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Rationale: A major priority in tuberculosis (TB) is to reduce effective
treatment timesandemergenceof resistance.Recent studies inmac-
rophages and zebrafish show that inhibition ofmycobacterial efflux
pumpswith verapamil reduces the bacterial drug tolerance andmay
enhance drug efficacy.
Objectives: Usingmice, amammalianmodel known topredict human
treatment responses, and selecting conservative human bioequiva-
lent doses, we tested verapamil as an adjunctive drug together with
standard TB chemotherapy. As verapamil is a substrate for CYP3A4,
which is induced by rifampin, we evaluated the pharmacokinetic/
pharmacodynamic relationships of verapamil and rifampin coad-
ministration in mice.
Methods: Using doses that achieve human bioequivalent levels
matched to those of standard verapamil, but lower than those of
extended release verapamil, we evaluated the activity of verapamil
addedtostandardchemotherapy inbothC3HeB/FeJ (whichproduce
necroticgranulomas)andthewild-typebackgroundC3H/HeJmouse
strains. Relapse rates were assessed after 16, 20, and 24 weeks of
treatment in mice.
Measurements and Main Results: We determined that a dose adjust-
ment of verapamil by 1.5-fold is required to compensate for concur-
rent use of rifampin during TB treatment. We found that standard
TB chemotherapy plus verapamil accelerates bacterial clearance in
C3HeB/FeJ mice with near sterilization, and significantly lowers re-
lapse rates in just 4 months of treatment when compared with mice
receiving standard therapy alone.
Conclusions: These data demonstrate treatment shortening by ve-
rapamil adjunctive therapy in mice, and strongly support further
study of verapamil and other efflux pump inhibitors in human TB.
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Tuberculosis (TB), a disease affecting millions of people world-
wide, requires treatment of patients with multiple drugs for sev-
eral months. The complexity and length of therapy has led to the
emergence of extensively drug-resistant Mycobacterium tuber-
culosis, which poses a global threat (1). The limited number of
new antimicrobials in the TB drug development pipeline further

emphasizes the need for fresh approaches in TB therapy.
Repurposing existing approved drugs that may serve as treatment-
shortening adjuvants is a promising and relatively efficient approach
(2). Efflux pump inhibitors (EPIs) are potential agents in this
category, and there have been initial promising reports for licensed
agents, such as verapamil, reserpine, and piperine (3).

Recently, Adams and colleagues (4) showed that the bacte-
rial efflux pump–encoding gene, Rv1258c promotes intracellular
bacterial survival, and may mediate drug tolerance. Addition of
verapamil reduced tolerance to rifampin in both M. tuberculosis
and Mycobacterium marinum, and incubation of M. marinum–
infected macrophages with verapamil reduced intracellular
bacterial growth. When verapamil was added to isoniazid-
and rifampin-treated M. marinum–infected macrophages, it re-
stored antibiotic killing by reducing tolerance by more than
twofold. This implies that verapamil may play a role in increasing
the efficacy of existing antitubercular therapy.

Many of the EPIs like verapamil and reserpine have been
shown to have an effect on drug-resistantM. tuberculosis in vitro.
Reserpine is an ATP-dependent EPI that is shown to increase
intracellular concentrations of ciprofloxacin and enhances suscep-
tibility of some clinical isolates of M. tuberculosis (5). Reserpine
also decreases the effective minimum inhibitory concentra-
tion (MIC) of linezolid both in drug-susceptible and -resistant
M. tuberculosis strains. Verapamil inhibitsM. tuberculosis efflux
pumps in a calcium channel–independent manner. Interestingly,
it has been shown previously that blocking calcium channels
in vivo inM. tuberculosis–infected mice using specific antibodies
significantly reduced bacterial loads (6). Induction of efflux pump
expression or mutations enhancing pump activity may explain
the newly attained multidrug resistance and tolerance induced
by antimicrobial drug exposure (7–12). Furthermore, several
mycobacterial efflux pumps, including Rv1258c, and their regu-
lators are induced during macrophage infection (10, 13–18).
Several of the EPIs enhance the activity of antimycobacterial
drugs on drug-resistant M. tuberculosis in vitro and in vivo;
these include the currently approved pump inhibitors, verap-
amil, reserpine, and thioridazine (3).
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Recent work has shown that, upon macrophage infection,
Mycobacterium tuberculosis becomes tolerant to antitubercu-
lar drugs in a bacterial efflux pump–mediated process.

What This Study Adds to the Field

Our findings indicate that the addition of verapamil accel-
erates both the bactericidal and the sterilizing activity of
standard tuberculosis treatment in an animal model.
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Here, we explored the activity of verapamil in the mouse
model, a model representative of chemotherapy of human TB,
in which verapamil (V) is added to the standard 6-month daily
regimen (2 mo of isoniazid [H], rifampin [R], and pyrazinamide
[Z] followed with 4 mo of isoniazid and rifampin). The study was
conducted in two different strains ofmice—namely, C3H/HeJ and
C3HeB/FeJ (commonly referred to in the literature as Kramnik
mice). C3H/HeJ is a wild-type mouse strain commonly used for
M. tuberculosis infection models. C3HeB/FeJ mice, which are
derived from C3H mice, are of interest because, upon M.
tuberculosis infection, they show more abundant tissue destruction
in the lungs than C3H/HeJ mice (19). Indeed, M. tuberculosis–
infected C3HeB/FeJ mice display lung granulomas with promi-
nent necrotic areas of degenerating cells and dense infiltrates of
neutrophils, which more closely resemble human granulomas than
do the lesions of C3H/HeJ mice. We chose to do the study in
C3HeB/FeJ mice, because this strain develops large, granuloma-
like lesions, which are likely to harbor higher numbers of drug-
tolerant bacteria akin to those studied by Adams and colleagues
(4). Endpoints for our study were lung bacterial cfu counts, gross
pathology, and histopathology. We also calculated the proportion
of mice with culture-positive relapse 3 months after the comple-
tion of 4, 5, and 6 months of the indicated drug regimen.

METHODS

Animals

Approximately 6-week-old female C3H/HeJ and C3HeB/FeJmice were
purchased from The Jackson Laboratory (Bar Harbor, ME). Infected
mice were maintained in an animal biosafety level 3 laboratory at all
times. The mice used in the pharmacokinetic studies were housed in
a pathogen-free environment.

Bacterial and Cell Culture Stocks

M. tuberculosis H37Rv passaged in mice was obtained from the Johns
Hopkins Center for Tuberculosis Research stocks (Johns Hopkins Cen-
ter for Tuberculosis Research, Baltimore, MD). For preparation for
infections, the mycobacteria was grown to an optical density at 600 nm of
approximately 1.0 in 7H9 Middlebrook liquid medium supplemented
with oleic acid-albumin-dextrose-catalase (Becton Dickinson, Sparks,
MD), 0.5% glycerol, and 0.05% Tween-80 (Sigma, St. Louis, MO).

Pharmacokinetics of Verapamil in Mouse

Single-dose serum pharmacokinetic profiles for verapamil were deter-
mined at a range of doses in uninfected C3H/HeJ mice. Three animals
were killed at each time point ranging from 0 to 24 hours after the ve-
rapamil oral dose. Drug concentrations in mouse serum were deter-
mined by validated liquid chromatography–mass spectrometry assays,
and pharmacokinetic relationships were evaluated from these data (20,
21). The assay was found to be linear over the whole calibration span
(r ¼ 0.99921). The limit of quantitation was fulfilled by the lowest point
of the calibration curve (1 nM). Intra- and interday precision was less
than 10%, and the accuracy varied between 98.4 and 108.7%. For
steady-state verapamil pharmacokinetics, C3H/HeJ mice were admin-
istered rifampin (10 mg/kg) or rifabutin (10 mg/kg) orally for 10 days to
induce the metabolizing enzyme CYP3A. Verapamil was administered
orally, and three animals were killed at each time point, ranging from
0 to 8 hours, to measure verapamil concentrations in mouse serum by
validated liquid chromatography–mass spectrometry assays.

Aerosol Infection Procedure

Aerosol infections were performed with M. tuberculosis H37Rv diluted
appropriately to achieve the desired inoculum using the Glas-col Inha-
lation Exposure System (Terre Haute, IN) in three consecutive runs.
All animal procedures were approved by the Johns Hopkins University
Animal Care and Use Committee. For every infection, three mice were

killed the following day to determine the Day-1 lung implantation.
Lungs were dissected and homogenized in phosphate-buffered saline
(PBS). The lung homogenates were then serially diluted and plated in
duplicate on selective 7H11 agar plates (Fisher Scientific, Suwanee,
GA); plates were incubated for 3 weeks at 378C, and colonies were
counted.

Drug Preparation and Administration

Isoniazid, rifampin, pyrazinamide, and verapamil were purchased from
Sigma (St. Louis, MO). Isoniazid (10 mg/kg), rifampin (10 mg/kg), and
pyrazinamide (150 mg/kg), with or without verapamil (9.4 mg/kg), were
administered to mice by oral gavage daily for 5 d/wk. After the first
2 months of chemotherapy, pyrazinamide was discontinued from the
regimen. Stock solutions were prepared weekly using distilled water
and stored at 48C (22). Drug solutions were prepared such that the
desired concentration would be delivered in a 0.2-ml total volume.
Rifampin was given 1 hour after administration of other drugs to avoid
an adverse pharmacokinetic interaction (23).

Assessment of Treatment Efficacy

Baseline lung log10 cfu counts were assessed the day after aerosol infec-
tion and at treatment initiation. Treatment efficacy was assessed by
comparing lung log10 cfu counts determined at specific time points dur-
ing treatment. At the appropriate time points, five mice per group were
killed. Total body weight was recorded, and then lungs were dissected
and weighed. The lungs were kept in PBS for 24 hours at 48C and then
examined for gross pathology. Lung samples were homogenized and
serially diluted in PBS and plated on selective 7H11 agar plates. cfu
were counted after 3 weeks of incubation at 378C.

Relapse Rates after Treatment

We compared the proportion of mice with culture-positive relapse
3 months after completion of treatment. Mice were considered to be cul-
ture positive if 1 ormore cfu counts were identified after plating the entire
lung homogenate. The proportion of mice with culture-positive re-
lapse was determined after 16, 20, and 24 weeks of treatment.

Statistical Analysis

Lung cfu counts were log10 transformed before analysis. Mean cfu counts
were compared using Student’s t test. The proportions of mice relapsing
were compared using Fisher’s exact test (STATA 8.2; StataCorp, Col-
lege Station, TX). All measures of statistical variation are expressed
as 6SD.

RESULTS

Pharmacokinetic Studies and Dose Selection

for Verapamil Treatment

Several formulations of verapamil are clinically available (see
Table E4 in the online supplement). Although 200 mg of extended-
release verapamil achieves an area under the concentration curve
(AUC) of over 1,000 ng$h/ml over 24 hours, 40 mg of standard
verapamil gives an AUC of approximately 234 ng$h/ml over 8 hours.
Assuming that future clinical evaluation of verapamil for TB would
be conducted using conservative doses, we sought to employ mouse
dosing in our experiments that would achieve an AUC of approx-
imately 250 ng$h/ml, the human bioequivalent of 40 mg daily of
standard verapamil. We evaluated the pharmacokinetic interac-
tions of verapamil and rifampin in the mouse model and compared
it to the 40-mg human dose. Concentration time profiles were
established for verapamil administered by oral gavage in mice
as a single drug or in combination (Figure 1A). Standard phar-
macokinetic parameters were calculated from the profiles of
three animals at each time point (Table E1A). These were com-
pared with the AUC achieved with human doses to model hu-
man dosing in mice. Verapamil (6.25 mg/kg) had an AUC(0–8)
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of 255 ng$h/ml, which is close to the human AUC(0–8) of
234 ng$h/ml and is a dose used in previous studies (9, 24).

Verapamil has a known drug–drug interaction with rifampin,
due to the fact that rifampin is a potent inducer of the CYP3A4
enzyme system that metabolizes verapamil. In humans, rifampin
causes up to a 10-fold reduction in plasma levels of orally ad-
ministered verapamil (25, 26). To assess the nature of this in-
teraction in mice, we measured mouse plasma verapamil levels
after steady-state induction by rifampin for 10 days. When rifam-
pin was administered orally, we found that the levels of verapamil
were reduced, but to a lesser extent than that reported in humans.
With rifabutin (a rifamycin that is known to be a poor liver en-
zyme inducer), the levels of verapamil in mouse plasma remained
stable (Figure 1B, Table E1B). Because rifampin is a standard
anti-TB drug used globally and is the rifamycin of choice, we used
rifampin in our experiments with an appropriate adjustment in
the verapamil dose.

To identify the correct dose adjustment for verapamil when
coadministered with rifampin in mice, we sought the verapamil
dose that achieved the same AUC as is observed in humans. In-
creasing the verapamil dose by 50% (from 6.25 to 9.4 mg/kg)
when coadministered with rifampin achieved the same AUC

(Table E1C) as 6.25 mg/kg of verapamil only in mice (Figure
1C), and hence the 9.4 mg/kg verapamil dose was used in
subsequent studies.

Rapid Clearance of Mycobacteria from Lungs during the First

2 Months of Treatment with Verapamil

Wefirst assessed the possibility that verapamil has direct antibac-
terial activity against M. tuberculosis in vitro. Using the micro-
plate Alamar blue assay, we found that verapamil has an MIC
of 200 mg/ml against M. tuberculosis H37Rv. In the presence of
100 mg/ml of verapamil (50% of the MIC), we found that the
intrabacterial levels of rifampin were increased at least twofold
in 2 hours, presumably due to a direct effect on bacterial efflux
pumps by verapamil (Figure E1).

Next, we evaluated the potency of verapamil when added to
standard TB chemotherapy (Std-Tx) in the acute mouse model
of TB after aerosol infection in which high cfu counts are
implanted (z104 cfu) and antimicrobial therapy is initiated
2 weeks later. We conducted the experiment in C3HeB/FeJ
(Kramnik) mice, which develop large necrotic lung granulomas
after infection with M. tuberculosis, and used the wild-type

Figure 1. Pharmacokinetic parameters of verapamil in the mouse model. (A) Groups of mice were given a single dose of verapamil orally at different
concentrations. Blood samples were withdrawn by cardiac puncture at indicated time points after oral administration. The levels of verapamil were

measured by liquid chromatography–mass spectrometry (LC-MS). (B) Mice were given the drugs orally at doses of verapamil of 6.25 mg/kg,

rifampin of 10 mg/kg, and rifabutin of 10 mg/kg. Rifampin and rifabutin were given daily to mice for 10 days to reach a steady-state level of
metabolizing enzyme, CYP3A. Blood samples were withdrawn by cardiac puncture at indicated time points after oral administration of drugs. (C)

Mice were given the drugs orally at indicated doses of verapamil (V) and rifampin (R). The levels of verapamil were measured by LC-MS in the blood

samples. Values are expressed as average (6SD).
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C3H/HeJ mice as the control group. Each of the two strains of
mice were infected with M. tuberculosis H37Rv and treated
daily with verapamil plus Std-Tx (2HRZV-4HRV) and Std-Tx
(2HRZ-4HR) alone for 6 months (Table E2).

The initial cfu implantation the day after aerosol infection
(Day 213) was 4.16 (60.11) log units, and the cfu bacterial load
at the start of the treatment (Day 0) was 7.51 (60.10) log units.
The C3HeB/FeJ mice formed well developed characteristic
granulomas with central caseation (Figure 2A) in which abun-
dant acid-fast bacilli could be seen within both the necrotic cen-
tral region and in the peripheral rim of giant cells (Figure 2A).
The lungs of both C3HeB/FeJ and C3H/HeJ mice harbored sim-
ilar zones of chronic inflammation, with nests of foamy macro-
phages containing acid-fast bacilli (Figure E2). Gross pathology
revealed that, as early as 4 weeks into treatment, C3HeB/FeJ
mice receiving 4HRZV-2HRV had fewer visible lesions com-
pared with those receiving 4HRZ-2HR (Figure 2B and Figures
E3 and E4).

We determined quantitative lung cfu counts at 0, 2, 4, 8, 12, 16,
20, and 24 weeks of treatment (Figures 3A and 3B). The C3HeB/
FeJ and the C3H/HeJ mouse strains showed similar cfu responses
to Std-Tx, which were comparable to those seen with BALB/c
mice (27). In C3HeB/FeJ mice, Std-Tx yielded a cfu decrease of
1.5 log units at 2 weeks, whereas the Std-Tx plus verapamil group
gave quantitative cfu counts that were 0.32 log units lower
(P value, 0.01). In C3HeB/FeJ mice, the lung cfu count difference
between the Std-Tx and the Std-Tx plus verapamil groups con-
tinued to widen over the course of treatment, going from 0.84 to
0.87 to 1.15 log units at Weeks 4, 8, and 12, respectively (P value
for the two treated groups is ,0.001 for Weeks 8 and 12).

The lung cfu counts in C3H/HeJ mice also dropped by ap-
proximately 1.4 log units in the Std-Tx recipients during the first
2 weeks. Adding verapamil to Std-Tx had a modest effect at
Week 2, with a further 0.24–log unit reduction. In contrast to
C3HeB/FeJ mice, the cfu count difference between the Std-Tx
and Std-Tx plus verapamil groups did not widen over the course
of treatment in C3H/HeJ mice, with differences of only 0.19 log
units at Week 4. We also measured a panel of cytokines from lung
and spleen homogenates, but did not find any significant differ-
ences in the levels between the RHZ- and RHZV-treated groups.

Accelerated Culture Conversion in C3HeB/FeJ Mice Receiving

Std-Tx plus Verapamil

At Month 4 of Std-Tx plus verapamil treatment, all C3HeB/FeJ
mice were culture negative and remained so at Months 5 and 6,
demonstrating a significant acceleration of culture conversion
with the addition of verapamil to Std-Tx. In contrast, C3HeB/
FeJ mice receiving Std-Tx alone had Month-4 cfu counts of 0.46
log units, and did not demonstrate complete culture conversion
to negative until Month 6. Thus, verapamil led to a 2-month ac-
celeration of culture conversion in C3HeB/FeJ mice. In the C3H/
HeJ mouse group, verapamil also had a moderate beneficial ef-
fect at 3 months of treatment, with cfu counts 0.63 log units lower
than in Std-Tx–alone recipients. At 4 months of Std-Tx plus verap-
amil treatment in C3H/HeJ mice, four of the five mice were culture
negative, and one mouse had a total of 25 cfu counts in the whole
lung, whereas, at Months 5 and 6, all C3H/HeJ mice receiving
verapamil were culture negative. Hence, in C3H/HeJ mice, the
addition of verapamil to Std-Tx accelerated culture conversion
by 1 month (Figure 3B, Table E3).

Relapse Rates after Treatment Completion

To assess durable sterilization, we evaluated the 3-month relapse-
free cure rates for all treatment groups. We held groups of mice
after 4, 5, or 6 months of treatment for an additional 3 months
without drug therapy, and then killed them to determine the frac-
tion of mice showing any lung cfu. At the 4-month mark, C3HeB/
FeJ mice receiving Std-Tx showed a 3-month drug-free relapse
rate of 100%, whereas those receiving Std-Tx plus verapamil
showed only 50% relapse (P , 0.05, Fisher’s exact test). After
5 months of treatment, 20% of mice in the Std-Tx group had
relapsed, whereas 0% of the Std-Tx plus verapamil mice had
relapsed. After 6 months of treatment, both treatment groups of
C3HeB/FeJ mice had a 3-month drug-free relapse rate of 0%
(Figures 4A and 4C).

For C3H/HeJ mice, after 4 months of treatment, the 3-month
drug-free relapse rate was 75% in the Std-Tx group and 63% in
the Std-Tx plus verapamil group. After 5 months of treatment, it
was 13% in the Std-Tx group and 0% in the Std-Tx plus verap-
amil group. Similar to C3HeB/FeJ mice, both treatment arms of

Figure 2. Adjunctive drug treatment with verapamil

improves pathology of Mycobacterium tuberculosis–
infected lungs. (A) Microscopic histopathology of lungs

at 2 weeks of infection in C3HeB/FeJ mice. The left panel

is hematoxylin and eosin staining (403), and the right

panel is acid fast staining for M. tuberculosis H37Rv
(5003). (B) Gross lung pathology at 8 weeks of treatment

in different groups, as indicated.
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the C3H/HeJ mice showed a 3-month drug-free relapse rate of
0% after 6 months of treatment (Figures 4B and 4C).

DISCUSSION

This is the first study showing the use of verapamil in the 6-month
mouse model of TB chemotherapy. Using a daily dose of verap-
amil adjusted to give a conservative human bioequivalent AUC
with appropriate adjustment for rifampin coadministration, we
have shown that the addition of verapamil accelerates both
the bactericidal activity of Std-Tx (lung cfu reduction of 1.15
log units at 12 wk) and the achievement of durable sterilization
(2 mo acceleration). The bactericidal and sterilizing advantages

occurred in C3HeB/FeJ mice, which develop necrotic granulo-
matous lesions, although we also observed more modest advan-
tages of verapamil in wild-type C3H/HeJ mice with a lung cfu
reduction of 0.63 log units and a 1-month acceleration of durable
sterilization. Throughout, we used doses of anti-TB drugs known
to be bioequivalent to human dosing, and before the long-term
mouse study, we selected a conservative human bioequivalent
dose of verapamil both alone and in the presence of rifampin,
which is known to accelerate verapamil clearance.

The long duration of antibiotic treatment for M. tuberculosis
treatment may be due to the microbe’s entry into a nonreplicating
(dormant) state in the host. The nonreplicating state probably ren-
ders M. tuberculosis phenotypically resistant to the antitubercular

Figure 3. Adjunctive drug treatment with verapamil reduces bacterial counts during active disease. (A) Timeline and experimental scheme for the

9 months of the experiment. A total of 10 mice from each group were held at Weeks 16, 20, and 24 of treatment for an additional 3 months without
any treatment for relapse study. (B) C3HeB/FeJ and C3H/HeJ mice were infected with Log10 4.2 Mycobacterium tuberculosis H37Rv, and the

treatment started at Day 14 after infection. The mice were treated with rifampin (R; 10 mg/kg), isoniazid (H; 10 mg/kg), pyrazinamide (Z; 150

mg/kg), and verapamil (V; 9.40 mg/kg) daily for 5 d/wk. The lungs were homogenized, diluted, and plated for cfu counts and expressed as Log10

cfu (6SD). ★P , 0.01 and ★★P , 0.001 for RHZ versus RHZV groups.
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drugs (20, 28). Recent work has shown that M. tuberculosis dor-
mant state may be due to tolerance to antitubercular drugs me-
diated by bacterial efflux pumps that are up-regulated upon
bacterial entry into macrophages (4). Verapamil is known to
inhibit tolerance and increase susceptibility to rifampin and iso-
niazid (4, 29). By inhibiting tolerance to these two key drugs,
verapamil may accelerate M. tuberculosis clearance during active
pulmonary TB by potentiating antibiotic killing. In addition, it
has been shown that macrophage-induced M. tuberculosis toler-
ance persists after lysis of macrophages; this mechanism is poten-
tially important for bacterial tolerance in the necrotic caseum,
where bacilli may be extracellular (4). In addition to its potential
role as an antimycobacterial agent, verapamil has been previ-
ously shown to block the acquisition of drug resistance in Trypa-
nosoma cruzi and Leishmania donovani (30), and chloroquine
resistance in Plasmodium falciparum (31).

Verapamil was recently shown to restore susceptibility toward
first-line anti-TB drugs in mice infected with a multidrug-resistant
M. tuberculosis strain (9). The authors infected the mice intra-
tracheally and treated different groups of mice with or without
verapamil for 2 months. Verapamil dosed at 6.25 mg/kg in com-
bination with first-line anti-TB drugs (isoniazid, rifampin, pyr-
azinamide, and verapamil) reduced the mouse lung cfu counts
by approximately 75% at 60 days after initiation of treatment
when compared with a nontreated control group. Our study sig-
nificantly extends this early observation by using the aerosol in-
fection route (which better approximates natural infection),

a validated drug-susceptible M. tuberculosis isolate (H37Rv),
validated human doses of verapamil, which are at the low end
of the clinically achievable spectrum in humans, and a 6-month
treatment regimen, which, like human treatment, leads to du-
rable sterilization after 6 months, but not sooner. In addition,
before ourmouse treatment study, we conducted a pharmacologic
assessment of the rifampin–verapamil drug–drug interaction. Al-
though it is known that concomitant rifampin administration low-
ers levels of orally administered verapamil by approximately
90% via induction of CYP3A4 in humans (25, 26, 32), the ear-
lier 2-month mouse study with multidrug-resistant TB infection
did not adjust the verapamil dosing for this interaction. Our phar-
macologic assessment revealed that, in mice receiving steady-state
rifampin, it is necessary to use a verapamil dose of 9.4 mg/kg to
achieve a daily AUC equivalent to that achieved with 40 mg/d of
verapamil in humans.

Rifampin, a potent inducer of the hepatic microsomal system,
has been known to cause clinically important drug interactions. It
induces CYP3A4, the predominant hepatic cytochrome P450 en-
zyme, which plays a critical role in detoxifying drugs. In humans,
oral administration of rifampin with verapamil reduces the lat-
ter’s levels by approximately 90% by induction of CYP3A4. We
studied the drug–drug interactions in mice of verapamil with
both rifampin and rifabutin, and determined the appropriate
murine dose adjustment required for rifampin–verapamil coad-
ministration. Although we considered an in-depth study of rifa-
butin (which does not require a verapamil dose adjustment)

Figure 4. Reduction in relapse rates in C3HeB/FeJ mice by adjunctive drug treatment with verapamil. C3HeB/FeJ (A) and C3H/HeJ (B) mice were

treated for the indicated time and then the treatment was discontinued for 3 months. Mice were then killed and whole lungs homogenized and

plated, and the proportion of mice relapsed was estimated (P , 0.05 for rifampin 1 isoniazid 1 pyrazinamide [RHZ] vs. RHZ 1 verapamil [V] at

16 wk of treatment, Fisher’s exact test). A total of 10 mice was used in the C3HeB/FeJ group, whereas 8 mice were used for C3H/HeJ strain. (C) The
percentage of mice relapsing after the treatment in different groups was calculated and depicted in tabular format.2VE ¼ negative;1VE ¼ positive.
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instead of rifampin in the mouse model, we chose to use dose-
adjusted rifampin in our experiments. Despite the advantage of
rifabutin being a weak CYP3A4 inducer (confirmed by our mouse
data), we opted for rifampin, because it is the preferred rifamycin
for anti-TB treatment in humans, has fewer side effects, and is less
expensive. Because data on steady-state rifamycin–verapamil
interactions in humans are limited, additional clinical studies are
warranted to address the issue of dose adjustment of verapamil
when coadministered with rifampin or rifabutin in humans.

It is noteworthy that the optimal effect of verapamil was ob-
served in C3HeB/FeJ mice rather than in the C3H/HeJ strain.
C3HeB/FeJ mice are highly susceptible to M. tuberculosis infec-
tion, and develop necrotic granulomas in which the bacilli are
exposed to hypoxic conditions (33, 34). In contrast, C3H/HeJ
mice do not develop necrosis, and the majority of bacilli appear
to reside intracellullarly by histologic assessment. Although the
relative beneficial effect of verapamil on the standard TB treat-
ment was apparent in both mouse strains, the magnitude of the
effect was greater in the C3HeB/FeJ mice, which develop ne-
crotic lesions, extracellular bacilli, and hypoxia. The benefit of
verapamil in the presence of necrosis, extracellular bacilli, and
hypoxia suggests that these factors are inducers for efflux pump
expression and the persister phenotype. Tuberculous lesions in
wild-type mice (BALB/c, C3H/HeJ, and C57BL/6) are not known
to be hypoxic (34); hence, our results in C3H/HeJ mice are likely
to extend to these other mouse strains. In contrast, nonhuman
primates have granulomatous lung pathology with caseous ne-
crosis resembling the human disease, and hence our results in
C3HeB/FeJ may parallel verapamil’s efficacy in these animals
as well as humans.

The results and discussion presented here must be interpreted
keeping in mind that we have measured the verapamil levels in
mice using the C3H/HeJ strain. Although the TB drug metabo-
lism in the C3HeB/FeJ mouse is unlikely to be significantly dif-
ferent from the C3H/HeJ mouse, this possibility cannot be ruled
out. In addition, verapamil can inhibit P-glycoprotein–mediated
clearance of rifampin and/or isoniazid, which can lead to altered
serum concentrations of the two antitubercular drugs. Almeida
and colleagues (35) have demonstrated the antagonism between
isoniazid and the combination of rifampin–pyrazinamide, which
increases with higher doses of isoniazid. In the context of this
observation, the improved bactericidal activity of RHZV com-
pared with RHZ in C3HeB/FeJ mice cannot be attributed to a
verapamil-mediated elevation of isoniazid levels. Altered rifampin
concentrations due to verapamil cannot be ruled out with the
data available, and may be responsible, in part, for the acceler-
ated bacterial clearance with RHZV.

This study provides data that a drug targeting bacterial efflux
pumps during active TB can be effective in treatment of the dis-
ease. The mouse TB model with human bioequivalent doses of
antitubercular drugs is a rigorous animal model for testing drug
effectiveness for active TB, and has frequently formed the basis
of human clinical trials. The successful use of verapamil as an
adjunct drug for TB therapy in a mouse model provides a scien-
tific framework for human studies of this treatment-shortening
combination, and suggests that developing improved alternative
EPIs will be helpful.

Author disclosures are available with the text of this article at www.atsjournals.org.
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