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a b s t r a c t 

Objectives: Mycobacterium abscessus is an opportunistic respiratory pathogen in patients with underlying 

lung disease. It is infamously known for its low treatment success rates because of its resistance to mul- 

tiple classes of antibiotics. Further insight into M. abscessus resistance mechanisms is needed to improve 

treatment options. In this in vitro study, the role of efflux pumps in reaction to antibiotic stress is ex- 

plored, as well as the ability of the putative efflux inhibitors, thioridazine and verapamil, to potentiate 

the activity of guideline-recommended antibiotics. 

Methods: To evaluate the effects of antibiotic stress on mycobacterial efflux pumps, M. abscessus sub- 

species abscessus was exposed to amikacin, cefoxitin, clarithromycin, clofazimine, and tigecycline for 24 

hours. Transcriptomic responses were measured by RNA sequencing to gain insight into upregulation of 

efflux pump encoding genes. Subsequently, in time-kill kinetics assays, the above-mentioned antibiotics 

were combined with thioridazine and verapamil to evaluate their potentiating capacity. 

Results: All five antibiotics led to a fold change of ≥2 Log 2 in expression of one or more genes encoding 

transporter systems. This effect was most pronounced for the ribosome-targeting antibiotics amikacin, 

clarithromycin, and tigecycline. Time-kill kinetics assays demonstrated synergy between amikacin, tige- 

cycline, clofazimine, cefoxitin, and both thioridazine and verapamil. 

Conclusion: Antibiotic stressors induce expression of efflux pump encoding genes in M. abscessus , es- 

pecially antibiotics that target the ribosome. Putative efflux inhibitors thioridazine and verapamil show 

synergy with various guideline-recommended antibiotics, making them interesting candidates for the im- 

provement of M. abscessus treatment. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of International Society for Antimicrobial 

Chemotherapy. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Among the nontuberculous mycobacteria (NTM), Mycobacterium 

bscessus is an important opportunistic respiratory pathogen in pa- 

ients with underlying lung disease [1] . In patients with cystic fi- 

rosis, pulmonary infection caused by M. abscessus can be partic- 

larly detrimental, as it is associated with accelerated progression 

o end stage lung disease [2] and person-to-person transmission 

3] and may jeopardize successful lung transplantation [4] . 
∗ Corresponding author. Department of Medical Microbiology and Infectious Dis- 

ases, Erasmus University Medical Center, P.O. Box 2040, 30 0 0 CA Rotterdam, The 

etherlands. 

E-mail address: s.e.mudde@erasmusmc.nl (S.E. Mudde) . 

t

s

m

f

s

f

ttps://doi.org/10.1016/j.jgar.2022.10.015 

213-7165/© 2022 The Author(s). Published by Elsevier Ltd on behalf of International Soc

Y license ( http://creativecommons.org/licenses/by/4.0/ ) 
A variety of antibiotic resistance mechanisms are responsible 

or M. abscessus being infamously known as difficult to treat. This 

pplies especially to M. abscessus subspecies abscessus , in which 

acrolide resistance is induced upon exposure to these drugs by 

he expression of the ribosome methylase-encoding erm(41) gene 

5] . Apart from inducible macrolide resistance, acquired point mu- 

ations in the rrl gene may also abolish macrolide susceptibility 

6] . Resistance to aminoglycosides by target modification and mu- 

ations in the rrs gene [7] , resistance to β-lactam antibiotics by 

he production of a class A β-lactamase [8] , and tetracycline re- 

istance by enzymatic inactivation [9] further complicate the treat- 

ent of M. abscessus infections. Consequently, patients are treated 

or prolonged periods with multidrug therapies based on in vitro 

usceptibility testing, often accompanied by burdensome side ef- 

ects. Despite intensive therapy, treatment success rates as low as 
iety for Antimicrobial Chemotherapy. This is an open access article under the CC 
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3.0% for pulmonary disease caused by M. abscessus subspecies ab- 

cessus have been reported [10] . 

Apart from the above-mentioned resistance mechanisms, there 

as been increasing evidence for the role of efflux pumps in antibi- 

tic resistance in M. abscessus . Vianna et al. demonstrated that M. 

bscessus exposed to clarithromycin (CLR) showed overexpression 

f MAB_1409 and MAB_3142 , two efflux pump encoding genes [11] . 

n line, a recent study by Guo et al. showed an association between 

he upregulation of efflux pump genes MAB_2355c, MAB_1409c , and 

AB_1846 and CLR resistance, also in isolates without rrl muta- 

ions [12] . Furthermore, Richard et al. found clofazimine (CFZ)- 

esistant M. abscessus isolates harboring mutations in MAB_2299c , 

hich were associated with the upregulation of an MmpS/MmpL 

fflux pump system and resulted in cross-resistance to bedaquiline 

13] . Another study by Li et al. found mutations in MAB_4384 en- 

oding the repressor of the efflux pump MmpS5/MmpL5 in clini- 

ally isolated strains resistant to bedaquiline [14] . Lastly, enhanced 

xpression of MAB_0937c, MAB_1137c, MAB_4117c , and MAB_4237c , 

ll encoding efflux pumps and transporter systems, were shown to 

e upregulated upon exposure to amikacin (AMK) [15] . However, 

he exact contribution of efflux pumps to antibiotic resistance in 

. abscessus is not fully understood. 

Increasing interest in the potential role of efflux pumps as a 

esistance mechanism in mycobacteria has led to the exploration 

f efflux inhibitors as an adjunctive therapy in preclinical stud- 

es. The preclinical body of evidence for efflux inhibitors of both 

atural and synthetic origin as adjunctive therapies against my- 

obacteria is growing [16] . However, clinical studies evaluating ef- 

ux inhibitors have yet to be conducted. The current study con- 

entrates on two putative efflux inhibitors: verapamil (VP) and 

hioridazine (TZ). Thioridazine, a phenothiazine, is originally an 

ntipsychotic drug antagonizing dopamine receptor 2. It also has 

ntiemetic, antihistaminic, and anticholinergic activities [17] . Al- 

hough the efflux inhibitory activity of TZ has been observed in 

arious mycobacterial species [16] , studies with TZ and M. absces- 

us are scarce. Verapamil is a calcium channel blocker used in the 

reatment of cardiovascular diseases [18] and has been extensively 

valuated as a potentiator of antituberculosis drugs in preclinical 

odels [ 19 , 20 ]. Its capacity to inhibit drug efflux in M. abscessus

as demonstrated by Vianna et al. [21] . Therefore, we hypothe- 

ized that TZ and VP may similarly potentiate drug activity against 

. abscessus . 

Targeting drug efflux in M. abscessus infections could be a strat- 

gy for the development of new and more effective treatment 

ptions. For this reason, this study evaluated the effects of sev- 

ral guideline-recommended antibiotics on efflux pump gene ex- 

ression in M. abscessus , as well as the ability of TZ and VP to

nhance the anti-mycobacterial killing activity of these antibiotic 

ompounds in vitro. 

. Materials and methods 

.1. Bacterial strain and culture conditions 

The M. abscessus subsp. abscessus ATCC 19977 strain was used in 

ll experiments. For the gene expression experiments (performed 

t Radboud University Nijmegen Medical Centre), stock vials of M. 

bscessus were stored at –70 °C in trypticase soy broth containing 

0% glycerol. For time-kill kinetics assays (performed at Erasmus 

niversity Medical Center Rotterdam), M. abscessus was cultured 

n Cation Adjusted Mueller Hinton broth ([CAMHB] Becton, Dickin- 

on and Company [BD], Sparks, MD) supplemented with 10% OADC 

BD) under shaking conditions at 96 rpm and 37 °C. Vials with bac- 

erial stock suspensions in CAMHB with 10% OADC were stored at 

80 °C until use. 
346 
.2. Antimicrobial compounds 

Amikacin (AMK), cefoxitin (FOX), clarithromycin (CLR), clofaz- 

mine (CFZ), thioridazine (TZ), and verapamil (VP) were purchased 

rom Sigma-Aldrich (Zwijndrecht, The Netherlands). Tigecycline 

TIG) was manufactured by Pfizer (Brussels, Belgium). 

.3. Drug susceptibility testing 

Minimum inhibitory concentrations (MICs) were determined 

ccording to the Clinical and Laboratory Standards Institute (CLSI) 

uidelines (3 rd edition) by broth microdilution in CAMHB incu- 

ated at 30 °C for 3 to 5 days. However, CFZ was found to pre-

ipitate in CAMHB. This issue could be resolved by diluting CFZ 

n CAMHB with 4% dimethyl sulfoxide (DMSO). The CLSI guidelines 

ecommend determining the MIC of CLR after 14 days because of 

nducible resistance by the erm -gene. However, in this study, ex- 

eriments with CLR did not exceed 3 days, so no induced CLR re- 

istance was expected during this period. Therefore, the MIC of CLR 

as determined after 3 days of incubation. 

.4. Drug stability testing 

Drug stability of AMK and FOX was evaluated by assessing an- 

imicrobial activity over time using the standard large-plate agar 

iffusion assay [22] . In brief, for AMK and FOX, Escherichia coli 

TCC 25922, susceptible to both compounds, was plated onto di- 

gnostic sensitivity test agar (Oxoid, Hampshire, UK) or Mueller 

inton agar (BD), respectively. A standard concentration series of 

ach drug with 2-fold increasing concentrations was prepared. Test 

oncentrations per drug were incubated at 30 °C, similar to the 

emperature at which the time-kill kinetics assays were performed 

 Section 2.6 .). On days 1, 3, and 7, both the standard concentrations 

nd a sample of the test concentrations were added onto the solid 

gar. The concentration of AMK and FOX in the test conditions over 

ime was determined by comparing their inhibition zones to those 

f the standard concentrations, representing the remaining drug 

oncentrations. The stability of TIG was determined similarly in a 

revious study, using Micrococcus luteus , susceptible to TIG, plated 

nto diagnostic sensitivity test agar [22] . For CFZ, no bacterial in- 

icator strain is available. Therefore, a pre-incubation MIC deter- 

ination with M. abscessus was used to determine drug stability. 

he MIC was determined by broth microdilution assay according 

o the CLSI guidelines. The CFZ concentrations were either freshly 

repared or pre-incubated for 1 week at 30 °C before determining 

he MIC. In this assay, equal MICs indicated that the compound 

as stable over the time course of a time-kill kinetics assay. 

.5. Gene expression 

RNA sequencing was performed as described previously [23] . 

acterial inocula were grown in CAMHB with 0.05% Tween 80 un- 

il early log-phase. Subsequently, antibiotics were added to the cul- 

ure (AMK 8 mg/L, FOX 8 mg/L, CLR 4 mg/L, CFZ 1 mg/L, and TIG

.5 mg/L), which was further incubated for 24 hrs prior to RNA 

solation. All conditions were completed in biological triplicate. 

Following lysis with bead beating, RNA isolation was performed 

sing the Nucleospin RNA kit (Machery Nagel, Düren, Germany). 

ollowing isolation, RNA integrity was determined, rRNA was de- 

leted, and the mRNA library was constructed and sequenced on a 

extSeq 500 (Illumina, San Diego, CA). 

All obtained reads were mapped to the M. abscessus ATCC 

7799 genome (NCBI reference sequence: NC_010397.1) using STAR 

v2.7.0). Differential expression analysis of putative efflux trans- 

orter genes was performed in R (v3.3.3) using the DESeq2 pack- 
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ge, and the cut-off for gene upregulation was defined as a Log2 

old change ≥2; a P value ( ≤0.05) corrected for multiple guessing. 

.6. Time-kill kinetics assay 

The concentration-dependent and time-dependent killing activ- 

ty of AMK, TIG, FOX, and CFZ, alone or in combination with TZ 

r VP, was assessed as previously described [22] . In brief, 25 mL 

ultures of M. abscessus , with a starting inoculum of ∼5,5 × 10 5 

olony-forming units (CFU)/mL in CAMHB supplemented with 10% 

ADC, were exposed to AMK, FOX, TIG, or CFZ at concentrations of 

/4x or 1x the MIC with or without TZ or VP. For TZ and VP, con-

entrations of 1/2x or 1/8x MICs were used, as 1/2x MIC was pre- 

iously shown to inhibit ethidium bromide efflux in mycobacteria 

24] . Thus, the concentrations tested for each drug were as follows: 

MK 4 and 16 mg/L; FOX 8 and 32 mg/L; TIG 1 and 4 mg/L; CFZ

.125 and 0.5 mg/L; TZ 8 and 32 mg/L; and VP 128 and 512 mg/L.

o prevent precipitation of CFZ in CAMHB with 10% OADC, 0.4% 

MSO was added in time-kill kinetics assays with CFZ. Because 

FZ at 1x MIC did not inhibit bacterial growth in the time-kill 

inetic assay, MIC determination of CFZ was repeated in CAMHB 

upplemented with 10% OADC to better reflect the experimental 

onditions in the time-kill kinetics assay. As a 4-fold higher MIC 

f 2 mg/L was observed in the presence of 10% OADC, 4x MIC (2

g/L) was included for CFZ. The cultures were incubated at 30 °C 

nder shaking conditions. In a previous study, an incubation tem- 

erature of 35 °C was used [22] . However, growth of M. absces- 

us at 30 °C was found to be more optimal in comparison with 

rowth at 35 °C (data not shown). Also, the temperature of 30 °C is 

n line with the CLSI (3 rd edition) recommendations for MIC deter- 

inations. Based on the results of drug stability experiments (see 

ection 3.2 .), losses in drug stability were compensated for in the 

ase of FOX and TIG by daily addition of minimal volumes (100 
ig. 1. Differentially expressed transporter systems. Heat map illustrating transporter sys

FZ = clofazimine; CLR = clarithromycin; FOX = cefoxitin; TIG = tigecycline. 

347 
L) of drug concentrations to the cultures. After 1, 3, and 7 days of 

rug exposure, the cultures were sampled for mycobacterial load 

etermination (CFU/mL). Samples were centrifuged at 14.0 0 0 g for 

0 min, the supernatant was discarded, and the pellet was sus- 

ended in phosphate buffered saline. This washing procedure was 

erformed twice to prevent drug carry-over onto the agar plates. 

he number of CFU per mL in the samples was determined by 

reparing 10-fold serial dilutions up to 10 –7 and plating 200 μl per 

ilution onto Mueller Hinton agar supplemented with 10% OADC. 

FU were counted after incubating the plates for 5 to 7 days at 

0 °C. CFU counts were log 10 transformed. The lower limit of de- 

ection was 0.7 log 10 CFU/mL. All experiments were performed in 

uplicate. 

.7. Synergy in the time-kill kinetics assays 

Activity between antimycobacterial compounds and efflux in- 

ibitors was considered to be synergistic when it conformed to 

ither of the following definitions: i) a ≥100-fold (a difference of 

 log 10 ) increase in mycobacterial killing with the 2-drug combi- 

ation compared with the most active single drug, or ii) when a 

rug combination achieved elimination of M. abscessus that was 

ot achieved by exposure to a single drug [25] . The definition of 

ynergy was only met when at least one of these criteria was ful- 

lled in both (duplicate) experiments. 

. Results and discussion 

.1. Minimum inhibitory concentrations 

The MICs established for the M. abscessus ATCC 19977 strain 

ere as follows: 16 mg/L for AMK, 32 mg/L for FOX, 4 mg/L for 

LR, 4 mg/L for TIG, and 0.5 mg/L for CFZ. The MIC established for 

Z was 64 mg/L and that for VP was 1024 mg/L. 
tems that had a fold change of ≥2 Log 2 and a P value of < 0.05. AMK = amikacin; 
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.2. Drug stability 

AMK was shown to be stable, but FOX showed a 33% de- 

line daily. For TIG, an 80% decline daily was previously shown 

22] . Both freshly prepared and pre-incubated CFZ concentrations 

emonstrated the same MIC for M. abscessus , indicating that CFZ 

as stable over the course of the time-kill kinetics assay. 

.3. Gene expression 

Exposure to subinhibitory concentrations of AMK, CFZ, CLR, 

OX, and TIG resulted in an increased expression of a wide range 

f putative efflux transporter genes in M . abscessus ( Fig. 1 ). The

argest number of upregulated efflux pump encoding genes was 

een following CLR exposure (15), followed by AMK (8), and TIG 

7). All genes upregulated following AMK and TIG exposure were 

lso upregulated as a result of CLR exposure. In contrast, CFZ and 

OX only induced a small set of efflux genes. CFZ induced the 

xpression of MAB_2632 and MAB_2633 , encoding the CydC/CydD 

BC transporter in the mycobacterial respiratory chain, while FOX 

nduced specific expression of MAB_0837c , encoding a putative 

mpL protein. 

.4. Time-kill kinetics assays 

The time-dependent killing activities of AMK, TIG, FOX, and CFZ 

ith or without TZ are presented in Fig. 2 and Table A.1 , and those

ith or without VP are presented in Fig. 3 and Table A.2 . 

For the 1/2x MIC concentration of TZ, synergy was found with 

MK at 1x MIC, TIG at 1/4x and 1x MIC, FOX at 1/4x and 1x MIC,

nd CFZ at 4x the MIC. When TZ at 1/2x MIC was combined with

IG at 1x MIC, no CFUs were retrieved at days 3 and 7. TZ at 1/8x

IC did not show synergy with any of the antibiotics tested. Of 

otice, TZ at 1/2x MIC showed substantial activity against M. ab- 

cessus on its own ( Fig. 2 , Table A.1 ). 

Similar results were found for VP. Synergy was observed be- 

ween VP at 1/2x MIC and AMK, and TIG and FOX at 1/4x and 1x

IC. CFZ at 1x and 4x MIC showed synergy with VP at 1/2x MIC, 

s well. Like TZ, the 1/8x MIC concentration of VP did not demon- 

trate synergy with any of the antibiotics ( Fig. 3 , Table A.2 ). 

. Discussion 

While all five antibiotics were found to increase transcription of 

ne or more genes encoding transporter systems, this effect was 

ore pronounced for AMK, CLR, and TIG, as compared with CFZ 

nd FOX. Time-kill kinetics assays showed synergistic activity be- 

ween AMK, TIG, CFZ, FOX, and both TZ and VP. To our knowledge, 

hese drug combinations have not been evaluated before against 

. abscessus in vitro [26] . 

Although the precise functions of the proteins encoded by the 

pregulated genes are not yet fully understood, these genes have 

een linked to different families of efflux pumps and other trans- 

orter systems [ 12 , 15 , 27–29 ]. As such, the findings in this study

trengthen the growing body of evidence for efflux mediated an- 

ibiotic resistance mechanisms in M. abscessus [ 11–13 , 15 ]. 

Interestingly, compared with CFZ and FOX, gene upregulation 

or efflux transporters was more pronounced upon exposure to 

MK, CLR, and TIG, all three being ribosome-targeting antibiotics. 

OX, on the other hand, targets cell wall synthesis, and CFZ is 

hought to interfere with the mycobacterial respiratory chain [23] . 

lthough one might speculate that ribosome-targeting antibiotics 

re more potent inducers of efflux pump systems specifically, it 

s good to interpret these results in a broader context of gene 

pregulation. In fact, it was recently shown by Schildkraut et al. 
348 
hat AMK, CLR, and TIG led to more extensive elevated transcrip- 

ional responses, in general, in comparison with FOX and CFZ [23] . 

ne of the common transcriptomic responses shared by AMK, CLR, 

nd TIG is the upregulation of the whiB7 regulon, a transcrip- 

ional regulator controlling genes involved in intrinsic antibiotic 

esistance [ 23 , 28 ]. In line, in the current study, 9 of 14 efflux

ump genes upregulated by exposure to AMK, CLR, and TIG are 

escribed as within the M. abscessus whiB7 regulon [ 28 , 29 ]. Induc-

ion of whiB7 by ribosome-targeting antibiotics could perhaps ex- 

lain why upregulation of efflux pump encoding genes was most 

xplicit for AMK, CLR, and TIG. On the other hand, AMK has been 

onsidered as a weak whiB7- inducer [ 28 , 29 ]; however, it led to

ubstantial induction of multiple transporter genes in the current 

tudy. 

Apart from a possible indirect link between efflux pumps and 

ibosome-targeting antibiotics via whiB7 , there might also be a 

ore direct link. The function of efflux pumps extends beyond ef- 

ux of antibiotics, as they contribute to cell homeostasis by se- 

reting waste products, as well as specific substrates that assist 

n cell-to-cell communication, biofilm formation, and nutrient ac- 

uisition [30] . Additionally, there is increasing evidence that ef- 

ux pumps might be involved in ribosomal protection. A subfam- 

ly of ATP-binding cassette (ABC) transporters, the cytosolic ABC- 

 proteins, are capable of displacing antibiotics from the ribo- 

ome, thereby providing protection against ribosome targeting an- 

ibiotics [31] . More specific to M. abscessus , a recent study by Guo 

t al. found that MAB_2355c , a putative ABC transporter with ho- 

ology to ABC-F proteins, is strongly induced by macrolides. Us- 

ng Escherichia coli S30, erythromycin-inhibited ribosomal trans- 

ation was reversed upon addition of purified MAB_2355c in a 

ose-dependent manner, suggesting a protective role towards the 

ibosome for this M. abscessus transporter [27] . Indeed, in the 

urrent study, MAB_2355c was strongly induced by ribosome- 

argeting AMK, CLR, and TIG, but not by CFZ and FOX. So far, 

AB_2355c is the only transporter in M. abscessus directly linked 

o ribosomal protection. Additional research is needed to shed 

ight on functions of efflux pumps beyond antibiotic efflux in 

. abscessus . 

CFZ and FOX exposure resulted only in a modest induction 

f efflux pump genes. FOX exposure induced specific expression 

f MAB_0937c , encoding a putative member protein of the MmpL 

amily that is highly homologous to mmpL10 in Mycobacterium tu- 

erculosis [ 15 , 32 ]. MmpL10 is thought to be involved in the trans-

ort of cell wall components [32] , and may have been induced 

o restore the damage caused by FOX. CFZ induced expression 

f MAB_2632 and MAB_2633 , encoding the CydC/CydD ABC trans- 

orter. In M. tuberculosis , this transporter is thought to be essen- 

ial for the function of the bd-type ubiquinol oxidoreductase [33] . 

his is in line with the finding that CFZ exposure induces bd- 

ype ubiquinol oxidoreductase, which probably aids in the defense 

gainst CFZ-related oxidative stress [23] . 

Based on the more extended gene upregulation upon exposure 

o AMK, CLR, and TIG compared with CFZ and FOX, higher lev- 

ls of synergy were expected between AMK, CLR, and TIG and 

he putative efflux inhibitors TZ and VP. Nevertheless, equal lev- 

ls of synergy with TZ and VP were observed for CFZ and FOX 

nd for the ribosome-targeting antibiotics. Apparently, the degree 

f efflux pump gene expression did not correlate with the level 

f synergy between antibiotics and efflux inhibitors. These find- 

ngs do not elucidate the precise mechanisms underlying the po- 

entiating activity of TZ and VP but do indicate that mechanisms 

ther than efflux inhibition might drive the synergistic interactions 

bserved here. In fact, in the time-kill kinetics assays, TZ demon- 

trated considerable activity on its own. In the context of M. tu- 

erculosis , TZ inhibits growth by interfering with the aerobic res- 

iratory chain [34] . One might hypothesize that the metabolic and 
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Fig. 2. Concentration-dependent and time-dependent bactericidal activity of thioridazine (TZ) at 1/8x MIC (8 mg/L) or 1/2x MIC (32 mg/L) combined with amikacin (AMK) 

at 1/4x MIC (4 mg/L) (A) or 1x MIC (16 mg/L) (B); tigecycline (TGC) at 1/4x MIC (1 mg/L) (C) or 1x MIC (4 mg/L) (D); cefoxitin (FOX) at 1/4x MIC (8 mg/L) (E) or 1x MIC 

(32 mg/L) (F); clofazimine (CFX) at 1/4x MIC (0.125 mg/L) (G); and 1x MIC (0.5 mg/L) (H) or 4x MIC (2 mg/L) (I) against M. abscessus subspecies abscessus . MIC values 

are based on the Clinical and Laboratory Standards Institute method. Mycobacterial cultures were exposed to the antibiotics with or without TZ for 7 days at 30 °C under 

shaking conditions. On days 1, 3, and 7, the mycobacterial load, expressed as colony forming units (CFU), was determined by sampling the cultures and plating them onto 

antibiotic-free solid Mueller Hinton agar supplemented with 10% oleic acid-albumin-dextrose-catalase. The experiments were performed in duplicate. Results are expressed 

as the mean CFU ( + /– the range). Circles indicate combinations showing synergy. The dashed horizontal line indicates the lower limit of detection of CFU. 
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Fig. 3. Concentration-dependent and time-dependent bactericidal activity of verapamil (VP) at 1/8x MIC (128 mg/L) or 1/2x MIC (512 mg/L) combined with amikacin (AMK) 

at 1/4x MIC (4 mg/L) (A) or 1x MIC (16 mg/L) (B); tigecycline (TGC) at 1/4x MIC (1 mg/L) (C) or 1x MIC (4 mg/L) (D); cefoxitin (FOX) at 1/4x MIC (8 mg/L) (E) or 1x MIC 

(32 mg/L) (F); and clofazimine (CFX) at 1/4x MIC (0.125 mg/L) (G), 1x MIC (0.5 mg/L) (H), or 4x MIC (2 mg/L) (I) against M. abscessus subspecies abscessus . MIC values 

are based on the Clinical and Laboratory Standards Institute method. Mycobacterial cultures were exposed to the antibiotics with or without VP for 7 days at 30 °C under 

shaking conditions. On days 1, 3, and 7, the mycobacterial load, expressed as colony forming units (CFU), was determined by sampling the cultures and plating them onto 

antibiotic-free solid Mueller Hinton agar supplemented with 10% oleic acid-albumin-dextrose-catalase. The experiments were performed in duplicate. Results are expressed 

as the mean CFU ( + /– the range). Circles indicate combinations showing synergy. The dashed horizontal line indicates the lower limit of detection of CFU. 
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espiratory shifts in M. abscessus following exposure to commonly 

rescribed antibiotics [23] are hampered by TZ’s effect on the res- 

iratory chain, thus leading to non-efflux based synergistic activity. 

egarding VP, Chen et al. demonstrated that VP did not increase 

ntracellular drug concentrations in M. tuberculosis , contradicting 

ts efflux inhibitory function [35] . This could be a consequence of 

edundancy in efflux pumps [35] . On the other hand, it has been 

uggested that VP inhibits drug efflux in M. tuberculosis more indi- 

ectly by interfering with the proton motive force, thereby affecting 

arious transport processes in the cell [16] . It could be that such a

echanism, or yet to be identified mechanisms, also underlie the 

otentiating activity of VP towards antibiotics in M. abscessus . 

A couple of limitations to this study need to be considered. 

irst, the experiments were conducted with planktonic mycobac- 

eria, whereas in vivo M. abscessus also resides intracellularly in 

acrophages. This is relevant, considering that VP can act on 

ammalian transporters, as well [36] . Whether the activity of 

he studied antibiotics and TZ and VP is also present against M. 

bscessus within macrophages is an important topic for further 

tudy. Secondly, experiments were only performed with a refer- 

nce M. abscessus subspecies abscessus strain. Differential drug ac- 

ivity against the reference strain and clinical isolates of M. absces- 

us should be assessed in future experiments. Also, stability test- 

ng of TZ and VP, as well as gene expression following TZ and VP 

xposure, were not tested. Not having this information is a clear 

imitation that should be addressed in future work. Lastly, the con- 

entrations of TZ and VP used in the time-kill kinetics assays were 

xtremely high and not clinically feasible, considering the toxic- 

ty accompanying these drugs. In a clinical study, steady-state TZ 

erum concentrations ranged between 0.4 to 8.8 mg/L after a me- 

ian dose of 150 mg/day [37] , which is barely equal to the concen-

ration of 1/8x the MIC of TZ (8 mg/L). TZ at this concentration 

howed no (synergistic) activity in the time-kill kinetics assays. 

he same issue applies to VP, as serum concentrations in humans 

bove 0.9 mg/L are considered toxic [38] . High MICs, together with 

he unfavorable toxicity profiles of TZ and VP, complicate the po- 

ential use of these compounds in clinical M. abscessus treatment. 

onetheless, the synergistic activity of TZ and VP with guideline- 

ecommended antibiotics shows encouraging proof-of-principle re- 

ults that may inform the development of safer derivatives and tar- 

eted drug administration. For example, norverapamil has demon- 

trated preserved activity but has a more favorable toxicity profile 

19] . Also, inhalation-based therapies with TZ and VP are currently 

eing developed and aim to establish high local drug concentra- 

ions while reducing systemic exposure and accompanying toxicity 

 39 , 40 ]. 

In conclusion, induction of efflux pump encoding genes is an 

mportant response in M. abscessus triggered by antibiotic stres- 

ors, especially ribosome-targeting antibiotics. Putative efflux in- 

ibitors, such as TZ and VP, show synergy with antibiotics that are 

urrently recommended and may be promising leads for the im- 

rovement of M. abscessus treatment options. 
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able A.1 

ummary of interactions between amikacin (AMK), tigecycline (TIG), cefoxitin 

FOX), and clofazimine (CFZ) and the efflux inhibitor thioridazine (TZ) based on 

he time-kill kinetics assays. Synergistic activity is indicated by ‘ + ’. MIC values are

ased on the CLSI method. 

Day 3 Day 7 

1/8x MIC TZ 1/2x MIC TZ 1/8x MIC TZ 1/2x MIC TZ 

AMK 1/4x MIC 

1x MIC + + 

TIG 1/4x MIC + + 

1x MIC + + 

FOX 1/4x MIC + + 

1x MIC + 

CFZ 1/4x MIC 

1x MIC 

4x MIC + 

able A.2 

ummary of interactions between amikacin (AMK), tigecycline (TIG), cefoxitin 

FOX), and clofazimine (CFZ) and the efflux inhibitor verapamil (VP) based on the 

ime-kill kinetics assays. Synergistic activity is indicated by ‘ + ’. MIC values are 

ased on the CLSI method. 

Day 3 Day 7 

1/8x MIC VP 1/2x MIC VP 1/8x MIC VP 1/2x MIC VP 

AMK 1/4x MIC + 

1x MIC + 

TIG 1/4x MIC + 

1x MIC + 

FOX 1/4x MIC + 

1x MIC + 

CFZ 1/4x MIC 

1x MIC + 

4x MIC + 
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