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Statin adjunctive therapy shortens the duration of TB treatment in mice
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Background: The repurposing of existing agents may accelerate TB drug development. Recently, we reported that
the lipid-lowering drug simvastatin, when added to the first-line antitubercular regimen, reduces the lung bacil-
lary burden in chronically infected mice.

Objectives: We investigated whether the addition of simvastatin to the first-line regimen (isoniazid/rifampicin/
pyrazinamide) shortens the duration of curative TB treatment in mice.

Methods: Mycobacterium tuberculosis-infected THP-1 cells were exposed to simvastatin to determine the effect
of statins on the activity of first-line anti-TB drug activity and intracellular rifampicin concentration. Single-dose
and steady-state pharmacokinetic studies guided optimized simvastatin dosing in vivo. BALB/c mice were aero-
sol-infected with M. tuberculosis H37Rv and drug treatment was initiated 6 weeks post-infection. Separate
groups of mice received standard TB treatment with or without simvastatin. Relapse rates were assessed
3 months after discontinuation of each treatment regimen. MALDI-MS imaging was used to image the choles-
terol content of mouse lung lesions.

Results: Simvastatin significantly enhanced the bactericidal activity of first-line drugs against intracellular
M. tuberculosis without altering intracellular rifampicin concentrations. Adjunctive treatment with 60 mg/kg sim-
vastatin shortened the time required to achieve culture-negative lungs from 4.5 to 3.5 months. Following 2.5, 3.5
and 4.5 months of treatment, relapse rates were 100%, 50% and 0%, respectively, in the control group and 50%
(P=0.03), 20% and 0%, respectively, in the statin group. Simvastatin did not alter plasma or lung lesion choles-
terol levels.

Conclusions: Statins are attractive candidates for host-directed, adjunctive TB therapy. Further preclinical studies

are needed to define the optimal statin and dosing.

Introduction

New regimens with the potential to shorten the duration of
curative treatment of active TB are urgently needed.! Since
Mycobacterium tuberculosis is known to subvert immune responses
to establish infection and cause disease, host-directed, adjunctive
therapies have generated considerable interest.”® 3-Hydroxy-3-
methyl-glutaryl-CoA reductase (HMG-CoA reductase) inhibitors
(statins), which are among the most commonly prescribed
drugs in developed countries,* have lipid-lowering,” immunomo-
dulatory and anti-inflammatory properties.®”? We and others
have shown that, while lacking a direct antimicrobial effect on
M. tuberculosis in axenic cultures, statins reduce M. tuberculosis
growth and infection-induced lipid accumulation in macro-
phages,'®!! and promote phagosomal maturation and
autophagy.'? Additionally, simvastatin and atorvastatin increase

rifampicin-mediated killing of M. tuberculosis in macrophages.*?
We have shown that adjunctive therapy with simvastatin enhances
the bactericidal activity of the first-line anti-TB regimen in a stand-
ard mouse model of chronic TB infection.*°

In the present study, we sought to characterize the effect of
simvastatin on the killing of intracellular M. tuberculosis by first-
line TB drugs and on the intracellular concentration of rifampicin.
Single-dose and steady-state pharmacokinetic studies were per-
formed in mice to determine plasma exposures to simvastatin
and its metabolite, as well as any drug interactions with the
standard regimen. The bactericidal and sterilizing activity of sta-
tin adjunctive therapy was then assessed in the standard murine
model of chronic TB.***® Primary study outcomes included lung
bacillary counts during treatment and the proportion of mice
with lung culture-positive relapse 3 months after treatment dis-
continuation. MALDI-MS imaging (MALDI-MSI) was used to
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measure lung cholesterol content in control and experimen-
tal mice.

Materials and methods

M. tuberculosis strains

M. tuberculosis H37Rv expressing the [ux operon, which can be monitored
in real time using a luminometer by relative light units (RLU), was used for
macrophage studies. RLU serve as a reliable surrogate for cfu under the
experimental conditions described by Andreu et al.’® M. tuberculosis
H37Rv, which was passaged twice in mice,**® was used for in vivo efficacy
studies.

Infection of THP-1 cells

To determine the 50% cytotoxic concentration (CCso),!” 50% effective
concentration (ECso)*®*® and intracellular activities of simvastatin, ex
vivo infections were performed with M. tuberculosis H37Rv and human
monocytic THP-1 cells (ATCC TIB-202). Briefly, cells were differentiated
overnight with 40 nM phorbol 12-myristate 13-acetate (PMA) (Sigma,
MO, USA) and seeded at a density of 5x10° cells/well in RPMI-1640
supplemented with 2% FBS (Seradigm, PA, USA) and 4 mM L-glutamine
(Corning, NY, USA). Following differentiation, the cells were infected with a
frozen stock of M. tuberculosis H37Rv at an moi of 1:20. The wells were
washed three times with culture medium 4 h post-infection to remove extra-
cellular bacteria. The cells were incubated with RPMI medium containing
solvent only (untreated, negative control), simvastatin (NorthStar RX, TN,
USA) alone (0.1 uM=0.04 mg/L) or simvastatin paired with isoniazid
(0.011 pM=0.001 mg/L), rifampicin (0.012 pM=0.009 mg/L) or pyrazina-
mide (162.5 puM=20 mg/L). For these assays, sub-MIC concentrations of
each drug were selected that reduced RLU by 50%. When simvastatin was
paired with the three-drug combination, each antibiotic in the combination
was used at half the concentration required to reduce RLU by 50% when
dosed individually. Culture medium, containing antibiotics as needed, was
replenished 3 days post-infection. THP-1 cell viability and total cell numbers
were determined using trypan blue staining. Cells were lysed 6 days post-
infection with 0.05% SDS and serial dilutions of the lysates were plated
onto 7H10 agar plates. Bacterial cfu were enumerated after 3 weeks of incu-
bation at 37°C and normalized to the number of viable THP-1 cells in
each well.

Drug accumulation assay in human THP-1 cells

The assay was performed using our previously published method with
minor modifications.?® Briefly, PMA-treated THP-1 cells were seeded into
96-well plates at a density of 1x10°, 5x10% 3x10* and 1x10* cells/
well to create a cell number standard curve of fluorescence to determine
the number of cells per well using the PicoGreen Assay (Molecular Probes
Inc., Eugene, OR, USA) according to the manufacturer’s specifications.
After overnight incubation, drugs (simvastatin and rifampicin) dissolved
in culture medium were added at the indicated final concentrations to
wells containing 1x10° cells. After 30 min of incubation, the culture
medium was removed and the cells were gently washed twice with an
equal volume of ice-cold PBS to remove any extracellular drug residuals.
Cells were lysed with an equal volume of deionized water for 1 h at
37°C. Cell lysates were transferred to 1.5 mL centrifuge tubes and stored
at —20°C or analysed immediately by LC-coupled MS (LC-MS).

Pharmacokinetic studies

In single-dose studies, groups of three mice were given one dose of sim-
vastatin alone (20 or 60 mg/kg) or 60 mg/kg simvastatin together with
10 mg/kg isoniazid, 10 mg/kg rifampicin and 150 mg/kg pyrazinamide

(isoniazid/rifampicin/pyrazinamide refers to the three-drug combination).
In steady-state studies, drugs were given once daily at the above concen-
trations for 6 successive days. Rifampicin doses were separated from the
accompanying drugs by 1 h to minimize drug-drug interactions at the
absorption stage.?!?2 During the efficacy study, additional blood samples
were collected at various time intervals (0, 0.5, 1.5 and 4 h) between week
2 and week 6. Blood was collected in lithium heparin tubes (BD Microtainer®).
Whole lung tissue and plasma at each timepoint were frozen at —20°C and
later analysed for concentrations of each drug by LC-MS/MS. Plasma and
lung drug concentration data were entered into a WinNonlin worksheet
(WinNonlin Version 4.0, 2002, Pharsight, Mountain View, CA, USA) and ana-
lysed using standard non-compartmental techniques.*

Animals

Female BALB/c mice aged 4-6 weeks were purchased from Charles River
Laboratories (Wilmington, MA, USA). All animals were maintained in an
animal biosafety level-3 facility under pathogen-free conditions and fed
water and chow ad libitum. All procedures involving animals were per-
formed in compliance with the US Animal Welfare Act regulations and
Public Health Service Policy according to protocols approved by the
Institutional Animal Care and Use Committee at the Johns Hopkins
University (JHU protocol approval number MO13M298).

Drug treatment

Drugs were either dissolved or suspended in distilled water and adminis-
tered daily (five times weekly) by oesophageal gavage. The following
doses were used: 10 mg/kg isoniazid; 10 mg/kg rifampicin; 150 mg/kg pyr-
azinamide; and 60 mg/kg simvastatin. Six weeks after M. tuberculosis
infection, separate groups of mice were left untreated (negative controls)
or were treated once daily with the standard regimen isoniazid/rifampicin/
pyrazinamide (positive control) or isoniazid/rifampicin/pyrazinamide +
simvastatin (experimental regimen) for up to 4.5 months. Rifampicin
doses were separated from the accompanying drugs by 1 h to minimize
drug-drug interactions.

Aerosol infections and study endpoints

A total of 140 female BALB/c mice were aerosol-infected with
M. tuberculosis H37Rv using the Inhalation Exposure System (Glas-Col,
Terre Haute, IN, USA) calibrated to deliver ~10? cfu per lung. The mice
were randomized into different treatment groups and five mice from
each group were sacrificed at predefined timepoints. Primary study
endpoints included the bactericidal activity of each regimen at defined
timepoints and relapse rates upon discontinuation of treatment. Bacterio-
logical relapse was defined as a positive culture upon plating the
entire undiluted lung homogenate, with a theoretical detection limit of
1 bacillus/lung. To assess the efficacy of each treatment group, the ani-
mals were sacrificed 3 days after the last drug dose to minimize drug
carryover onto culture plates. Lung homogenates were spread onto
Middlebrook 7H11 selective agar plates for cfu enumeration.****

MALDI-MSI and relative quantification of cholesterol

Tissue sections (12 wm thick) for haematoxylin/eosin staining and
MALDI-MSI analysis were prepared as previously described.’® MALDI-MSI
analysis was performed using a MALDI LTQ Orbitrap XL mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany) with a resolution of 60000 [at
m/z 400, full width half maximum (FWHM)]. Spectra were acquired in posi-
tive mode and with a mass window of m/z 200-500. A laser energy of
7.5 wJ was applied and 20 laser shots were fired at each position (total
of one microscan per position). The laser step size was set at 75 pm, at
which lesions could easily be resolved from surrounding tissue. Data
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visualization was performed using Thermo Image Quest software.
Normalized ion images of dehydrated cholesterol ([M+H-H,01") were
generated by dividing the [M+H-H,0]" signal (m/z 369.351+0.003) by
the totalion current (TIC). Relative quantification was performed by deter-
mining the mean dehydrated cholesterol signal in regions of interest
(lesions and whole tissue) using MSiReader software.?%%

Determination of cholesterol in mouse plasma

Plasma was collected in heparin-containing tubes directly from the heart
at the time of sacrifice. Total-cholesterol and LDL-cholesterol were mea-
sured using the Roche Cobas® Cholesterol Gen.2 (catalogue number
05168538190) and the LDL-Cholesterol plus 2nd generation (catalogue
number 05171369190) assays and a Roche Cobas® ¢701 analyser. Both
analytes were measured photometrically following enzymatic conversion
of substrates.

Statistical analysis

Comparisons of data among experimental groups were performed by
Student’s t-test. Group means were compared by one-way analysis of vari-
ance (ANOVA) with Dunnett’s post test (day O or untreated controls versus
treatment groups) or Bonferroni comparison (all treatment groups), using
GraphPad Prism version 4 (GraphPad, San Diego, CA, USA). Group relapse
proportions were compared using Fisher’s exact test. P values<0.05
were considered to be statistically significant.

Results

Simvastatin significantly enhances the killing of
M. tuberculosis in macrophages by first-line
antitubercular drugs

In order to determine whether simvastatin can enhance the activ-
ity of anti-TB drugs against intracellular bacilli, we used a bio-
luminescent M. tuberculosis strain expressing luciferase’® to
infect THP-1 cells. First, we determined the concentration of isoni-
azid, rifampicin or pyrazinamide required to reduce bacterial RLU
by 50%. This concentration of each anti-TB drug was used alone
and with simvastatin against M. tuberculosis-infected THP-1 cells.
Next, we tested multiple concentrations of simvastatin (ranging
from 0.05 to 5 wM) and determined that, while cell viability was
similarly affected by the doses tested (<20% reduction after
6 days of treatment), 0.1 wM simvastatin exhibited the greatest
activity against intracellular M. tuberculosis (Figure S1, available
as Supplementary data at JAC Online). Simvastatin given alone
at 0.1 uM showed significant (P<<0.01) antitubercular activity com-
pared with the no-drug control and equivalent activity to 0.011 pM
isoniazid (Figure 1a). Simvastatin at 0.1 wM significantly increased
the antitubercular activity of isoniazid, rifampicin or pyrazinamide
relative to each of these drugs alone (P<0.05). Furthermore,
M. tuberculosis killing by the three-drug combination of isoniazid
(0.006 uM), rifampicin (0.0055 wM) and pyrazinamide (81.23 pM)
was significantly increased following simvastatin exposure
(P=0.001; Figure 1a). Similarly, the metabolite of simvastatin, sim-
vastatin acid, significantly increased M. tuberculosis killing in THP-1
cells by the combination regimen (P<<0.05) (Figure 1b). Together,
these data show that statin exposure enhances the activity of
the first-line drugs against intracellular M. tuberculosis.

In parallel testing of the efficacy and toxicity of simvastatin
and simvastatin acid alone at 0.1 wM, simvastatin showed
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Figure 1. Effects of simvastatin alone and in combination with anti-TB drugs
against M. tuberculosis residing in THP-1 macrophages. Data are presented as
inhibition of M. tuberculosis growth in macrophages at 6 days post-infection
in the presence of the indicated drug treatment, relative to the corresponding
solvent (no drug) control. Drug doses yielding 50% reduction of RLU were
used: 0.1 uM simvastatin; 0.011 uM isoniazid; 0.012 uM rifampicin; and
162.5 pM pyrazinamide. In the combination drug studies, one-half of the
above concentrations of antitubercular drugs were used to study the
potential adjunctive activity of simvastatin. S, simvastatin; SA, simvastatin
acid; H, isoniazid; R, rifampicin; Z, pyrazinamide.

(P=0.0005) greater activity than simvastatin acid without any
significant (P=0.54) difference in toxicity profiles in THP-1 cells
after 6 days of treatment (data not shown).

Intra-macrophage concentration of rifampicin following
exposure to statins

Rifampicin is a key sterilizing drug and its incorporation into
the first-line regimen reduced the duration of TB treatment from
18 to 9 months.?> Given our data and previous reports indicating
potential synergy of statins with rifampicin against M. tuberculosis
in macrophages, we next sought to determine whether simvasta-
tin exposure increases intracellular accumulation of rifampicin
within THP-1 cells. As shown in Figure 2(a), the intracellular/extra-
cellular ratio of rifampicin was not altered following incubation of
THP-1 cells with simvastatin at concentrations ranging from 0.1 to
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Figure 2. Intracellular accumulation of simvastatin with and without rifampicin exposure within THP-1 cells. THP-1 cells were treated with a range of
simvastatin doses (0.1-1 uM) given alone or with 0.224 M rifampicin. After a 30 min exposure at 37°C, the intracellular concentrations of simvastatin
and rifampicin were measured using LC-MS/MS. Data represent the mean of three biological replicates with standard deviations.

1 wM. Next, we measured the intracellular concentration of sim-
vastatin in macrophages, as well as the extent of bioconversion
into its active metabolite, simvastatin acid. Simvastatin showed
>150-fold intracellular accumulation, with a non-significant
increase in intracellular levels accompanying increasing concen-
trations of the parent drug, but not following exposure to rifampi-
cin, in the medium (Figure 2b). Within THP-1 cells, 5%-7% of
simvastatin was converted into the acid metabolite, resulting in
an intracellular/extracellular ratio (acid/parent) ranging from 8
to 12. The intracellular acid/extracellular parent ratio was inde-
pendent of the initial extracellular concentration of simvastatin.
Similarly, rifampicin co-administration did not influence the intra-
cellular accumulation of simvastatin acid (Figure 2c).

Pharmacokinetic evaluation of simvastatin pro-drug and
metabolite and effect on anti-TB drug exposure

Prior to undertaking the in vivo drug efficacy studies, we sought to
characterize plasma exposures of simvastatin pro-drug and metab-
olite in mice at steady-state and to determine potential drug-drug
interactions between simvastatin and the standard anti-TB drugs
(particularly rifampicin) given as a combination. The plasma concen-
trations of simvastatin acid after dosing simvastatin at 60 mg/kg/
day yielded a Cnax of 0.7 mg/L, which was ~16-fold higher than
the stated target of growth inhibition in the whole-cell assays in

macrophages (0.1 uM). Further, a dose-response curve in lipid-
lowering activity of simvastatin was observed in mice up to 1.6 mg
per day,® justifying the selection of a dose of 60 mg/kg/day for the
efficacy studies.

On co-administration of 60 mg/kg simvastatin with human-
equivalent doses of isoniazid/rifampicin/pyrazinamide, simvastatin
exposure in mouse plasma increased ~2-fold (Figure 3). In contrast,
a 3-fold reduction in simvastatin exposure was observed in humans
during concomitant dosing with rifampicin, likely due to CYP3A4
(where CYP stands for cytochrome P450) induction by the latter.?”
The plasma pharmacokinetic profiles of each drug in the standard
anti-TB regimen remained largely unchanged in the presence of
simvastatin (Table 1). Targeted blood sampling in infected mice
on treatment at steady-state provided drug levels comparable to
those measured in uninfected mice (data not shown).

The drug concentrations in the lungs of uninfected mice closely
mirrored those in the plasma (data not shown).

Simvastatin adjunctive therapy reduces the time to lung
culture negativity in mice chronically infected with
M. tuberculosis

Simvastatin at 60 mg/kg was well tolerated in mice, as normal-
ized mean body weights increased steadily over time, similar to
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those of control mice (data not shown). All mice survived until the
scheduled study endpoints.

An average of 2.4440.02 logyo M. tuberculosis bacilli were
implanted into mouse lungs and the organisms multiplied to a
peak burden of 6.5540.02 log;o cfu at treatment initiation.
Bacillary growth was controlled in the lungs of untreated mice,
which maintained a relatively stable plateau ranging from 5.7 to
5.9 logyp cfu up to 4.5 months post-treatment (Figure 4). Relative
to untreated mice, those receiving isoniazid/rifampicin/pyrazina-
mide experienced a reduction of 3, 4.7 and 5.8 logy lung cfu fol-
lowing treatment for 1.5, 2.5 and 4.5 months, respectively. The
addition of simvastatin enhanced the bactericidal activity of iso-
niazid/rifampicin/pyrazinamide, reducing bacterial burden further
by 1.4 logio (P=0.001), 0.64 logo (P=0.04) and 0.5 log; follow-
ing treatment for 1.5, 2.5 and 3.5 months, respectively. Consistent
with our previous findings, no remarkable difference was observed
in the number or size of grossly visible lung lesions between the
treatment groups at any timepoint (data not shown). Similarly,
morphometric analysis of lung histology revealed no discernable

Simvastatin acid

1000 60 mg/kg—without HRZ

Simvastatin acid

100 60mg/kg—with HRZ

10

Plasma concentration (ng/mL)

0 4 8 12 16 20 24
Time (h)

Figure 3. Pharmacokinetic profile of simvastatin acid (dosed as 60 mg/kg
simvastatin) with and without the first-line antitubercular drugs at steady-
state. Average concentrations are shown (n=3 at each timepoint) with
standard deviations (error bars). HRZ, 10 mg/kg isoniazid+10 mg/kg
rifampicin+ 150 mg/kg pyrazinamide.

differences between the two treatment groups at 1.5 or
2.5 months (Figure 5a).

TB relapse rates are improved following statin adjunctive
therapy

Relapse rates were assessed 3 months after discontinuation of
treatment to determine the sterilizing activity of each combin-
ation regimen. In mice treated with isoniazid/rifampicin/pyrazina-
mide, relapse rates of 100%, 50% and 0% were observed after
completion of treatment for 2.5, 3.5 and 4.5 months, respectively.
On the other hand, mice treated with isoniazid/rifampicin/
pyrazinamide +simvastatin  showed relapse rates of 50%
(P=0.03), 20% (P=0.34) and 0% after completion of treatment
for 2.5, 3.5 and 4.5 months, respectively (Table 2).

Simvastatin does not alter cholesterol levels in lung
lesions or plasma of M. tuberculosis-infected mice

Using MALDI-MSI, we imaged cholesterol and cholesterol esters
in the lungs of mice (n=3) receiving isoniazid/rifampicin/pyrazi-
namide only, isoniazid/rifampicin/pyrazinamide 4 simvastatin or
vehicle alone (Figure 5a). To compare cholesterol abundance in
the three dosing groups, cholesterol ions were quantified in
regions of interest drawn on MALDI-MSI maps to encompass
lesion clusters in which mean dehydrated cholesterol signals
were quantified with MSiReader software. No significant differ-
ences in ion counts were observed between the three groups
(Figure 5b). Additionally, no significant difference in plasma
cholesterol levels were found between groups (Figure 5c¢).
These results suggest that cholesterol depletion is unlikely to
be the major mechanism by which simvastatin potentiates
anti-TB drugs.

Discussion

Statins are among the most promising candidates for adjuvant,
host-directed therapy against TB for a variety of reasons.??
Although they lack direct antimicrobial activity, statins are

Table 1. Pharmacokinetic parameters of simvastatin and the first-line TB drugs in BALB/c mice following a single oral dose (SD) or at steady-state (SS)

Drug Dose (mg/kg) SD or SS Co-drugs Crnax (Mg/L) AUC (mg-h/L)
Simvastatin acid (dosed as simvastatin) 20 SS none 0.3 0.4
60 SS none 0.7 1.5
60 SS isoniazid/rifampicin/pyrazinamide 1.5 3.0
Isoniazid 10 SD rifampicin/pyrazinamide 3.2 4.5
10 SS rifampicin/pyrazinamide 5.1 5.4
10 SS rifampicin/pyrazinamide + simvastatin 2.0 4.1
Rifampicin 10 SD isoniazid/pyrazinamide 9.5 102
10 SS isoniazid/pyrazinamide 10.7 132
10 SS isoniazid/pyrazinamide+ simvastatin 10.1 118
Pyrazinamide 150 SD isoniazid/rifampicin 180 306
150 SS isoniazid/rifampicin 192 232
150 SS isoniazid/rifampicin+ simvastatin 179 394

Data represent average values for three animals.
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effective against M. tuberculosis in macrophages and enhance the
activity of the first-line anti-TB regimen in mice.'®'? Additionally,
statins are widely used worldwide, having a highly favourable
safety profile.?® Several statins can be co-administered with anti-
retroviral drugs,’ an important consideration for patients with
HIV/TB coinfection. Finally, the widespread availability of less
costly generics facilitates their potential use in resource-limited
settings. In the present study, we have shown that simvastatin
enhances the sterilizing activity of the first-line regimen against

Treatment initiation

-o- No drug
- HRZ
—+— HRZ+Sim

Log,,cfu/lung

0 | T T £
-1.5 0 1.5 2.5 3.5 45
Months of treatment

Figure 4. Adjunctive treatment with simvastatin reduces the time
required to achieve culture-negative lungs in M. tuberculosis-infected
BALB/c mice. HRZ, 10 mg/kg isoniazid+ 10 mg/kg rifampicin+150 mg/kg
pyrazinamide; Sim, 60 mg/kg simvastatin.

(a) Control HRZ

HRZ+Sim

drug-susceptible TB in a murine model, shortening the time
required to eradicate infection.

M. tuberculosis infection induces intracellular lipid accu-
mulation in macrophages in the form of lipid droplets, quasi-
organelles consisting of cholesterol esters and triglycerides
surrounded by a phospholipid monolayer. Lipid-laden macro-
phages acquire a ‘foamy’ phenotype, which is associated with
delayed phagolysosomal maturation, enhanced IL-10 induc-
tion, alternative macrophage polarization and blunting of innate
immunity.?° Although their precise role remains poorly char-
acterized, lipid droplets may serve as a food source for intra-
cellular bacilli.>® In addition, their accumulation has been
associated with slowed M. tuberculosis division and phenotypic
tolerance to front-line drugs.>* Therefore, foamy macrophages
appear to represent a stable reservoir for M. tuberculosis, facili-
tating persistence of the organism in the host. Previous studies
have suggested a correlation between the antimycobacterial
and lipid-lowering activities of statins, since exposure of
M. tuberculosis-infected macrophages to statins reduces bac-
terial burden and lipid droplet formation.’®*? However, in the
current study we observed potent adjunctive activity of simvas-
tatin without any detectable change in cholesterol in the
plasma or lungs of infected mice. It is possible that the anti-
mycobacterial effect of simvastatin may indeed be mediated
through its cholesterol-lowering properties, albeit at the cellular
level, which is beyond the resolution of MALDI. Future studies
will examine the antimycobacterial activity of specific inhibitors
of each branch of the cholesterol synthesis pathway to distin-
guish between these possibilities.

(b) Cholesterol signal in lesions and
whole lung (TIC normalized)
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Figure 5. Simvastatin adjunctive therapy does not alter cholesterol content of lungs or plasma of M. tuberculosis-infected mice. (a) MALDI-MS images
showing the distribution of cholesterol ([M+H-H,0]%) in control, isoniazid/rifampicin/pyrazinamide-treated and isoniazid/rifampicin/pyrazinamide +
simvastatin-treated mouse lung sections. A haematoxylin/eosin (H&E)-stained reference tissue is shown for identification of tissue structures.
Isoniazid/rifampicin/pyrazinamide- and isoniazid/rifampicin/pyrazinamide +simvastatin-treated lungs have smaller lesions containing concentrated
levels of cholesterol. Lesions are outlined in black in the corresponding H&E image. Scale bar=5 mm. (b) Comparative quantification of cholesterol
ions in the lesions of control, isoniazid/rifampicin/pyrazinamide-treated and isoniazid/rifampicin/pyrazinamide +simvastatin-treated mice. Relative
quantification of cholesterol ions in mouse lesion sections was performed by determining the mean dehydrated cholesterol signal in regions of
interest using MSiReader software.?>?“ (c) Plasma cholesterol levels. n=3 mice; values represent median 4+ SD. Data are from tissue collected at
1.5 months post-treatment. HRZ, 10 mg/kg isoniazid+10 mg/kg rifampicin+150 mg/kg pyrazinamide; Sim, 60 mg/kg simvastatin. This figure
appears in colour in the online version of JAC and in black and white in the print version of JAC.
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Table 2. Sterilizing activity of simvastatin in combination with the first-line
regimen against chronic TB in mice

Percentage relapse assessed 12 weeks
after the completion of treatment for

Regimen 2.5months 3.5 months 4.5 months

Isoniazid/rifampicin/ 100 (10/10) 50 (5/10) 0 (15/15)
pyrazinamide

Isoniazid/rifampicin/ 50 (5/10)  20(2/10)  0(15/15)

pyrazinamide + simvastatin

Relapse is defined as having culture-positive lungs at the time of
assessment.

The target enzyme of statins is HMG-CoA reductase, which cat-
alyses the conversion of HMG-CoA into mevalonate in the rate-
limiting step of the cholesterol biosynthesis pathway.?? The
mevalonate pathway is a multi-branched pathway leading to
the biosynthesis of cholesterol, lipid hormones, including vitamin
D, isoprenoids and isoprenoid intermediates, such as farnesylpyr-
ophosphate and geranylgeranylpyrophosphate, which are
required for protein prenylation. The prenylation state of proteins,
including the Rho, Rac and Ras protein families,*® results in their
subcellular redistribution and membrane anchoring. In particular,
Rac transduction signalling modulates the generation of reactive
oxygen species, which is an important mechanism by which
macrophages control M. tuberculosis infection.®* Due to the mul-
tiple functions of the mevalonate pathway, statins possess anti-
inflammatory activities in addition to their well-known
lipid-lowering properties. For example, statins reduce expression
of pro-inflammatory chemokines and cytokines in animal models
of atherosclerosis and in patients with rheumatic diseases.®>~“°
Indeed, the cardioprotective effect of statins is likely related to
their immunomodulatory, rather than lipid-lowering, properties.**
In addition, statins appear to activate peroxisome proliferator-
activated receptor (PPAR)-a and PPAR-vy in inflammatory cells
and other cell types. PPAR-y regulates lipid uptake, adipogenesis
and glucose metabolism, and has been implicated in the path-
ology of obesity, diabetes, atherosclerosis and cancer.*! In the
mouse efficacy studies, we used a dose of 60 mg/kg simvastatin
based on our pharmacokinetic studies, which showed a Cpax
value 16-fold greater than the concentration required for bacillary
growth inhibition in macrophages and in a published dose-
response study of cholesterol lowering showing a linear increase
in efficacy up to this dose in mice.?® Animportant limitation of this
exploratory proof-of-concept study is that the drug exposure in
mice was significantly higher than in humans prescribed typical
doses of simvastatin as a cholesterol-lowering agent. The simvas-
tatin prodrug was entirely converted into the active acid metabol-
ite in mice, in contrast to humans, where the prodrug/acid
exposure ratio is ~1 over the course of a single dosing interval.*?
In fact, the THP-1 cells converted only a small fraction of simvas-
tatin into the acid form. The conversion of simvastatin into sim-
vastatin acid is both non-enzymatic and catalysed by
carboxylesterases and paraoxonases in the liver, small intestine
and plasma. Most statins are substrates of CYP3A4 or CYP2C9,
and of p-glycoproteins, with the exception of pravastatin.*34*

CYP enzymes, including CYP3A4, which is induced by rifampicin,
metabolize both simvastatin and simvastatin acid, and the open
acid forms of some of these metabolites are active.?’ In healthy
volunteers, 5 days of pretreatment with rifampicin at a dose of
600 mg daily following a single 40 mg dose of simvastatin led
to reduced Cnax and AUC, but had no significant effect on the
Tmax OF t1/2 of simvastatin or simvastatin acid. On the other
hand, no interaction was observed in mice between 60 mg/kg
simvastatin and 10 mg/kg rifampicin at steady-state and neither
drug altered the intracellular concentration of the other following
exposure of THP-1 cells. Therefore, it is difficult to make projec-
tions of an efficacious dose of simvastatin in humans, given the
complex and species-specific metabolism of this drug. Future pre-
clinical studies will focus on the relationship between dose of pro-
drug and concentration of simvastatin acid in mouse plasma and
lungs, and antitubercular activity. In addition, pharmacokinetic
studies in other animal models with more human-like pathology
will be required to understand the interactions of statins with first-
line TB drugs and recommend adequate dose adjustment.

The statins are an important class of drugs, which can be fur-
ther developed for adjunctive TB treatment. Additional preclinical
studies are required to identify the statin with the most potent
antimycobacterial activity, as well as optimal dosing with first-line
drugs. In addition, the activity of statins should be assessed in
an animal model of cell-mediated immune deficiency in order
to simulate AIDS, as well as in combination with second-line
agents for MDR TB. As with any host-directed therapy, clinical
parameters to determine the efficacy of statins as adjunctive
therapy in a clinical trial should include measures of lung function,
including pulmonary function testing and respiratory question-
naires, as well as standard microbiological and clinical outcomes.
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