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Abstract 26 

 Linezolid is an oxazolidinone antibiotic that effectively treats methicillin-resistant 27 

Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococci (VRE). Since 28 

rifampicin induces other antibiotic effects, it is combined with linezolid in therapeutic regimes. 29 

However, linezolid blood concentrations are reduced by this combination, which increases the 30 

risk of the emergence of antibiotic-resistant bacteria. We herein demonstrated that the 31 

combination of linezolid with rifampicin inhibited its absorption and promoted its elimination, 32 

but not through microsomal enzymes. Our results indicate that the combination of linezolid 33 

with rifampicin reduces linezolid blood concentrations via metabolic enzymes.   34 
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Introduction 35 

Linezolid is an oxazolidinone antibiotic that is used in the treatment of 36 

methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant enterococci 37 

(VRE). Linezolid inhibits initiation complex formation of the 70S ribosome by binding to the 38 

50S ribosomal subunit[1]. This mechanism of antibiotic action differs from those of other 39 

antibiotics, and, thus, linezolid is not cross-resistant to other antibiotics [2]. Therefore, these 40 

characteristics of linezolid are advantageous for decreasing the risk of antibiotic-resistant 41 

bacteria emerging due to reductions in blood linezolid concentrations when administered in 42 

combination with other drugs. 43 

Rifampicin is an anti-tuberculosis drug that inhibits RNA polymerase β, and is 44 

effective against MRSA. The combination of rifampicin with one or more drugs is 45 

recommended in order to prevent the emergence of rifampicin-resistant bacteria. As 46 

rifampicin penetrates biofilms and exerts bactericidal antibacterial effects, it has been the 47 

treatment of choice for infection control [3]. However, rifampicin-resistant bacteria may 48 

emerge when rifampicin is administered alone. Therefore, the use of rifampicin in 49 

combination with other antibiotics is strongly recommended [4, 5]. 50 

The combination of rifampicin with linezolid has been shown to inhibit the 51 

generation of rifampicin-resistant bacteria [6], and also induces the effects of linezolid [7, 8]. 52 

However, numerous linezolid combination studies with rifampicin demonstrated that blood 53 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 11, 2019. ; https://doi.org/10.1101/572610doi: bioRxiv preprint 

https://doi.org/10.1101/572610


5 

linezolid concentrations decreased when it was combined with rifampicin [9, 10]. Reductions 54 

in blood linezolid concentrations may increase the risk of drug treatment failure as well as the 55 

emergence of antibiotic-resistant bacteria. Therefore, the mechanisms underlying the 56 

pharmacokinetic interactions between linezolid and rifampicin need to be elucidated in more 57 

detail. The observed reduction of linezolid concentration when combined with rifampicin has 58 

gained attention recently. Although these reductions have been extensively examined, specific 59 

studies have not yet been performed. 60 

Therefore, the present study had 2 aims: (1) to examine if rifampicin pre-treatment 61 

promotes the metabolism or elimination of linezolid in an in vivo study, and (3) to clarify 62 

whether the induction of cytochrome P450 (CYP) by a rifampicin pre-treatment promotes the 63 

degradation of linezolid in an in vitro study.  64 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 11, 2019. ; https://doi.org/10.1101/572610doi: bioRxiv preprint 

https://doi.org/10.1101/572610


6 

Materials and Methods 65 

Animals 66 

Five-week-old male ICR mice (Sankyo Labo Service Corporation, Inc., Tokyo, 67 

Japan) were housed under a standard light/dark cycle (light phase: 7:00-19:00) at a 68 

temperature of 24 ± 1°C and humidity of 60 ± 10% with ad libitum access to food and water. 69 

Anesthesia was maintained with intermittent administration of intraperitoneal pentobarbital. 70 

All experiments were performed in accordance with the Guide for the Care and Use of 71 

Laboratory Animals distributed by the U.S. National Institutes of Health [11] and the rules 72 

and regulations of animal experiments in University of Toyama (permit number: 73 

A2012PHA-45). 74 

RT-PCR analysis 75 

Mice were orally administered rifampicin (100 mg/kg) or vehicle (control group) 76 

once per day for 7 days. One day after the final administration, livers were removed from 77 

mice. Total mRNA was extracted using RNAiso Plus (TaKaRa Bio Inc., Otsu, Japan) and 78 

cDNA was synthesized with the PrimeScript RT reagent Kit with the gDNA Eraser (TaKaRa 79 

Bio Inc.). Real-time PCR was performed using the KOD SYBR qPCR Mix (TOYOBO, Kita, 80 

Japan) with StepOnePlus (Thermo Fisher Scientific, Waltham, MA, USA). All samples were 81 

normalized with the housekeeping gene Gapdh. 82 

Collection of serum after the administration of linezolid  83 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 11, 2019. ; https://doi.org/10.1101/572610doi: bioRxiv preprint 

https://doi.org/10.1101/572610


7 

Mice were orally administered rifampicin (100 mg/kg) or vehicle (control group) 84 

once per day for 7 days. One day after the final rifampicin administration, linezolid (25 85 

mg/kg) was orally or intraperitoneally administered to mice. Blood samples were obtained 86 

from the heart after the administration of linezolid. Whole blood was allowed to clot, and sera 87 

were collected by centrifugation at 3,000 ×g for 15 min. 88 

In vitro pharmacokinetics study 89 

Mice were orally administered rifampicin (100 mg/kg) or vehicle (control group) for 90 

7 days. Rifampicin (100 mg/kg) was orally administered to mice once per day for 7 days. One 91 

day after the final rifampicin administration, the liver was removed from mice. Total protein 92 

was extracted using T-PER Tissue Protein Extraction Reagent (Thermo Fisher Scientific).  93 

Protein concentrations were measured using the BCA Protein Assay Kit (Thermo Fisher 94 

Scientific). Linezolid solution (final concentration, 25 μg/mL) and NADPH (final 95 

concentration, 2.5 mM) were added to the total protein solution (final concentration, 20 96 

μg/mL) and incubated at 37°C. Methanol was added to stop the reaction 0.5, 1, 2, and 4 h 97 

after the incubation. Linezolid concentrations were measured using high performance liquid 98 

chromatography (HPLC). Dexamethasone (final concentration, 12.5 μg/mL) was used as a 99 

positive control. 100 

Measurement of drug concentrations by HPLC 101 

Linezolid concentrations were measured using an HPLC method with ultraviolet 102 
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(UV) detection, according to a previously reported method [12]. Dexamethasone 103 

concentrations were measured using an HPLC method with UV detection. The HPLC system 104 

(Shimadzu Corporation) consisted of a LC-2010 pump, LC-2010 autosampler, LC-2010 UV 105 

detector, and LC-2010 column oven. Data were collected and analyzed using LC solution. 106 

Separation was performed on an ODS Hypersil column (Cadenza 5CD-C18, 150 mm × 4.6 107 

mm, 5 µm; Imtakt Co.). A solution of 1% phosphoric acid was used for the mobile phase, and 108 

pH was adjusted to 5 by the addition of 10 M sodium hydroxide. The pump flow rate was 1.0 109 

mL/min. The column temperature was maintained at 40°C. The wavelength of optimum UV 110 

detection was set at 254 nm. Calibration curves were linear over a concentration range of 1 to 111 

100 µg/mL. Intra/inter-day CV was less than 5.0%, and LLOQ was 1 μg/mL for 112 

dexamethasone concentrations. 113 

Statistical analysis 114 

An unpaired t-test was used to analyze differences between two groups. Dunnett’s 115 

test was used for post-hoc comparisons. Differences between the groups with a P value of < 116 

0.05 were considered to be significant.  117 
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Results 118 

Influence of the rifampicin pre-treatment on linezolid pharmacokinetics in vivo 119 

In order to investigate whether a rifampicin pre-treatment influences the absorption, 120 

metabolism, and elimination of linezolid, mice were orally administered linezolid one day 121 

after the rifampicin pre-treatment and blood linezolid concentrations were measured using 122 

HPLC. The rifampicin pre-treatment reduced linezolid blood concentrations at all sampling 123 

points, and decreased AUC by 30% from that in the control group (Figure 1A). In order to 124 

clarify whether the rifampicin pre-treatment promotes the metabolic or eliminated process, 125 

linezolid was intravenously administered one day after an injection of rifampicin and linezolid 126 

blood concentrations were then measured using HPLC. The results obtained showed that 127 

linezolid blood concentrations were reduced by the rifampicin pre-treatment (Figure 1B).  128 

Influence of the rifampicin pre-treatment on the expression of Cyp3a11 and drug 129 

degradation in liver metabolic enzymes 130 

Rifampicin induces the expression of CYP3A4, and mouse Cyp3a11 is homologous 131 

with human CYP3A4 [13-15]. We investigated the induction of Cyp3a11 expression by the 132 

rifampicin pre-treatment, and found that Cyp3a11 levels were higher than those in the control 133 

group (Figure 2A): a 4-fold increase in the liver and a 40-fold increase in the intestines. Liver 134 

contain a number of enzymes that metabolize drugs, including CYPs. In order to investigate 135 

the reductions induced in linezolid concentrations by enzymes in liver metabolic enzymes, we 136 
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measured linezolid concentrations in an in vitro study. Linezolid concentrations were not 137 

reduced by the extract solution by liver pre-treated with rifampicin. Since dexamethasone is 138 

metabolized by CYPs, we performed the same experiment using dexamethasone as a positive 139 

control. Dexamethasone concentrations were reduced by the extract solution by liver 140 

pre-treated with rifampicin (Figure 2B).  141 
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Discussion 142 

Linezolid uses a novel mechanism of action against microbes, and its antibiotic 143 

effects are induced when it is combined with other antibiotics. Since linezolid is not 144 

metabolized by CYPs, it does not affect the pharmacokinetics of other antibiotics [2, 16]. 145 

However, linezolid blood concentrations are reduced when it is combined with rifampicin, 146 

and this has recently been attracting increasing attention [9, 17]. 147 

In the present study, in order to avoid direct interactions with rifampicin, mice were 148 

treated with rifampicin once per day for 7 days until one day before the administration of 149 

linezolid. Linezolid blood concentrations were reduced by the rifampicin pre-treatment. To 150 

the best of our knowledge, rifampicin is a substrate of some organic anion transporting 151 

polypeptides (OATPs), but does not induce the expression of these transporters. P-gp is an 152 

efflux transporter, and its inhibition has been shown to increase AUC, thereby reducing drug 153 

elimination [18]. Previous studies reported that rifampicin is a pregnane X receptor (PXR) 154 

ligand that induces P-gp [19, 20]. Rifampicin affects the concentrations of other drugs through 155 

P-gp [21]. However, linezolid is not a substrate of P-gp or OATP according to Pfizer, and a 156 

previous study also suggested that these transporters do not affect its pharmacokinetics [9]. 157 

Therefore, the present results indicated that efflux transporters did not affect the 158 

pharmacokinetics of linezolid after the rifampicin pre-treatment.  159 

Rifampicin also induces CYP3A expression via PXR [22]. Dexamethasone is a 160 
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substrate of CYPs, and its concentration decreased in the in vitro experiments conducted in 161 

the present study, whereas that of linezolid did not. Previous studies suggested that linezolid is 162 

not a substrate of or is poorly metabolized by CYPs [2, 16]. Moreover, the total protein 163 

solution, extracted from liver after rifampicin or dexamethasone treatment, were used in in 164 

vitro study. Therefore, these findings suggest that the pharmacokinetics of linezolid are 165 

influenced by factors without liver metabolic enzymes.  166 

Undesired reductions in blood antibiotic concentrations lead to failed drug treatments 167 

and the emergence of antibiotic-resistant bacteria. We herein demonstrated that linezolid 168 

blood concentrations were reduced by the rifampicin pre-treatment, which affected drug 169 

absorption and metabolism/elimination. Liver metabolic enzymes did not affect the 170 

pharmacokinetics of linezolid with the rifampicin pre-treatment. Previous studies suggested 171 

that linezolid is metabolite by the lactone and lactam pathway [23, 24]. Although it is unclear 172 

that rifampicin induces the lactone and lactam pathway, these results suggest that transporters 173 

and liver metabolic enzymes poorly affect the pharmacokinetics of linezolid in rifampicin 174 

combination therapy. 175 

  176 
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Figure legends 295 

Figure 1. Effects of the rifampicin pre-treatment on the pharmacokinetics of 296 

linezolid. 297 

(A) Linezolid (25 mg/kg) was orally administered to mice (Control group). Mice were 298 

orally administered rifampicin (100 mg/kg) for 7 days. One day after the rifampicin 299 

pre-treatment, linezolid (25 mg/kg) was orally administered to mice (Rifampicin 300 

pre-treatment group). 301 

(B) Linezolid (25 mg/kg) was intravenously administered to mice (Control group). Mice 302 

were orally administered rifampicin (100 mg/kg) for 7 days. One day after the 303 

rifampicin pre-treatment, linezolid (25 mg/kg) was intravenously administered to mice 304 

(Rifampicin pre-treatment group).  305 

* P < 0.05 (unpaired t-test). Data are represented as the mean ± S.D. (n = 3 for each 306 

group). 307 

 308 

Figure 2. Influence of the induction of CYPs on the pharmacokinetics of 309 

linezolid  310 

(A) Effects of the rifampicin pre-treatment on Cyp3a11 expression. Mice were orally 311 

administered rifampicin (100 mg/kg) or vehicle (control group) for 7 days. ** P < 0.01 312 

(unpaired t-test). 313 
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(B) Effects of the rifampicin pre-treatment on linezolid and dexamethasone 314 

concentrations in liver metabolic enzymes. * P < 0.05 (unpaired t-test), # P < 0.05 vs 0 315 

h (Dunnett’s test). 316 

Data are represented as the mean ± S.D. (n = 3 for each group). 317 
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