinal
epithelial cells. According to Hosagrahara et al. [13],
repeated oral dosing of rifampicin induces the expression
of P-glycoprotein in intestinal epithelial cells in mice.
They found AUC;jasma of rifampicin after 5-day oral
application was decreased to 40% that after 1-day oral
application due to the increased expression of P-glyco-
protein in the intestine. This finding implies that in the
present study, the actual brain distribution of rifampicin
in mice after 1-month oral application might be lower
than that after the single oral application shown in
Fig. 4. Another reason for the low bioavailability of
oral rifampicin would be that orally administered rifam-
picin undergoes the first pass effect. Rifampicin absorbed
from the intestine is carried to the liver, where a large
portion of rifampicin would be inactivated and/or
degraded by the function of hepatic cytochrome P450 en-
zymes before entering the blood circulation. Intranasal
and subcutaneous rifampicin can avoid this first pass
metabolism.

Consistent with the previous explanations, rifampicin
is known to upregulate the expression of cytochrome
P450 and P-glycoprotein in hepatocytes, which could
have an effect on the metabolism of other drugs [7].
The rifampicin-induced alteration of drug metabolism
leads to a decreased efficacy of drugs concomitantly
administered with rifampicin (i.e., drug-drug interaction).
In addition, rifampicin occasionally causes liver injury by
an unidentified mechanism. These adverse effects are
likely elicited during the first pass metabolism of rifam-
picin in the liver, which is attributed to its oral applica-
tion. Thus, oral administration of rifampicin has
disadvantages in both therapeutic efficacy and safety
compared with intranasal and subcutaneous administra-
tion. Our results indicate that intranasal rifampicin
caused a slight, dose-dependent increase in serum AST,
which is a measure of liver dysfunction. However, we
assumed that this effect occurred because the applied vol-
ume (10 pL) was too high for mice and therefore a
portion of rifampicin administered into the nasal cavity
overflowed and was swallowed from the back of the nos-

tril and into the stomach. An appropriate volume of
rifampicin and an adequate spraying device and drug car-
rier for intranasal application could prevent this side ef-
fect in humans.

It is known that efficient brain drug delivery is feasible
by nasal application [14]. Not only small-size drugs but
also proteins [15], DNA [16], and even cells [17] can
be delivered directly through the nose-to-brain pathway.
However, P-glycoprotein is also expressed highly on cere-
bral vascular endothelial cells [18]. This expression
would be an obstacle for subcutaneously administered
rifampicin to enter the brain via the blood-brain barrier.
In contrast, intranasal rifampicin avoids P-glycoprotein
at the blood-brain barrier. The observed higher brain dis-
tribution and lower plasma concentration of rifampicin
after intranasal application in this study is presumably a
result of this bypass. Zhang et al. [19] proposed the direct
transport percentage to evaluate the contribution of direct
brain delivery. When calculating direct transport percent-
age, it is assumed that the brain uptake of rifampicin from
systemic circulation is linearly correlated with AUCjasma-
Using a slight modification of the direct transport percent-
age, we found direct delivery resulted in 75.1% of total
brain uptake of rifampicin 120 min after intranasal appli-
cation.

Effective drug treatments for the prevention and treat-
ment of dementia require an easy and noninvasive drug
application because regular administration is conducted
for a long period. In this regard, oral and needle-free intra-
nasal administrations have advantages over subcutaneous
administration. In AD, long-term intranasal drug applica-
tion has been pursued with insulin. A pilot clinical trial
of intranasal insulin in patients with AD and mild cognitive
impairment revealed that 4-month application improved
delayed memory and cognitive dysfunction and preserved
the functional ability of patients without severe adverse
events [20,21]. The same research group performed
another clinical trial with insulin detemir, a long-acting in-
sulin analog, and confirmed that intranasal treatment
improved cognition in patients [22]. In these studies, the
drug administration was carried out with a commercial
nasal drug delivery device, which with minor modifications
would also be applicable to the intranasal application of
rifampicin.

Recently, growing attention has been paid to the possible
role of gut microbiota in cognition and dementia [23-26].
Similarly to other antibiotics [23], rifampicin may also affect
gut microbiota to influence brain function. However, our re-
sults indicate that intranasal or subcutaneous application of
rifampicin was more effective than oral application to
improve memory, suggesting that rifampicin directly acts
on the brain without involving gut microbiota.

In conclusion, the intranasal or subcutaneous administra-
tion of rifampicin was safer and more effective than oral
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administration to improve memory and reduce neuropa-
thology in model mice of AD. In addition, intranasal appli-
cation achieved the highest brain delivery of rifampicin.
Considering its easiness and noninvasiveness, intranasal
administration would be the best way for long-term dosing
of rifampicin. Our findings provide a novel approach to the
prevention of dementia.
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RESEARCH IN CONTEXT

1. Systematic review: Recent evidence indicates the
significance of dementia prevention, but no effective
and safe preventive medicines have been developed.
Previously, we showed that oral administration of
rifampicin significantly reduced amyloid B (AB)
and tau pathologies in model mice, indicating its
therapeutic potential. However, rifampicin shows oc-
casional adverse effects such as liver injury and drug-
drug interaction in humans, making its use difficult
for a long period.

2. Interpretation: The present study shows that intra-
nasal and subcutaneous rifampicin administration
was safer and more effective than oral administra-
tion. Considering its easiness and noninvasiveness,
intranasal administration would be the best way for
long-term dosing of rifampicin.

3. Future direction: Rifampicin is a generic drug at pre-
sent and can be supplied cheaply. Therefore, even
long-term use of rifampicin would be inexpensive,
which is quite important, particularly in emerging
countries. We believe our findings provide a novel
approach to the prevention of neurodegenerative
dementia.
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