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ABSTRACT  22 

 23 

Tuberculosis is still a cause of major concern, partly due to the emergence of multi-drug 24 

resistant strains. New drugs are therefore needed. Vancomycin can target mycobacteria with 25 

cell envelop deficiency. In this study, we used a vancomycin susceptibility assay to detect 26 

drugs hampering the lipids synthesis in M. bovis BCG and in M. tuberculosis. We tested three 27 

drugs already used to treat human obesity: tetrahydrolipstatin (THL), simvastatin and 28 

fenofibrate. Only vancomycin and THL were able to synergize on M. bovis BCG and on M. 29 

tuberculosis although mycobacteria could also be inhibited by simvastatin alone. Lipid 30 

analysis allowed to identify several lipid modifications in M. tuberculosis H37Rv treated with 31 

those drugs.  THL treatment mainly reduced the phthiocerol dimycocerosate (PDIM) content 32 

in the mycobacterial cell wall, providing an explanation for the synergy, as PDIM deficiency 33 

has been related to vancomycin susceptibility. Proteomic analysis suggested that bacteria 34 

treated with THL, on the opposite to simvastatin, tried to recover, inducing, among others, 35 

lipid synthesis. The combination of THL with vancomycin should be considered as a 36 

promising solution in new strategies to treat MDR-TB.  37 

 38 

 39 

 40 

 41 

 42 

 43 

 44 

 45 
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INTRODUCTION 47 

Tuberculosis (TB), mainly caused by Mycobacterium tuberculosis, is still killing 1.5 million 48 

people annually in the world (1). Although TB death rate has decreased by 47% since 1990 49 

according to the Millennium Development Goals targets, reaching a 86% treatment success in 50 

2013, the emergence of multidrug-resistant (MDR) and extensively drug-resistant (XDR) 51 

infections (9.7% of MDR-TB) is highly worrisome. In some regions of Eastern Europe, the 52 

percentage of XDR-TB even reached 25% (2).  MDR-TB refers to TB with both resistance to 53 

isoniazid and rifampicin and XDR-TB to a subgroup of MDR with additional resistance to 54 

any fluoroquinolone and at least one second line injectable drug. In 2015, the overall cure rate 55 

of the MDR infections, using restricted, expensive, prolonged, second-line treatment regimens 56 

is falling to 50 % (1). There is a growing concern to discover new drugs to fight MDR and 57 

XDR-TB. As such, Bedaquiline and Delamanid have been recently approved for treating 58 

MDR-TB and others are currently in clinical trials (3,4). 59 

It is well established that the M. tuberculosis antibiotic resistance is highly dependent on its 60 

unique waxy cell wall, consisting in a covalently linked skeleton, composed from inside to 61 

outside, of peptidoglycan, arabinogalactan and mycolic acids (5). Unique, extractable lipids, 62 

such as acyltrehaloses, including sulfolipids (SL), trehalose dimycolate (TDM), 63 

diacyltrehalose (DAT) and penta- or poly-acyltrehalose (PAT), but also phthiocerol and 64 

phthiodolone dimycocerosates (PDIM), particularly involved in virulence and antibiotic 65 

resistance, are embedded in an outer membrane. In addition, phosphatidyl-myo-inositol 66 

mannosides (PIM), and hypermannosylated PIM, lipomannan and lipoarabinomannan are 67 

anchored though their phosphatidyl-myo-inositol moieties into the inner and outer membrane 68 

of the cell wall and have been shown to be involved in M. smegmatis antibiotics resistance 69 

(6). 70 
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Recently, we described an innovative approach to identify compounds targeting 71 

mycobacterial lipids biosynthesis that can synergize with glycopeptides to inhibit the growth 72 

of mycobacteria.  Interestingly, we showed that the combination of vancomycin with a drug 73 

targeting long-chain lipid synthesis, such as cerulenin, act synergistically against MDR and 74 

XDR clinical strains (7).   75 

In this study, we used our vancomycin susceptibility assay to test commercially available 76 

drugs focusing on one’s that could potentially lower lipid biosynthesis, in order to identify 77 

potential synergistic activity with vancomycin (7). This choice is justified by the importance 78 

of complex lipids composing the mycobacterial envelope, their roles in the cell wall 79 

impermeability, the susceptibility to antibiotics and the virulence of M. tuberculosis (5, 7, 8). 80 

Three drugs commonly used to treat obesity and cholesterol disorders were tested: 81 

tetrahydrolipstatin (THL), simvastatin and fenofibrate (7). THL is an esterase inhibitor well 82 

known for inhibiting pancreatic lipases (9) but also several bacterial enzymes (10-17). Parket 83 

et al. reported that, in M. smegmatis, THL can target Rv3802 acting both as a thioesterase and 84 

a phospholipase on phosphatidylinositol mannoside 2 (18) but also the ES-31 serine protease 85 

(19). Interestingly, Ravindran et al. pointed out 9 lipases and one thioesterase, TesA, as 86 

potential THL targets (20). This last enzyme, TesA, is involved in the synthesis of phthiocerol 87 

dimycocerosate (PDIM) (21). PDIM are lipid compounds in the outer membrane of defined 88 

slow-growing mycobacterial species, including M. tuberculosis and M. bovis BCG, essential 89 

among others for the cell envelope impermeability and antibiotic resistance, in particular 90 

towards glycopeptides (5, 7). Simvastatin is a cholesterol lowering drug that has been recently 91 

reported to enhance phagosomal maturation and autophagy, increasing M. tuberculosis burden 92 

in macrophage and mouse (22, 23). This drug has been reported to improve the efficiency of 93 

first line antituberculous drugs in vivo, probably by lowering lipids in foamy macrophages 94 

(23). Finaly, fenofibrate belongs to the fibrate lipid lowering drugs family. Grabes et al. 95 
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reported some toxicity of fibrates on M. tuberculosis (24). Gemfibrozil has been indeed 96 

shown to inhibit M. tuberculosis growth with a potential action on a mycobacterial enoyl 97 

Coenzyme A (24, 25).  More recently, Kim et al. reported that fibrates could lower bacterial 98 

burden and inflammation in a M. smegmatis macrophage invasion model by a PPAR-α 99 

independent pathway (26).  100 

Here, using three different antibacterial assays, we show the antimycobacterial activity of the 101 

simvastatin and THL and demonstrate that THL synergizes with vancomycin. Lipid and 102 

protein analysis indicated distinct mode of action, with THL inhibiting the cell wall  103 

synthesis, as expected.  104 

 105 

MATERIALS AND METHODS 106 

Bacteria and cultures. M. bovis BCG GL2 and M. tuberculosis H37Rv were used. 107 

Mycobacteria were grown in 7H9 medium containing 0.05% Tween 80 supplemented with 108 

10% albumin-dextrose complex (Difco Laboratories) or on 7H11 Middlebrook agar 109 

supplemented with oleic acid-albumin-dextrose complex (Difco Laboratories). 110 

Drug susceptibility tests. Drug susceptibility was investigated using three methods: the 111 

macro-dilution method, the standardized agar proportion method, and the BacT/Alert MP 112 

method (Mycobacteria Process) according to the bioMérieux protocol and previous reports 113 

(27, 28). For M. bovis BCG, in the context of a first assay, we used the macrodilutions 114 

method to determine more rapidly and in a smaller volume the minimal inhibitory 115 

concentration (MIC) and the fractional inhibitory concentration index (FICI).  For M. 116 

tuberculosis, we additionally used the standardized agar proportion method. Bact/alert MP 117 

method allowed to perform a fast preliminary test on M. bovis BCG and to evaluate the 118 
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potential synergy of drug combination on M. tuberculosis. For all methods, cultures less than 119 

4 weeks old were used to prepare homogeneous suspension inoculum. 120 

The macrodilution method, used for M. bovis BCG, was done in 7H9 medium without Tween, 121 

supplemented with albumin-dextrose complex in polycarbonate tube to reach a final volume 122 

of 1.2 ml, thus mimicking the BacT/Alert method at a 1:10 scale. A 600 µl inoculum, at an 123 

O.D600 of 0.2, diluted 1 in 24, was added to 600 µl serial drug dilutions (one in two). The FICI 124 

of the drug in combination with vancomycin was calculated as follow: FICI= FICa + FICb= 125 

MICab/ MICa + MICba/ MICb.  In agreement with the Checkerboard method, synergy is 126 

reached when FICI ≤ 0.5, indifference could be observed when 0.5 < FICI < 2, and an 127 

antagonistic effect is noted when FICI > 2 (29).  128 

For the standard agar proportion method (27), we used mycobacterial suspensions (1 129 

McFarland turbidity) to perform serial dilutions from 10-1 to 10-4, in the presence or absence 130 

of various concentrations of tetrahydrolipstatin (THL), simvastatin, fenofibrate and 131 

vancomycin alone or in combination. The MIC was defined as the lowest drug concentration 132 

that inhibited more than 99% of the bacterial population. Vancomycin, THL, fenofibrate and 133 

simvastatin were purchased from Sigma Aldricht. THL was also commercially obtained from 134 

Sandoz and fenofibrate from Eurogenerics. 135 

The BacT/Alert MP system (Mycobacteria Process), using BacT/ALERT MP bottles (11 ml) 136 

supplemented with restoring fluid was inoculated with drugs and mycobacterial suspensions 137 

as previously described (7). The growth index (GI) values were recorded every 10 min.  A 138 

1/100 proportional growth control condition consisted in a 100-fold diluted bacterial 139 

inoculum, injected in a drug-free control vial. The concentration of the drug(s) simultaneously 140 

giving a flagged positive bottle as the 1/100 control vial was considered as the MIC. 141 

Combined drug effect was investigated using concentrations at sub-MICs and previously 142 
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published ‘x/y’ methodology (30-33). Briefly, when the 1:100 control vial was flagged and 143 

the daily ∆GI of the 1:100 control vial reached at least 30, the GI was read for at least 1 144 

additional day to calculate the ∆GI from the previous day. In the case of a two-drug 145 

combination, a ‘∆x/∆y’ quotient of < 0.5 indicates synergy with ∆x being the ∆GI value 146 

obtained for the vial with the combination of drugs and ∆y being the lowest ∆GI value 147 

obtained with any of the single drug used within the combination tested (7).  148 

Lipid analysis. Lipids from M. tuberculosis H37Rv (350 ml 7H9 culture without Tween 80 at 149 

OD600 0.5) treated with THL (50 µg/ml) or treated with same volume of DMSO (as control) 150 

were extracted first with CHCl3/CH3OH (1:2, v/v) for 24h at room temperature, and twice 151 

with CHCl3/CH3OH (2:1, v/v) for 2 days. Crude extracts were washed twice with distilled 152 

water and evaporated to dryness, according to standard protocols as described previously (34).  153 

The lipid extracts were comparatively analyzed by HPTLC (High Performance Thin-Layer 154 

Chromatography) on HPTLC Silica Gel 60 (Merck), using various solvent systems, mainly 155 

petroleum ether/diethyl ether (9:1, v/v) for phthiocerol dimycocerosates (PDIM) and 156 

CHCl3/CH3OH/H2O (30:8:1, 65:25:4 and 60:35:8, v/v/v) for more polar lipids (trehalose 157 

mycolates and phospholipids). Visualizations were performed by immersion of the plates in  158 

primuline solution or by spraying the plates with 10% phosphomolybdic acid and charring for 159 

PDIM or 0.2% anthrone solution (w/v) in concentrated H2SO4 and charring for glycolipids. 160 

The various lipid spots were quantified by either absorption measurement at the specific 161 

wavelength with TLC Scanner 3 using wincats software and/or colorimetric measure using 162 

ChemiDoc XRS+ with Image Lab Sofware (BioRad).  163 

SWATH acquisition LC-MS/MS Analysis. Quantitative proteomic analyses were performed 164 

on proteome extracts of the different M. tuberculosis samples. Cells from 3 biological 165 

replicates were harvested by centrifugation (16,000×g, 10 min, 4°C) when OD600 reached 0.5. 166 

 on S
eptem

ber 2, 2016 by N
O

R
T

H
E

R
N

 ILLIN
O

IS
 U

N
IV

http://aac.asm
.org/

D
ow

nloaded from
 

http://aac.asm.org/


8 
 

Proteins were extracted by sonication (3×10 sec, amplitude 40%, IKA U50 sonicator) in 6 M 167 

guanidinium chloride solution. Extracted proteins were reduced, alkylated and precipitated 168 

with acetone. Proteolytic peptides were obtained by overnight enzymatic digestion using 169 

trypsin at a ratio of 1:50 (w/w).  170 

MS experiments were conducted following a label-free strategy on UHPLC-HRMS/MS 171 

plateform (Eksigent 2D ultra & AB Sciex TripleTOF™ 5600) in SWATH data independent 172 

acquisition (DIA) mode. Two micrograms of peptides were separated on a C18 column 173 

(Acclaim PepMap100, 3 µm, 150 µm × 25 cm, Dionex) with a linear acetonitrile gradient (5 174 

to 35% (v/v), 450 nl.min-1, 30 min) in water containing 0.1% (v/v) formic acid. Each MS 175 

survey scan (400-1500 m/z, 50 ms accumulation time) was followed by 34 SWATH 176 

acquisition overlapping windows of 25 Da with covering the precursor m/z range. For each 177 

window, ions were fragmented using rolling collision energy, and fragment ion spectra were 178 

accumulated for 95 ms in high sensitivity mode.  179 

SWATH spectra were identified by comparison to a reference spectral library obtained with 180 

traditional data-dependent acquisition (DDA) experiments on proteins extracted from the 181 

different M. tuberculosis samples. Sample preparation and separation procedures were 182 

identical to the one previously mentioned. DDA spectra were acquired with the following 183 

parameters: MS scan (400-1500 m/z, 500 ms accumulation time) in high resolution mode 184 

(>35000) followed by 50 MS/MS scans (100-1800 m/z, 50 ms accumulation time, intensity 185 

threshold at 200 c.p.s). The DDA mass spectrometry data were processed with AB Sciex 186 

ProteinPilot™ 4.5 software. Spectra identification was performed by searching against the M. 187 

tuberculosis H37Rv UniProt entries with parameters including carbamidomethyl cystein, 188 

oxidized methionine, all biological modifications, amino acid substitutions and missed 189 

cleavage site. Proteins identified at a false discovery rate below 1% were used as the SWATH 190 

reference spectral library.  191 
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SWATH wiff files were processed by AB Sciex PeakView 2.1 software and his SWATH™ 192 

Acquisition MicroApp. Up to 6 peptides with at least 99% confidence were selected with 6 193 

transitions per peptide. XIC extraction windows was set to 25 min, and XIC width to 75 ppm. 194 

XIC peak area was extracted and exported in AB Sciex MarkerView™ 1.2 software for 195 

normalization and statistical analysis. Protein functional classification of tuberculist was used 196 

(http://genolist.pasteur.fr/TubercuList/). Only differentially expressed proteins with a p value 197 

< 0.05 were selected and analyzed using STRING (Search Tool for the Retrieval of 198 

Interacting Genes/Proteins) version 9.1 (http://string.embl.de/). STRING uses a score to 199 

define interaction confidence; all interactions with a confidence score >0.9 (highest 200 

confidence) were collected (35). 201 

 202 

RESULTS 203 

Preliminary test on M. bovis BCG. We tested tetrahydrolipstatin (THL), simvastatin and 204 

fenofibrate for their ability to weaken the mycobacterial cell wall and consequently to 205 

potentiate the vancomycin inhibitory effect (7). The first experiment was done on M. bovis 206 

BCG using the BacT/ALERT MP method and a fixed 5 µg/ml vancomycin concentration, far 207 

below the vancomycin MIC (> 500 µg/ml), as previously reported (7). We observed that only 208 

THL remarkably increased the susceptibility of the bacteria to vancomycin (Fig. 1). In order 209 

to investigate if this growth inhibition resulted from a synergy or from the effect of THL 210 

alone, we determined the MIC of THL and its FICI in combination with vancomycin. As 211 

shown in Table 1, the MIC of THL alone, determined by the macrodilution method, was 5 212 

µg/ml. The MIC dropped to 0,625-1,25 µg/ml in the presence of vancomycin (10 µg/ml), 213 

revealing that this combination acts synergically (FICI = 0,185-0,31). In contrast, simvastatin 214 

alone showed an MIC of 100 µg/ml and could act with vancomycin but not in synergy 215 
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(FICI=1). Interestingly no synergistic effect of THL was observed in the presence of 216 

amoxicilline/clavulanic acid, suggesting a specific mechanism responsible for the combined 217 

effect of THL with vancomycin (data not show).  218 

Synergistic inhibition confirmation on M. tuberculosis. The BacT/ALERT assay on M. 219 

tuberculosis H37Rv showed an effect of simvastatin 100 µg/ml and THL 50 µg/ml when 220 

combined with vancomycin 5 µg/ml, in contrast to fenofibrate showing no effect to 221 

concentrations up to 100 µg/ml (Fig. 2). We further investigated with the BacT/ALERT 222 

system the combination of THL (25 µg/ml) with vancomycin (5 µg/ml) and obtained a Δx/Δy 223 

= 0,03 showing a synergy for those drugs. To calculate the FICI by the checkerboard method 224 

we performed macrodilution experiments for both THL and simvastatin with vancomycin 225 

(Table 2). THL MIC was 50 µg/ml when tested alone and fell to 3,1 µg/ml when combined 226 

with vancomycin (10 µg/ml). Simvastatin alone showed an MIC of 100 µg/ml decreasing (50 227 

µg/ml) in combination with vancomycin (10 µg/ml). Based on this data the FICI calculation 228 

showed synergism for THL with vancomycin (FICI= 0,31) and a non-synergistic effect for 229 

simvastatin with vancomycin (FICI= 1,5). Finally, the NCCLS agar proportion method 230 

confirmed these data (Table 2). Using this method, THL MIC was 5 µg/ml and fell to 0,625 231 

µg/ml in combination with 2 µg/ml vancomycin.  Confirming the BactAlert results, 232 

simvastatin showed an MIC of 100 µg/ml which decreased to 50 µg/ml in the presence of 2 233 

µg/ml vancomycin. The checkerboard allowed us to calculate a FICI of 0,375 for THL with 234 

vancomycin and a FICI of 1 for simvastatin with vancomycin. Fenofibrate was also retested 235 

with the agar proportion method, which confirmed its inefficacy to inhibit the growth of 236 

H37Rv (up to 200 µg/ml) including in combination with 2 µg/ml of vancomycin.  237 

Membrane lipid alteration by THL and simvastatin on M. tuberculosis. Total lipid extract 238 

from treated M. tuberculosis H37Rv were compared to those of untreated to assess the effect 239 

of these drugs on cell wall lipids. As shown in Fig. 3, 24 h after the addition of 50 µg/ml 240 
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THL, the amount of phthiocerol dimycocerosates (PDIM A) and phthiodiolone 241 

dimycocerosate (PDIM B) outer membrane lipids clearly decreased, as well as the amount of 242 

triacyl glycerol (TAG) TDM and SL-1. Some compounds, exhibiting a mobility close to those 243 

of trehalose dimycolate (TDM) and the major sulfated compounds (SL-1), were observed only 244 

in THL-treated extracts. Mycolic acids were unchanged (data not shown). 245 

In contrast to THL, treatment with 100 µg/ml simvastatin did not affect the amount of PDIM 246 

A and PDIM B in the cell wall. We also observed increased amounts of phosphatidyl-myo-247 

inositol dimannosides (Ac2PIM2 and Ac2PIM6) and reduced amounts of phosphatidyl glycerol 248 

(PG), phosphatidyl ethanolamine (PE), AcPIM2, DAT/TMM (trehalose monomycolate) and 249 

TAG. Mycolic acids were equally unchanged (data not shown) 250 

Proteomic response to THL and simvastatin in M. tuberculosis. To improve our 251 

comprehension of the drugs action, we compared the proteome of untreated M. tuberculosis 252 

with the proteome of M. tuberculosis treated 24h with two fold reduced sub-MIC 253 

concentration of either THL (25 µg/ml ) or simvastatin (50 µg/ml) and no vancomycin, in 254 

order to study bacteria reaction in condition avoiding cell killing. Differential proteomic data 255 

were obtained using the sequential window acquisition of all theoretical spectra (SWATH) 256 

approach. SWATH-MS is a recent label free, quantitative proteomics based to mass 257 

spectrometric method that combines data-independent acquisition (DIA) and targeted data 258 

analysis. In this way, robust quantitative data of thousands of proteins in a single 259 

measurement was obtained in MS2 mode (36). As shown in Table 3, the THL treatment 260 

induced more protein changes (around 7.5 % of the protein content) in M. tuberculosis than 261 

the simvastatin treatment (around 1.8 % change). THL treatment mainly involved protein 262 

upregulation (97 %), in contrast to simvastatin inducing mainly protein downregulation 263 

(78%). Based on this simple analysis, it is clear that the bacterial response is completely 264 

different after a THL or simvastatin treatment. However, few proteins were commonly 265 
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regulated (0.3 %), such as four proteins downregulated from the intermediary metabolism 266 

(e.g. AldC and ProB) and two upregulated ribosomal proteins (RplW and RpmJ). THL 267 

treatment induced many protein up-regulations, mainly involved in intermediary metabolism 268 

and respiration (34 %), information pathways (16 %) and lipid metabolism (14 %) (Table 3, 269 

Fig. S1 and Fig. S2). Proteins involved in transcription (RpoA, RpoC, Rho, NusG, Mfd, …), 270 

traduction (RpmJ, RpsM, RplT, RpsR1, RpmD, …), the metabolic tricarboxylic acid cycle 271 

(MDH, GltA2, CitA, Can, Icd2, Kgd), glutamate metabolism (GltB, GlnA1, Gdh) and 272 

numerous enzymes of FAS I (Fas) and II (AcpM, KasA, FabG1, Pks13, …) lipid synthesis 273 

were upregulated in THL treated M. tuberculosis (Fig. S2 and Table S3). Simvastatine 274 

downregulated proteins mainly involved in intermediary metabolism and respiration (33 %) 275 

and lipid metabolism (12 %) (Table 3, Fig. S1, Fig. S2 and Table S3). 276 

  277 

DISCUSSION 278 

Tetrahydrolipstatin (THL), simvastatin and fenofibrate were tested for their ability to 279 

potentiate the antimycobacterial activity of glycopeptides by weakening the mycobacterial 280 

cell wall (7). Our first approach, using the BacT/ALERT system on M. bovis BCG, identified 281 

an interesting inhibitory effect of THL with vancomycin. A synergy could be identified by the 282 

Checkerboard method from the macrodilution assay. This synergy was also observed on M. 283 

tuberculosis by both the BacT/ALERT method and the Checkerboard method using the 284 

macrodilution and the NCCLS agar proportion results. This synergy suggested that THL 285 

destabilized the outer membrane of the cell envelope and facilitated the action of vancomycin. 286 

The impact of THL on the outer membrane integrity was verified by lipid analysis. As 287 

expected for a drug synergizing with vancomycin against M. tuberculosis and M. bovis BCG 288 

growth, we observed a reduction of PDIM A and PDIM B in THL treated M. tuberculosis. 289 
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The interaction of THL with TesA might explain, at least partly, this result (20). In agreement 290 

with Belardinelli et al., we also observed that the outer membrane SL-1 lipids were strongly 291 

decreased (37). Belardinelli et al. recently described that THL inhibits PAT biosynthesis and 292 

even more SL-1 biosynthesis suggesting a potential action on Chp 1 (37). The amount of 293 

mycolic acids was unchanged by THL treatment. The effect of THL on M. tuberculosis is 294 

therefore different than on M. kansasii, as Kremer et al. describing for the first time the 295 

antimycobacterial activity of this drug in M. kansasii, underlined its partial inhibitory effect 296 

on mycolic acids and meromycolyl-diacylglycerol synthesis (38). It is worth noting that we 297 

also observed 48h and 72h after treatment an accumulation of degradation products of the cell 298 

wall mycolyl-arabinogalactan. These products consisted mainly in di-mycolyl-di-299 

arabinoglycerol, mono-mycolyl-arabinoglycerol and mono-mycolyl-di-arabinoglycerol (data 300 

not shown). We also observed a reduction of triacylglycerol (TAG). Altogether, our results 301 

suggest that THL induced a loss of cell wall integrity by targeting several cell envelope lipid 302 

pathways, potentially among them, Chp 1, involved SL-1 synthesis as previously reported 303 

(30) and TesA, involved in PDIM synthesis as suggested by Ravindran et al. (20).  304 

Simvastatin, although not able to synergize with vancomycin, inhibited already alone (100 305 

µg/ml) the growth of both M. bovis BCG and M. tuberculosis. This result, observed in three 306 

antimycobacterial drug susceptibility assays, is in contrast with a previous publication in 307 

which no inhibitory effect for the simvastatin alone was detected (23). Our hypothesis is that 308 

it could be due either to the fact that they were using a different macrodilutions method or that 309 

the quality of the simvastatin was not identical (23). Lipid analysis of simvastatin treated M. 310 

tuberculosis confirmed that on the opposite to THL treated cells, PDIM were not reduced, in 311 

agreement with the absence of synergy with vancomycin.  The amount of PG, PE and TAG 312 

was reduced, as the amount AcPIM2 but Ac2PIM2 and Ac2PIM6 were increased. The action of 313 

THL and simvastatin on the mycobacterial cell wall was thus clearly different. 314 
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For the fenofibrate, we could not detect any effect, either alone or in combination with 315 

vancomycin, on M. bovis BCG or M. tuberculosis. 316 

It is interesting to understand how the bacteria respond to an antibiotic/drug stress, as it could 317 

give us a clue to the drug tolerance or resistance developed by bacteria. In this study, we 318 

observed that M. tuberculosis treated either by THL or simvastatin have a smaller intracellular 319 

TAG contents than untreated cells. The TAG reservoir could serve as a fatty acyl/carbon 320 

source for recovery, metabolism but could also have been decreased due to the action of these 321 

lipid lowering drugs. Proteomic analyses suggested that M. tuberculosis under THL stress are 322 

trying to recover, expressing more proteins, especially those involved in intermediary 323 

metabolism, respiration and information pathways, probably in order to gain energy. The 324 

protein upregulation observed in FAS I and FAS II lipid synthesis pathway in THL treated M. 325 

tuberculosis suggests that the bacteria is remodeling his cell wall. These modifications in lipid 326 

metabolism were consistent with 3 gene cluster signature profiles (GC82, GC89 and GC120) 327 

out of 6 proposed by Boshoff et al. for inhibitors of cell wall biosynthesis (isoniazid, 328 

ethionamide, cerulenin), in agreement with our lipid results and previous reports as described 329 

above (39). Our proteomic data with THL were compared to the microarray analysis of 330 

Waddell et al. providing gene expression profile for THL treated M. tuberculosis (40). In 331 

agreement with our results, Waddell et al. mostly observed gene upregulation with THL 332 

treatment.  333 

On the opposite, M. tuberculosis under simvastatin, did not seem to try recovering, as very 334 

few change in proteins expression were detected. Interestingly, some downregulated proteins 335 

are listed in three gene clusters, GC29, GC34 and GC76, described by Boshoff et al. 336 

downregulated by the 5-chloropyrazinamide, rifampicin, H2O2 (GC29), rifampicin, 337 

pyrazinamide, nicotinamide and benzamide (GC34) and rifampicin, pyrazinamide, 338 
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nicotinamide, H2O2 and UV (GC76), respectively (39). It would be therefore interesting to 339 

carry out further studies to investigate whether simvastatin could damage DNA.    340 

In conclusion, we identified a synergy between THL and vancomycin to inhibit M. bovis BCG 341 

and M. tuberculosis growth. Lipids analysis confirmed that THL destabilized the outer 342 

membrane of the cell envelope, among other by reducing the amount of PDIM, facilitating the 343 

vancomycin action. The concordance of the results obtained by the macrodilution method, the 344 

NCCLS agar proportion experiments and the BacT/ALERT MP assays, suggests that the 345 

BacT/ALERT MP system is suitable for antituberculous drugs screening. Simvastatin, by 346 

itself, also seems a promising antimycobacterial drug, as mycobacteria seemed unable to act 347 

in order to recover. 348 

Further studies, especially in vivo assays, should be performed with these drugs, in order to 349 

assess their potential use against TB. New formulations should be developed to allow their 350 

delivery into the lungs.   351 
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 490 

Figure Legends 491 

FIG 1 Drug susceptibility assay on M. bovis BCG. Fluorometric reflectance experiment 492 

record the normal and delayed growth of Mycobacterium bovis BCG with or without drugs. 493 

Growth curves were compared to a 1/100 inoculum dilution to evaluate the MIC. 494 

Representative growth curves of the initial inoculum (BCG 1/1), of the dilution (BCG 1/100) 495 

and of the initial inoculum with a fixed 5 µg/ml vancomycin (V5) combined with 10 µg/ml 496 

THL (THL10) or with 10 µg/ml simvastatin (S10) or with 10 µg/ml of fenofibrate (F10). 497 

FIG 2 THL synergizes with vancomycin. Representative growth curves of the initial inoculum 498 

(H37Rv 1/1), the dilution (H37Rv 1/100), and the initial inoculum with a fixed 5 µg/ml 499 

vancomycin (V5) added to 50 µg/ml THL (THL50) or to 100 µg/ml fenofibrate (F100) or to 500 

100 µg/ml simvastatin (S100). 501 

FIG 3 Lipid modifications detected in M. tuberculosis treated with THL (T) or simvastatin (S) 502 

when compared to the DMSO control (C). A. HPTLC of PDIMs A, PDIMs B and TAG 503 

separated with petroleum ether/diethylether (9:1, v/v) and visualized by primuline. B. HPTLC 504 

of lipids separated with CHCl3/CH3OH/H2O (60:35:8, v/v/v), visualized by spraying with a 505 

0.2% anthrone solution (w/v) in concentrated H2SO4, followed by heating. C. Lipid 506 
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quantification of PDIM A, PDIM B and TAG based on colorimetric and fluorometric analysis 507 

of TLC. D. Lipid quantification of representative lipids based on colorimetric and 508 

fluorometric analysis of TLC. In each graph, means ± error bars of three independent 509 

experiments data converted to a percentage, with untreated samples taken as 100%, are 510 

shown. For THL treated or simvastatin treated samples versus untreated samples, three 511 

independent experiments were analyzed by TLC and quantified. 512 
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TABLE 1 Drug susceptibility results (MIC) obtained in the macrodilution series and analyzed by the 527 

Checkboard method for M. bovis BCG  528 

  vancomycin  THL   simvastatin 

  
MIC (µg/ml) / FIC / 

FICI 
 MIC (µg/ml) / FIC / FICI   MIC (µg/ml) / FIC / FICI

  Alone     250 / - / -       5 / - / -   
 

    100 / - / -   

  + 1µg/ml THL     15 / 0,06 / 0,185-0,31      -/ - / -   
 

    -/ - / -   

  + 25µg/ml simvastatin     125 / 0,5 / 1       -/ - / -   
 

    -/ - / -   

  + 10µg/ml vancomycin     -/ - / -   
0,625-1,25 /0,125-

0,25/0,185-0,31  
    50 / 0,5 / 1   

           

 529 

 530 

 531 

 532 

 533 

 534 

 535 

 536 

 537 

 538 

 on S
eptem

ber 2, 2016 by N
O

R
T

H
E

R
N

 ILLIN
O

IS
 U

N
IV

http://aac.asm
.org/

D
ow

nloaded from
 

http://aac.asm.org/


24 
 

TABLE 2 Drug susceptibility results (MIC) obtained with the macrodilution series and with the 539 

NCCLS agar proportion methods, both analyzed by the Checkboard method on M. tuberculosis  540 

    vancomycin  THL  simvastatin  fenofibrate

    
MIC (µg/ml) / 

FIC / FICI 
 

MIC (µg/ml) / FIC / 

FICI 
 

MIC (µg/ml) / 

FIC / FICI 
 

MIC 

(µg/ml) / 

FIC / FICI

  Alone MS     100 / - / -       50 / - / -       100 / - / -      -/ - / -  

 
NCCLS     40 / - / -       5 / - / -       100 / - / -  

    > 200 / 

- / -   

  + 1µg/ml THL MS   25 / 0,25 / 0,31      -/ - / -       -/ - / -       -/ - / -  

 
NCCLS  10/ 0,25 / 0,375      -/ - / -       -/ - / -       -/ - / -  

  + 25µg/ml simvastatin MS     100 / 1 / 1,5      -/ - / -       -/ - / -       -/ - / -  

 
NCCLS     20 / 0,5 / 1      -/ - / -       -/ - / -       -/ - / -  

  + 50µg/ml fenofibrate MS     -/ - / -       -/ - / -       -/ - / -       -/ - / -  

 
NCCLS     40 / 1 / 2       -/ - / -       -/ - / -       -/ - / -  

  + 10µg/ml vancomycin MS     -/ - / -       3,1 / 0,06 / 0,31     50 / 0,5 / 1,5      -/ - / -  

 
NCCLS     -/ - / -       -/ - / -       -/ - / -       -/ - / -  

  + 2µg/ml vancomycin MS     -/ - / -       -/ - / -       -/ - / -       -/ - / -  

  NCCLS     -/ - / -     0,625 / 0,125 / 0,375       50 / 0,5 / 1   >200 /1 /2  

 541 

 542 

 543 

 544 

 545 
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TABLE 3 Summary of up- and down-expressed proteins after 24 h THL or simvastatin 546 

treatmenta 547 

  THL  Simvastatin 

Functional classification Up Down  Up Down 

Intermediary metabolism and respiration  99 6 
 

4 19 

Lipid metabolism 40 0 
 

2 7 

Information pathways  48 1 
 

4 3 

Virulence, detoxification, adaptation 12 0 
 

1 2 

Cell wall and processes  26 0 
 

0 4 

Regulatory proteins  13 0 
 

0 4 

Conserved hypotheticals 55 2 
 

5 19 

            

aProteins with a p-value < 0,05 548 

 549 

 550 
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