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Abstract

The gut microbiota have both direct and indirect effects on drug and xenobiotic metabolism and 

this can have consequences for both efficacy and toxicity. Indeed microbiome-driven drug 

metabolism is essential for the activation of certain prodrugs such as e.g., azo drugs such as 

prontosil and neoprontosil resulting in the release of sulphanilamide. In addition to providing a 

major source of reductive metabolizing capability the gut microbiota provide a suite of additional 

reactions including acetylation/deacylation decarboxylation, dehydroxylation, demethylation, 

dehalogenation and importantly, in the context of certain types of drug-related toxicity, conjugate 

hydrolysis reactions. In addition to direct effects the gut microbiota can affect drug metabolism 

and toxicity indirectly via e.g., the modulation of host drug metabolism and disposition and 

competition of bacterial-derived metabolites for xenobiotic metabolism pathways. And, of course, 

the therapeutic drugs themselves can have effects, both intended and unwanted, which can impact 

on the health and composition of the gut microbiota with unforeseen consequences.
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Introduction

To state the obvious, the aim of very many studies in drug metabolism and toxicity is 

ultimately to understand the factors that cause compounds to be ineffective therapeutically or 

cause toxicity in patients and, by using this knowledge to design better compounds, provide 

safe and effective treatments to patients. Whilst the presence of the gut microbiota has been 

acknowledged for many years it was nevertheless generally ignored by those working in 

drug metabolism and toxicology as being largely an irrelevance (albeit an interesting one). 

However, there has been a revolution in our understanding of the complexity, and system-

wide, effects of this forgotten organ, brought about in no small measure by advances in 

molecular biology. This has revealed the diversity of the gut ecosystem, leading to a major 

re-evaluation of role of the gut microbiota in human health and disease. Thus, in adult 

humans the gut microbiota comprises up to ca. 1 Kg of bacteria, the majority of which are 

obligate anaerobes from the genera Bacteriodes, Clostridium, Lactobacillus, Escherichia and 

Bifidobacteria together with an assortment of yeasts and other microorganisms, to say 

nothing of the many viruses. The result is a complex and dynamic ecology comprising of at 
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least 2000 species, with the composition varying depending upon the region of the gut 

examined. These microbes then provide benefits to the host via enhanced energy recovery 

from undigested food, defence against pathogens and interactions with both immune and 

nervous systems. These insights have led to a reaffirmation of the view that these 

microorganisms are not mere passengers but crew, providing multiple benefits for the host 

and, as a by-product of their symbiotic relationship with the host, directly and indirectly 

affecting the pharmacological/toxicological effects of numerous drugs. The rediscovery of 

the impact that the microbes that go to form this important “external” organ can have has led 

to a reawakened interest in their study. Further, there is now an increasing appreciation that 

the microbiome represents a “drugable target” as there is clear potential for altering the 

composition, and therefore metabolic capability, of the microbiome using a range of 

approaches, including pharmaceuticals. Such manipulation might be intentional, aimed at 

beneficially modifying the activities of the gut microbiota to improve the health and 

wellbeing of the host such as those claimed for pre- and probiotic interventions etc. 

Alternatively, changes wrought to the microbiome might also cause unintentional “collateral 

damage” resulting from e.g., exposure to antibiotics, and these modifications may bring with 

them adverse consequences. As such changes can be long lasting, the effect of alterations in 

the composition and functionality of the gut microbiota, given its symbiotic role, should now 

perhaps be more actively considered as part of the risk assessment process for new drugs. 

That said, it has been clear for a long time that the sheer complexity of the host-gut 

microbiome interaction means that modelling the various interactions between host and gut 

microbiota in such a way as to adequately predict the outcome of an intervention will require 

both novel approaches and the generation of much new knowledge1–3.

However, for the drug metabolism and toxicology communities, despite many early studies 

showing its importance in some instances of xenobiotic biotransformation (e.g., see refs4,5), 

the gut microbiota have not been a focus. Nevertheless, increased awareness is important not 

only because the microbiota perform a range of important metabolic reactions but because 

the gut microbiome also represents a source of physiological variability between both 

individuals and populations. Such variability can affect the disposition and toxicity of drugs 

and their metabolites. These effects can either be direct or through secondary interactions 

mediated through e.g., the metabolic exchange and the co-metabolism and processing of 

many diverse endogenous and dietary substrates6. These “metabolome–metabolome” 

interactions7 are still poorly understood, but it is clear that some bacterially-derived 

metabolites have the potentially to modulate the hosts’ drug metabolising systems as 

discussed below4. There is however, reason to believe, from the increasing number of 

research papers and reviews8–16 on the topic, that the gut microbiota are moving out of the 

shadows and are moving towards centre stage in drug safety studies and personalized health 

care.

Direct Drug Metabolism by the Gut Microbiota

The gut microbiota have the capability of preforming a wide range of metabolic reactions on 

drugs, drug metabolites and other xenobiotics. As summarized below, by far the most 

important biotransformations involve reductive metabolism and hydrolytic reactions 
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(particularly on conjugates). In addition decarboxylations, dehydroxylations dealkylations, 

dehalogenations and deaminations have also been described.

Reductive Metabolism

The “classic” examples of gut microbial metabolism of therapeutic drugs are to be found in 

the reduction of the azo-antibacterial pro-drugs based on sulphanilamide such e.g., 

prontosil17,18 and neoprontosil17. Reductive metabolism of these, and a range of 5-

aminosalicylic acid pro-drugs used in the treatment of ulcerative colitis and inflammatory 

bowel conditions, is mediated largely by the gut microbiota. So, the therapeutic activity of 

compounds such as sulfasalazine19,20, olsalazine21, ipsalazide and balsalazide22 depends 

upon the release of aminosalicylic acid to treat the inflammation. This ability to perform 

reductive metabolism on azo dyes and nitropolycyclic aromatic hydrocarbons was shown for 

bacteria of the genera Clostridia and Eubacteria by Rafii and Cerniglia23. Their 

investigation on the azo- and nitroreductases found in three strains of Clostridia and one 

Eubacterium and who concluded that, whilst the enzymes from different bacteria had 

different electrophoretic mobilities, both azo- and nitroreductase activities resided in the 

same enzyme.

Gut microbial nitroreductase activity, where nitro-groups are reduced to amines, has been 

shown to be important for benzodiazepines such as nitrazepam, clonazepam and 

bromezepam which contain this functional group. Thus nitroreduction as a result of the gut 

microflora has been demonstrated both in vitro and in vivo for the production of 7-

aminonitrazepam, 7-aminoclonazepam and 2-(2-amino-5-bromobenzoyl) pyridine 

respectively from their respective parent drugs24–26. In orally dosed pregnant rats ca. 30% 

of the excreted nitrazepam metabolites were in the form of the nitro-reduced metabolites 7-

aminonitrazepam and 7-acetylaminonitrazepam. However, the production of reduced 

metabolites fell to 2% if the animals were pre-treated with antibiotics, which also led to the 

almost complete abolition of nitroreductase activity. Reductive metabolism of nitro groups 

can have unwanted toxicological consequences such as nitrazepam-related teratogenicity24. 

Thus, in the rat, antibiotic treatment led to both a reduction in this microbiota-driven 

metabolism and a concomitant reduction in nitrazepam-induced teratogenicity. When [14C]-

clonazepam was dosed orally to germ-free rats the reduced metabolites of the drug 

accounted for only 15% of the urinary excreted radioactivity but colonisation with an 

intestinal flora caused a large increase in nitroreduction to 77%25with the major metabolite 

identified as 7-acetamido-clonazepam. Gut microbiome-derived nitroreduction has also been 

shown for metronidazole in vitro and in vivo in the rat27–29 producing the amino metabolite 

1-(2-aminoimidazol-1-yl)-3 methoxypropanol-2-ol and acetamide (a known rat carcinogen). 

As well as the toxicity associated with the reduction of nitrazepam described above, the 

reductive metabolism of the nitro-containing antibiotic chloramphenicol may be the cause of 

drug-induced bone marrow injury30. The metabolite responsible has been suggested as 

being p-aminophenyl-2-amino-1,3-propanediol31, generated in a small percentage of 

patients following oral administration. These p-aminophenyl-2-amino-1,3-propanediol-

producing patients were reported to have a high percentage of coliform bacteria with the 

ability to metabolize the drug to this metabolite. However, other metabolites30–32 including 

p-nitrophenyl-2-dicloroacetamido-1,3-propanediol and 2-dichloroacetamid-3-
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hydroxypropio-p-nitrophenone have also been proposed as being responsible for this 

toxicity. Another interesting example of nitroreduction is provided by studies on the effects 

of the gut microbiota on the radiation sensitizer misonidazole33. Misonidazole was shown to 

be converted to its amino derivative [l-(2-aminoimidazol-l-yl)-3-methoxypropan-2-ol in both 

pure and mixed cultures of intestinal microbiota and, crucially, was seen in the excreta of 

normal but not germfree rats. In another study it was seen that mice treated with penicillin 

for a week before misonidazole administration showed both increased drug exposure and 

decreased neurotoxicity as well as a range of other effects34.

Hydrazone linkages in drugs are also susceptible to reductive cleavage by the gut microbiota 

as evidenced by studies in dogs35 and humans36 on the drug levosimendan, and in humans 

in the case of eltrombopag37. Reductive metabolism also occurs for sulphur-containing 

compounds as seen in the microbiota-driven reduction of the sulphoxide-containing drugs 

sulphinpyrazone and sulindac38 via the formation of sulphides on incubation with faeces 

(human or rabbit). Omeprazole, has also been shown in vitro to be reduced to its sulphide 

metabolite by the intestinal microbiota39. The reductive metabolism of the benzisoxazole 

ring of the anticonvulsant Zonisamide40,41 by several strains of gut bacteria has been 

demonstrated with Clostridium sporogenes showing the highest activity40. The reductive 

metabolism benzisoxazole ring of the antipsychotic drug risperidone by the gut microflora 

has also been shown for both rat and dog. In the case of rat cleavage of the ring of both the 

unchanged drug and some of its hydroxy-metabolites occurred in vivo, and in the presence 

of cecal contents42. Similar biotransformations were seen in vivo for dogs42. The in vitro 
reductions of the N-oxide prodrug loperamideoxide to loperamide43 and the H2 receptor 

antagonists ranitidine44 and nitazidine45 (but not cimetidine or famotidine45) have also 

been demonstrated. Studies on an antitumor combination therapy containing potassium 

1,2,3,4-tetrahydro-2,4-dioxo-1,3,5-triazine-6-carboxylate (potassium oxonate, which acts on 

orotate phosphoribosyl-transferase to inhibit the conversion of 5-fluorouracil to its active 

form and so reduces gut toxicity) showed that the compound was metabolized to cyanuric 

acid. This biotransformation occurred in the GI tract and was shown, at least in part, to be 

due to the action of the gut microbiota in the cecum46.

Perhaps the most interesting example of the complex way in which microbiota-driven 

reductive drug metabolism can affect the fate of drugs remains the reduction of the drug 

digoxin at the hands of the gut microbiota47–53. This biotransformation first came to light 

in studies by Lindenbaum and co-workers47 who found that the production of reduced 

metabolites, such as dihydrodigoxin etc., was subject dependent. This was revealed in 

studies of the drugs bioavailability when analysis of the urinary excretion of these relatively 

inactive reduced metabolites by 131 normal subjects was performed. In the case of ca. one-

third of these subjects the reduced metabolites formed over 5% of the excreted drug-related 

material and the amount produced varied inversely with bioavailability. This phenomenon, 

seen after either single or multiple doses, appeared to be stable over time but when some 

subjects were administered erythromycin the excretion of metabolites such as 

dihydrodigoxin was no longer seen. Another clue to microbial involvement was seen with 

lower urinary excretion of the reduced metabolite following intravenous dosing leading to 

the conclusion that the observed reductive metabolism was due to “the activity of a variable 

component of the intestinal flora”. Later48,49 the organism responsible for the reductive 
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metabolism of digoxin was identified as E. lentum, although it was noted that its presence 

did not always correlate with the production of the reduced metabolites. Additionally, an 

inverse relationship between the concentration of arginine in the growth medium and 

formation of the reduced metabolites was observed. Interestingly in babies of less than 8 

months in age reduced digoxin metabolites were not found50, despite the presence of E. 
lentum, but after 16 months a third of the children studied did produce reduced metabolites 

of the drug (although the amounts seen in the adult population (ca. 10%) were not found in 

patients less than 9 years old). Another investigation demonstrated an inverse relationship 

between the presence of C. difficile and the digoxin-reducing E. lentum with the latter less 

prevalent in the fecal samples of 77 nursing home residents infected with C. difficile who 

had previously undergone enteral feeding or received antibiotics treatment51. As well as 

effects of age these authors also observed that the extent of digoxin reduction varied both 

within and between populations showing e.g., that within an Indian population significant 

differences existed between rural villagers, who produced ca. 5% of the reduced metabolites 

compared to 23% formed by urban dwellers. Between population effects were seen on 

comparing a group of North American subjects who formed some 36% of the reduced 

metabolites with a South Indian population who only produced 13.7%. Such differences 

remained even after Indian subjects emigrated to the US52.

The solution to the problem of why E lenta can be present but digoxin reduction did not take 

place and the relationship between this reduction, when it occurred, and arginine has 

recently been resolved by some elegant studies by Haiser et al53. This reinvestigation of the 

metabolism of digoxin by E lenta, combining transcript profiling, comparative genomics, 

and culture-based assays, revealed a cytochrome-encoding operon (a “cardiac glycoside 

reductase” (cgr)). This cgr operon, found in the type strain of E. lenta but not in nonreducing 

strains was up-regulated by the drug but inhibited by arginine. The authors showed that “the 

abundance of the cgr operon predicts digoxin reduction by the human gut microbiome”, and 

predicted its inactivation. Studies in gnotobiotic mice colonised with either non-reducing or 

digoxin-reducing E lenta showed that high dietary protein reduced the reductive metabolism 

of digoxin (with changes in serum pharmacokinetics and urinary excretion) but did not affect 

mice having the non-reducing strain. The authors suggested that this was “likely through 

inhibitory effects of elevated luminal arginine on cgr operon expression”54. These studies 

nicely illuminate a complex microbiome-drug interaction that requires colonisation of the 

host with an appropriate strain of the microorganism involved and having the potential for 

dietary modulation as well.

Demethylations, deaminations, dehydroxylations, deacylations and 

decarboxylations and oxidations

Important as reductive metabolism is the gut microbiota are also capable of a range of 

additional biotransformations including those involving Demethylation, deamination, 

dehydroxylation, deacylation, decarboxylation or oxidation. The microbial demethylation of 

drugs such as methamphetamine and 4’-hydroxy methamphetamine has been shown in 
vitro55. O- and N-demethylation of drugs incubated with rat-derived microbiota has been 

investigated with the observation that the gut microbial metabolism of model compounds 
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and drugs56. N-dealklyation did not occur for any of the compounds studied and O-

dealkylation was only seen only for relatively simple aromatic compounds56. Microbial O-

dealkyation has also been shown to be part of the metabolism of the spleen tyrosine kinase 

inhibitor fostamatinib57 In this case a 3,5-benzene diol metabolite produced by the O-

demethylation and dehydroxylation of one of the metabolites of the drug,“ R529”, was 

ascribed to the action of anaerobic gut bacteria. This biotransformation was supported by 

studies involving the incubation of R529 with human-derived faeces. Thus metabolism of 

the drug to the 3,5-benzene diol metabolite involved a series of host and bacterial reactions 

with hepatic cytochrome P450-mediated p-O-demethylation of the drug followed by further 

O-demethylations and dihydroxylation by gut bacteria. The removal of the acetyl moiety 

from N-acetylated drugs, such as phenacetin, bucetin, and acetaminophen (paracetamol), and 

related compounds such as acetanilide, showed that they were all subject to N-deacylation to 

reveal phenetidine, aniline and p-aminophenol56, all of which have potential for toxicity

The biotransformation of 5-fluorocytosine to 5-fluorouracil by deamination has also been 

ascribed to the action of the gut microbiota58. In in vitro studies, a semi-continuous culture 

system was shown to be capable of converting 5-fluorocytosine to 5-fluorouracil after both 

acute and chronic (2 week exposure) to the drug. A lag in production of up to 8h was noted 

when using acute, but not chronic, exposure of the system to 5-fluorocytosine implying that 

the enzyme/s needed to perform the deamination reaction required induction. More recent in 
vitro studies used both viable and nonviable E. coli as well as patient-derived fecal samples 

from neutropenic patients. In the case of the patients, samples were taken before beginning 

5-fluorocytosine-based antimicrobial/antifungal prophylaxis and then after 1 week of 

treatment)59. On incubation with viable E. coli for 48 h the amount of the drug had fallen by 

an average of ca.70%, and this was accompanied by a corresponding increase 5-fluorouracil 

concentrations. In incubations conducted with nonviable E. coli a 44% decrease in 5-

fluorocytosine concentrations was observed. Incubation of 5-fluorocytosine with human 

feces obtained prior to, but not after, antimicrobial/antifungal prophylaxis resulted in 

“significant” 5-fluorocytosine deamination59.

The dehydroxylation/decarboxylation reactions represent another of the biotransformation 

capabilities of the gut microbiota. A well-known example of such reactions involves the 

dehydroxylation/decarboxylation of L-dopa (levodopa, L-3,4-dihydroxyphenylalanine). That 

the gut microbiota might be involved in the metabolism of the drug was first suggested by 

studies by Sandler et al60,61 who noted that, on treating patients suffering from Parkinson’s 

disease with L-dopa, the urinary excretion of m-hydroxyphenylacetic acid was increased. In 

addition concentrations of m-hydroxyphenylacetic acid were significantly reduced in 

quantity after the administration of neomycin, suggesting that some microbial 

dehydroxylation of dopamine or L-dopa occurs. In rats dosed with either L-dopa or 

dopamine the metabolite m-hydroxyphenylacetic acid was present in the urine of control rats 

but absent from that of germ free animals62. Studies on the fate of [14C]-DL-dopa, and 

potential metabolites, incubated with rat cecal contents63 suggested that microbial 

metabolism was via 3,4-dihydroxyphenylacetic acid and decarboxylation or dehydroxylation 

to 4-methylcatechol or 3-hydroxyphenylacetic acid. Decarboxylation of 3-

hydroxyphenylacetic acid was seen to give rise to m-cresol and 3-hydroxyphenylpropionic 

acid was also detected. The decarboxylation of Dopa by gut bacteria was suggested as a 
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mechanism for reducing the exposure of the drug in the brain64. In the dog65 the 

bioavailability of L-dopa after either hepatoportal or IV dosing was similar but the AUC for 

L-dopa was reduced, and that of dopamine increased following duodenal administration. 

Antibiotic administration to suppress the gut microbiota abolished this effect in the treated 

animals. However, reductions in the bioavailability of L-dopa have also been ascribed to the 

presence of infection by H. pylori (e.g.66,67) with concomitant reductions in clinical effects 

of the drug on Parkinsons symptoms. Improved adsorption and pharmacokinetic profiles for 

the drug were seen upon elimination of the infection. A possible reason for this H. pylori-
related reduced bioavailability was suggested based on the observation that solutions of L-

dopa incubated with H. pylori showed a decrease in concentration over time67. Further, 

bacteria pre-incubated with L-dopa showed significantly reduced adhesion to gastric 

epithelial cells. The authors concluded that these results demonstrated a direct interaction of 

L-dopa with the adhesins (proteins present on the outer membranes of the bacteria) that 

enable H. pylori to bind to these cells.

An example of oxidative metabolism by the gut microbiota is provided by studies on the 

anaerobic incubation in vitro of the anthelmintic drug levamisole which resulted in several 

thiazole ring-opened metabolites69 including levametabol I, which may possess anti-tumour 

activity. The bacteria responsible for these biotransformations were mainly derived from the 

Bacteriodes and Clostridia. The authors noted that “the formation of the hydroxamic lactam 

functionality from levamisole must involve an oxidation step, despite the anaerobic 

conditions required for the bacterial activity”69. Whilst descriptions of gut microbiotal 

oxidation/dehydrogenation are rare the example of the biotransformation dietary carcinogen 

2-amino-3,6-dihydro-3H-imidazo [4,5-f]quinolone(IQ) to its 7-hydroxy metabolite70 was 

highlighted as a further example in support of the hypothesis that the bacterial metabolism of 

levamisole was oxidative. A further example of a drug where oxidative metabolism via 

hydroxylation was observed can be found in a study on a potential gut microbiota-mediated 

drug-drug interaction between lovastatin and antibiotics in the rat71. On incubation of the 

drug in vitro with human and rat fecalase preparations four metabolites were produced. 

These comprised the demethylbutyryl metabolite (designated as M4), and 3 ring opened 

species, including the active hydroxyacid (M8). Two of the ring opened metabolites (M4 and 

M9) also appeared to have been hydroxylated. The authors noted that, following antibiotic 

treatment, the systemic exposure of the active hydroxyacid metabolite was significantly 

reduced, with the amounts present in feces also reduced by ca 60%. These result prompted 

the authors to suggest that, where patients taking lovastatin to control plasma cholesterol 

concentrations are placed on long term antibiotic treatment, the concomitant suppression of 

the gut microbiota “might lead to serious outcomes due to a failure to control serum 

cholesterol levels”71.

Gut Microbial Mediated Hydrolysis of Drugs, Prodrugs and Xenobiotic 

Conjugates

As well as reductions the gut microflora are adept at hydrolytic reactions which can occur on 

the drugs themselves, prodrugs or conjugated metabolites. An early example of drug 

biotransformation via hydrolysis was the observation that methotrexate was metabolized by 
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the intestinal flora of normal mice72. Subsequent studies involving the incubation of 

radiolabelled [3H]-methotrexate with CDF1 mouse cecal contents73. At least three 

metabolites were formed, the principal one being identified by the authors as 4-amino-4-

deoxy-N10-methylpteroic acid (APA). The metabolite was also found in urine and feces of 

mice administered the drug73.

The problems of trying to deliver peptidic drugs with respect to degradation by the gut flora 

are well recognized and e.g., when the metabolism of insulin and calcitonin by 

microorganisms was examined in rat cecal contents both were rapidly degraded, with the 

latter more prone to proteolysis74. Subsequent studies investigated the use of protease 

inhibitors as a means of improving the stability and bioavailability of these peptides75 and, 

if inhibitors such as camostat and aprotinin, were present in incubations of insulin and 

calcitonin with rat cecal contents degradation could indeed be inhibited. In the case of the 

metabolic fate of the peptidic drug azetirelin, a thyrotropin-releasing hormone analogue, it 

was found that plasma concentrations of the drug were maintained in rats following the 

administration of antibiotics76. Incubation of azetirelin with rat, dog and human fecal 

suspensions confirmed that the drug was indeed subject to metabolism by anaerobic 

bacteria, and that this was inhibited by antibiotics. Subsequently an enteric capsule was 

prepared where azetirelin was formulated with n-lauryl-beta-D-maltopyranoside as a 

formulation enhancer and citric acid as potential inhibitor of bacterial degradation77. When 

tested in fasted dogs over 40% bioavailability for the drug was achieved using the new 

formulation (compared with ca. 15% when not formulated in this way)

To improve of poor biopharmaceutical properties, particularly solubility, drugs can be 

administered as e.g., phosphate or sulfate ester prodrugs and these can be acted on by 

hydrolytic enzymes produced by the gut microbiota. Indeed in the case of the laxative 

sodium picosulfate, which is administered as a disulfate, efficacy depends on its conversion 

to the 4,4'-dihydroxydiphenyl-(2 pyridyl)-methane by gut bacteria78. The desulfation 

appeared to be catalysed by a novel sulfotransferase, rather than the action of a sulfatase, and 

required the presence phenolic compounds such as e.g., phenol, acetaminophen, tannic acid 

or flavonoids in the incubations.

For many drugs and their metabolites that are subject to conjugation to form sulfates, 

glucuronides or glycosides the bile provides a major route of excretion and, once these 

conjugates come into contact with the gut microbiota there is obvious potential for 

deconjugation to occur. Hydrolytic enzymes capable of deconjugating drug metabolites are 

widely distributed across a range of species (see., e.g. ref 79) and can also have effects on 

the bioavailability of many natural products present in food and health products as 

glucuronides/glucosides (e.g., the flavone glucuronide biacalin80 or the Soy isoflavones that 

give rise to phytoestrogens such as equol are well known81,82). A major effect of these 

enzymes on drugs and their metabolites is the hydrolysis of biliary excreted conjugated 

metabolites (e.g., glucosides, glucuronides and sulfates). The liberation of the aglycones by 

microbial enzymes enables their resorption (enterohepatic recycling) by the host and as such 

can increase the exposure of the organism to the drug itself or bioactive metabolites. 

However, hydrolysis of conjugates, particularly glucuronides, by bacterial glucuronidases 

also results in the direct exposure of the gut to the pharmacological effects of the drug/
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bioactive metabolites potentially resulting in toxicity. The benefits of preventing the 

deconjugation of glucuronides with respect to reducing the toxicity of the DNA 

topoisomerase I inhibitor irinotecan, have provided an excellent example of this 

approach84–88. Irinotecan, a camptothecin, derivative, is commonly used for treating colon 

cancer but the dose limiting side effect is the severe diarrhoea caused by exposure of the gut 

following the hydrolysis of an otherwise inactive glucuronide conjugate of a metabolite 

(“SN-38”) of the drug. An assessment of the damage to the GI tract in rats exposed to the 

drug was found to correlate with the β-glucuronidase activity present. Reduction of this 

glucuronidase activity by the use of antibiotics administered via the drinking water not only 

reduced the diarrhoea and cecal toxicity but also prevented the deconjugation of the 

glucuronide of 7-ethyl-10-hydroxycamptothecin. Subsequent studies84–86 showed that 

antibiotic treatment affected the distribution of the active metabolite, markedly reducing 

exposure of the large intestine tissue, without effect on the parent drug, and completely 

inhibiting the deconjugation of the 7-ethyl-10-hydroxy-camptothecin glucuronide in the 

luminal contents. In an exploration of this phenomenon the effects of various treatment 

regimens, including using a preparation (“TJ-14”) containing the β-glucuronidase inhibitor 

biacalin and antibiotic administration, were examined to minimize toxicity in the rat 

model86. This study found that dosing antibiotic mixtures composed of either streptomycin/

penicillin or neomycin/bacitracin almost completely eliminated fecal β-glucuronidase 

activity, whilst TJ-14 administration also had similar effects in moderating weight loss and 

delaying the drug-associated diarrhoea. Dosing animals with activated charcoal had lesser, 

but still significant, effects on toxicity. In addition, experiments on tumour-bearing rats using 

TJ-14, neomycin/bacitracin, and charcoal reduced intestinal toxicity but did not reduce 

efficacy. In contrast the administration of either the P-glycoprotein and cMOAT/MRP2 

inhibitor of cyclosporin A or the UDP-glucuronosyltranferase inhibitor valproic acid 

increased intestinal toxicity, though not at the expense of the drugs’ efficacy. These results 

clearly highlighted a number of various ways in which the intestinal toxicity of irinotecan 

might be modulated to the benefit of patients by reducing the exposure of the gut to its 

deconjugated and toxic metabolite. Another study examined the in vitro effects of antibiotics 

(levofloxacin, streptomycin, ampicillin and amoxicillin/clavulanate) on the deconjugation of 

the glucuronide of SN-38 by bacterial β-glucuronidase86. Ciprofloxacin, enoxacin, 

gatifloxacin, but not the other antibiotics, inhibited the conversion of the SN-38-G 

glucuronide to the aglycone. In the same study incubation with phenolphthalein-β-D-

glucuronide, used as a typical β-glucuronidase substrate, also reduced the deconjugation of 

the SN-38-G glucuronide, and it was presumed that this was by competitive inhibition86.

The benefits of reducing irinotecan-induced toxicity by preventing glucuronide hydrolysis 

have been elegantly demonstrated by the synthesis of a specific inhibitor of bacterial 

glucuronidase. One of these, (1-((6,8-dimethyl-2-oxo-1,2-dihydroquinolin-3-yl)-3-(4-

ethoxyphenyl)-1-(2-hydroxyethyl)thiourea)87.also termed “Inhibitor 1” was shown to be 

highly effective in abolishing irinotecan-induced toxicity in mice. A subsequent study88 

showed that the use of the inhibitor in mice had no effect on the PK of either irinotecan or its 

metabolites. This investigation also obtained the crystal structures of the β-glucuronidase’s 

found in the bacteria S. agalactiae, C. perfringens, E. coli and characterized the B. fragilis 
enzyme. The study demonstrated that whilst these β-glucuronidase’s were structurally 
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similar there were significant differences in their catalytic properties and susceptibility to 

inhibition. Following this ground breaking innovation an alternative approach that looked at 

the properties of a library of existing, US FDA-approved, drugs determined that five 

therapeutic compounds were also inhibitors of purified bacterial β-glucuronidase89. These 

included the monoamine oxidase inhibitors nialamide, isocarboxazid, and phenelzine the 

tricyclic antidepressant amoxapine and the antimalarial drug mefloquine. Of these the drugs 

nialamide, isocarboxazide, and amoxapine were seen to have no significant activity against 

purified mammalian β-glucuronidase but were active in an assay that employed E. coli. The 

authors suggested that these three drugs could be “repurposed” to reduce irinotecan toxicity. 

In a follow on study90 the interaction of amoxapine and its metabolites 7-

hydroxyamoxapine and 8-hydroxyamoxapine, together with a control drug loxapine, with 

bacterial β-glucuronidase were modelled using computational methods (docking and 

molecular dynamics simulation). This work indicated that both amoxapine and its 

metabolites could bind to the active site of the bacterial glucuronidase and this was also 

demonstrated by enzyme and cell based assays against E. coli β-glucuronidase and live E. 
coli cell-based assay. Further, the administration of amoxapine to tumor-bearing mice treated 

with irinotecan also resulted in reduced toxicity90.

Irinotecan is not the only therapeutic agent to produce inactive glucuronides that, on 

hydrolysis, release aglycones capable of inducing gut toxicity. The approach of β-

glucuronidase inhibition therefore has more general applications than controlling irinotecan 

toxicity, and was shown to be very effective in eliminating the small intestinal injury caused 

by non-steroidal anti-inflammatory drugs (NSAIDs)91,92. The structures of many NSAIDs 

includes a carboxylic acid moiety and this is frequently the site for metabolism via the 

formation of acyl (ester) glucuronides which, once formed, are often excreted via the bile. 

Once in contact with the gut-microbiota these ester glucuronides are rapidly hydrolysed to 

release the aglycone and it has been demonstrated in animals that the toxic action of the 

liberated NSAID is responsible for damage to the intestinal mucosa. As with irinotecan-

induced toxicity these adverse side effects are no longer seen following the administration of 

the bacterial glucuronidase inhibitor as shown in studies with diclofenac91, indomethacin 

and ketoprofen92 in mice. These effects on reduced gut toxicity could still be seen if the 

inhibitor was dosed sometime after diclofenac itself had been dosed91. Such data clearly 

point to the bacterial β-glucuronidase-mediated cleavage of glucuronides to liberate the 

NSAID (and/or bioactive metabolites) as cause of the observed enteropathy.

The potential benefits for this type of approach to reducing drug-related toxicity are clear 

and discovery of specific inhibitors of bacterial β-glucuronidase remains an active area of 

research with further recent reports of the use of virtual screening to identify specific 

inhibitors of this enzyme93.

An interesting microbiome-driven drug-drug interaction, with serious consequences for the 

patient, has been highlighted in studies on sorivudine an antiviral, used to treat infections of 

varicella-zoster virus and herpes simplex virus type 194. The drug (1-β-D-

arabinofuranosyl-5-(E)-(2-bromovinyl) uracil) is metabolised by gut bacterial 

phosphorolytic enzymes to (E)-5-(2-bromovinyl) uracil (BVU), with high hydrolytic activity 

seen in the contents of the large intestine and caecum of the rat95. High activity for the 
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conversion of the drug to BVU was found for the Bacteroides species B. vulgatus, B. 
thetaiotaomicron, B. fragilis, B. uniformis and B. eggerthii. Treating rats with the antibiotics 

ampicillin, metronidazole or a cocktail of bacitracin, neomycin and streptomycin) resulted in 

low concentrations of BVU in the circulation whereas they were elevated on administration 

of kanamycin (which is selective for aerobes over anaerobes). Based on these data it 

appeared that BVU was the result of hydrolysis by anaerobic bacteria, particularly species of 

Bacteroides. Where the production of BVU becomes problematic is if the drug is co-

administered with the anticancer drug 5-fluorouracil (5-FU), or prodrugs of such as tegafur. 

In such circumstances 5-FU is seen to accumulate in the systemic circulation with increased 

toxicity, including death, as a consequence. The enhanced exposure of patients to 5-FU 

appears to be the result of the inactivation by BVU of the hepatic enzyme dihydropyrimidine 

dehydrogenase (DPD) which would otherwise inactivate 5-FU.

Microbial Processing of Xenobiotic Glutathione Conjugates

Many xenobiotics, drugs, agrochemicals, natural products and industrial chemicals are 

subject to metabolism, generally through P450-related biotransformations, resulting in the 

formation of reactive, and potentially toxic, metabolites to varying degrees. The glutathione 

conjugates formed in during the detoxication process in the liver are subsequently excreted 

in the bile where the gut microflora acts on them through bacterial C-S-lyases. Studies (on 

agrochemicals)96 have demonstrated the formation of large numbers of metabolites 

resulting from metabolism of the glutathione moiety with, in cases, the glutathione 

conjugate reduced to a free thiol group on the drug. The formation of such a downstream 

thiol metabolites of acetaminophen in this way was then followed by methylation by the host 

to give the methylthio adduct of the drug97. Indeed, even the regeneration of the parent 

compound itself from its glutathione conjugate has been described 96.

Bacterial acetylation

Reports of conjugation reactions performed by the gut microbiota are comparatively rare but 

not completely unknown. Both N- and O-acetylation by bacterial N-acetyl transferases 

(NATs) have been shown, with the former highlighted as potentially important for the 

bioactivation of genotoxic aromatic amines98,99. In addition the conversion of 5-

aminosalyclic acid to N-acetyl-5-aminosalicylic acid by bacterial N-acetylation activity was 

demonstrated for a number of species100,101. 4-Aminosalicylic acid was less efficiently 

acetylated and p-aminobenzoic acid was a poor substrate. With respect to both substrate 

spectrum and catalytic efficiency Pseudomonas aeruginosa was seen to be the most efficient 

at performing this reaction of the 11 species investigated102. This N-acetylation may be 

important given the suggestion that the pancreatitis sometimes observed in children 

following treatment with olsalazine or sulfasalazine, both 5-aminosalyclic acid-producing 

drugs, may result from the toxicity due to N-acetyl-5-aminosalycylic acid102. In addition to 

the production of 5-aminosalyclic acid the metabolism of sulfasalazine produces both 5-

aminosalyclic acid and sulfapyridine. The latter is also a substrate for bacterial N-

acetylation, resulting in the formation of N-acetylsulfapyridine (together with the 

aforementioned N-acetyl-5-aminosalycylic acid), via the gut microbiota of species such as 

rat, guinea pig, dog and humans101.
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It will be clearly from the above that the gut microbiota are capable of making a wide range 

of biotransformations to synthetic drugs (see Figure 1 for a schematic representation) and 

those described here are summarised in Table 1. It is however, very likely that the extent of 

gut microbial metabolism is underestimated as this aspect of drug biotransformation is not 

routinely investigated.

Microbiome-conditional Effects and Consequences.

The direct effects that the gut microbiota can exert on the metabolism and toxicity of drugs, 

their metabolites and related xenobiotics summarised above in all likelihood represents only 

the tip of the iceberg as the contribution made by this forgotten organ is not routinely 

assessed. However, the influence of the gut microbiota extends beyond these direct effects 

and a number of indirect mechanisms, whereby the microbiome affect the metabolism, 

disposition and (potentially) the toxicity of xenobiotics, have been identified. And, whilst 

our knowledge of these is even more limited it is clear from the indirect effects that have 

been described so far in the literature, that the effects of the gut microbiota may include the 

modulation of host metabolic enzymes/ transporters, direct competition for metabolism via 

particular host metabolic routes/enzymes and enhancement of toxicity as a result of other 

effects on host biochemistry.

Competition

The host organism has to pay a price for the benefits accruing from having an active and 

healthy gut microbiota and one of these is the need to detoxify and dispose of myriad 

microbial waste products. Indeed it is arguable that one (of many) factors resulting in the 

development of the range of host xenobiotic metabolising systems that we see today was the 

need to eliminate unwanted microbiota-derived metabolites such as e.g. ethanol, benzoic 

acid and p-cresol etc. Indeed the detoxication and removal of p-cresol has recently been 

shown to have direct consequences for the metabolic fate of acetaminophen 

(paracetamol)104. The production of p-cresol by Clostridia 105 during the metabolism of 

tyrosine and phenylalanine is potentially damaging to the host in two ways. Firstly, as an 

aromatic phenol, the preferred means for the metabolism of p-cresol is via sulfation. 

However, when large amounts of phenolic compounds are present the limited capacity of 

sulfation results in their glucuronidation and, when this is no longer effective then may lead 

to oxidative metabolism via CYP450s. The oxidative metabolism of any p-cresol that evades 

conjugation results in the formation of highly reactive metabolites (RMs) that are subject to 

detoxication via conjugation/reaction with glutathione. The RMs formed by this the P450-

mediated metabolism consist of both a quinone methide (CYP2D6, 2C19, 1A2, 1A1, and 

2E1) and, in a recently described alternative route of bioactivation, aromatic oxidation 

(mainly via CYP2E1 but with a contribution from P450s such as CYP1A1, 1A2, and 2D6) 

to a 4-methyl-O-hydroquinone that is further oxidized to 4-methyl-[1,2]benzoquinone106. 

And, although this will likely place some stress on the glutathione system, under normal 

circumstances the formation of these RMs should not represent a problem for the host. 

However, in cases where the host is subject to a high baseline load of p-cresol, there will be 

direct competition between it and other phenols for both sulfation and glutathione 

conjugation. Unfortunately, as with sulfation, the capacity of glutathione conjugation is 

Wilson and Nicholson Page 12

Transl Res. Author manuscript; available in PMC 2017 December 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



limited and its depletion by p-cresol will potentially reduce the ability of the host to detoxify 

other phenols, including drugs such as acetaminophen, with potentially adverse 

consequences. It is therefore to be expected that exposure to both by p-cresol and RM-

forming phenolic drugs, such as acetaminophen, will result in enhanced toxicity due to 

competition for glutathione-dependent detoxication. As indicated above, some evidence in 

support of this hypothesis is provided via studies on acetaminophen104 in humans where, 

after consumption of 1 g of the drug, it was seen that the glucuronide to sulfate conjugate 

ratio of the drug present in urine was clearly affected by competition for sulfation by p-

cresol.

Modulation

Whilst there is no evidence that acetaminophen itself is metabolised to any great extent by 

the gut microbiota (although N-acetylated drugs such as phenacetin and acetaminophen etc., 

have been shown to be deacetylated to some extent in vitro56) effects on the 

pharmacokinetics of the drug in rats dosed orally with the drug have been reported following 

antibiotic treatment. Rats, administered bacitracin, streptomycin and neomycin to eliminate 

the gut microbiota107, together with control animals, were dosed with acetaminophen and 

concentrations of drug and six metabolites in the plasma determined via LC-MS/MS. In the 

antibiotic treated animals the AUCs of the drug and its glutathione conjugate were higher 

than those of the controls whilst, in contrast, the ratio of the AUC of the sulfate conjugate to 

acetaminophen was lower. Such effects may have resulted from a range of factors including 

the modulation of the of the xenobiotic metabolizing enzyme systems of the host. Indeed 

changes in the drug metabolizing capabilities of gut and liver have been reported with effects 

on the expression of e.g., CYPs and conjugating enzyme systems. For example, microbiome-

driven effects obtained by comparing hepatic preparations from germ free and microbiota-

containing rats revealed differences in the expression of P450s capable of bioactivating of 

mutagenic heterocyclic aromatic amines108. Effects on acetaminophen toxicity have also 

been noted as a result of host exposure to gut microbial metabolites derived from dietary 

components. Recently one such metabolite, 3,4-dihydroxyphenylacetic acid (a metabolite of 

e.g., quercetin109) was shown to have protective effects on acetaminophen-induced liver in 

the mouse following intragastric administration110. The mechanism for this 3,4-

dihydroxyphenylacetic acid-related hepatoprotective effect was suggested as being related to 

increased nuclear factor erythroid 2-related factor 2 (Nrf-2) translocation to the nucleus and 

expression of enzymes responsible for glucuronidation, sulfation and glutathione synthesis/ 

metabolism). Modulation of drug metabolizing enzymes following the colonisation of germ 

free mice, using either specific strains of bacteria or microbiota from conventionally raised 

mice, has been shown via DNA microarray analysis. This study highlighted a range of 

responses for xenobiotic metabolizing systems in the intestine. In the case of animals 

colonized with B. thetaiotaomicron111 decreases in the xenobiotic metabolizing enzymes 

glutathione S-transferase (GST) and CYP2D2 were noted, together with the transporter 

protein Mdr 1a. Conversely, the use of E. coli and B.infantis were associated with increased 

expression whilst a conventional gut microbiota produced no change. Further studies have 

shown that the presence or absence of the gut microbiota influences liver gene 

expression112. A comparison of germfree and control mice detected some 112 genes, many 

of which were related to xenobiotic metabolism, that were differentially expressed between 
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them. Administration of pentobarbital to mice of both types showed that its metabolism, as 

measured by length of anaesthesia, was significantly more efficient in the germ free animals. 

Toda T, et al113 studied the effects of the intestinal microbiota on hepatic CYP P450 and 

CYP mRNA expression for control and germ-free (GF) mice finding that the major CYP 

isozymes were lower in the livers of the former. This higher CYP expression in the control 

animals was correlated with higher expression of nuclear factors such as the pregnane-

receptor (PXR) and constitutive androstane receptor (CAR), transporters and conjugation 

enzymes involved in the detoxication of the bile acid lithocholic acid. The authors postulated 

that these differences came about because, in mice with gut microbiota, exposure to 

lithocholic acid caused the activation of PXR and CAR thereby increasing CYP expression. 

The gut microbial metabolism of tryptophan and indole has been highlighted as providing 

ligands for the aryl hydrocarbon receptor AHR114–116 and the metabolite indole 3- 

propionic acid has also been demonstrated to act as a ligand for PXR115.

The effects of the presence or absence of the gut microflora on the metabolism of steroids 

has been known for many years117 and indeed studies on liver microsomes have shown that 

the hydroxylation of a range of sterols was up to twice as efficient in germ-free animals 

compared to conventional rats. This was associated with greater amounts of cytochrome 

P-450 present in germ-free animals (2.53 + 0.45 nmol/ mg of protein) compared to 

conventional animals (1.72 + 0.04 nmol/ mg of protein). However, reduced activity 

compared to conventional animals was also seen in germ free rats which the authors 

considered to be “in accordance with the slower cholesterol and bile acid turnover in germ-

free compared to conventional rats”. Gut microbial-conditional effects resulting from the 

biotransformation of Soy to produce endocrinologically active phytoestrogens have been 

demonstrated to affect host endogenous steroid118 metabolism. These effects were 

suggested as perhaps being the result of changes in expression of the estrogen-hydroxylating 

CYPs, leading to changes in the amounts of 4-hydroxyestrogen (reduced) and 2-

hydroxyestrogen (increased) excreted by post-menopausal women118. Given the widespread 

effects of hormones on the regulation of metabolizing enzymes wider effects on drug 

metabolism would also be anticipated.

Effects on hepatic Cyp8b1 expression and the subsequent alteration of bile acid profiles, 

including effects on taurocholate and tauromuricholate, were detected using a metabonomic 

approach during the time course of the colonization of axenic mice119. In addition the 

expression and activity of both Cyp3a11 and Cyp2c29 were also increased. When these data 

were subjected to statistical modelling of hepatic metabolite profiles and microbial 

composition (based on 16S RNA gene pyrosequencing) strong associations for the 

Coriobacteriaceae family with hepatic triglyceride, glucose, and glycogen levels and the 

metabolism of xenobiotics were observed119.

In a study in male and female germ free and rats recolonised with the microbiota of normal 

animals (or humans) the impact of the presence or absence gut microbiota on intestinal and 

hepatic xenobiotic conjugating enzymes in the rat was investigated 120. Effects were noted 

on the glutathione transferases (GSTs), glutathione peroxidase (GPX2), epoxide hydrolases 

(EPHXs), N-acetyltransferases (NATs) and sulphotransferases (SULTs), with the sex of the 

animals also representing a variable in some cases. Thus hepatic SULT1A1, SULT1C1, and 
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SULT1C2 were seen to be elevated in germ-free animals in both male and females (1.5- to 

2.6-fold) whilst for SULT1B1 and SULT1C2 the increases were 0.4/0.6 and 1.3/1.6-fold 

respectively. NAT2 was 1.4/1.5-fold higher for male and female germ-free rats. Similarly 

GSTA1/2 were elevated 4.0/5.0-fold, GSTA4 between 1.5/1.9-fold and GSTM1 1.1/1.5-fold 

in male and female germ-free animals respectively compared to controls. The epoxide 

hydrolases, EPHX1 and EPHX2 were 3.5/2.4 and 1.4/2.1-fold higher in male and female 

germ free rats respectively. Some enzymes showed organ–specific, or regional, expression 

with e.g., NAT2 only detected in the large bowel and the SULTs expressed in liver and large 

intestine but absent from the large intestine. Recolonization with human gut microbiota 

resulted in smaller effects on the expression of these enzymes in the colon compared to the 

use of the gut microbiota of rat. Effects on glucuronidating (UGT) and GST enzymes were 

seen in germ-free and human gut microbiota colonised rats dosed with (+)-catechin or (-)-

epicatechin (with humanized rats showing reduced CYP2C11 expression compared to germ-

free animals,)121.

Disease, and the presence or absence of a gut microflora, has been shown to modulate the 

distribution of alpha, mu, and pi class glutathione GSTs in the colons of conventional and 

germ-free (GF) mice with induced experimental colitis122.

Most recently a study examined the effects on host hepatic drug metabolizing enzymes of 

colonisation of germ free mice and normal mice with probiotics and exogenous bacteria123. 

Five groups of mice were studied including conventional mice, germ free mice, germ free 

mice exposed to colonization by environmental exposure for 2 months and two groups 

composed of conventional and germ free mice administered a probiotic containing 8 strains 

of bacteria. In the case of germ free animals the Cyp3a genes were down regulated and the 

Cyp4a cluster was upregulated. Changes in the Cyp3a expression correlated with alterations 

in PXR expression, whilst peroxisome proliferator-activated receptor α-DNA binding 

correlated with that of Cyp4a gene expression. Conventional mice administered the probiotic 

responded with an increase in the amounts of the mRNAs for Cyp4v3, alcohol 

dehydrogenase 1, and carboxyesterase 2a, combined with a decrease in the mRNAs for a 

number of glutathione-S-transferases whereas the response of germ-free animals was a 

decrease in the mRNAs of UDP-glucuronosyltransferases 1a9 and 2a3.

The modulation of the activity of drug metabolizing enzymes/transporters, via induction, 

inhibition or competition for individual drug metabolizing pathways clearly has the potential 

to result in drug-microbiome interactions (DMI’s) which may be either beneficial or 

injurious to the host. Such factors may eventually be found to be significant variables in 

patient outcomes with consequences for the practice of personalized medicine and the 

minimization of adverse drug reactions, particularly “idiosyncratic” drug toxicity.

Drug effects on the Gut Microbiota

Given the interplay between host and gut microbiota permanent changes in the composition 

of the latter resulting from drug treatment may have important long term consequences for 

the host. So, in considering the effects of the microbiota on drug metabolism there is also the 

need to consider the potential for the administration of drugs to radically alter its 
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composition either directly on the microorganisms themselves, or as a result of toxic or 

pharmacological effects on the gut. Clearly the most obvious category of drugs to impinge 

on the microbiota are antibiotics and, whilst it is not possible here to fully review the topic, 

many studies have shown antibiotic administration to have both short and long term effects 

on its composition in animals and humans. In particular, incomplete recovery of the 

microflora in response to repeated exposure to ciprofloxacin has been shown for the distal 

gut microbiota of humans124. Whilst these observations were based on a relatively small 

sample (3 volunteers) the effect of antibiotic administration on the gut microbiota was 

“profound” with a rapid decrease in diversity and changes in community composition taking 

place within a few days of beginning administration. Although, following cessation of 

dosing, the microbiota recovered somewhat, this recovery was often incomplete. And, whilst 

the changes observed in bacterial communities in response to ciprofloxacin was noted as 

being broadly similar it differed between both subjects and between the two courses of 

antibiotic treatment and, at the end of the experiment the composition of the gut microbiota 

was different from what it had been at the start. As the authors noted, “Antibiotic 

perturbation may cause a shift to an alternative stable state, the full consequences of which 

remain unknown124.” One obvious consequence is of course the selection and persistence 

of antibiotic resistance in the gut and studies have revealed both ecological disturbances in 

the human gut microbiota after antibiotic administration and the long-term persistence of 

antibiotic resistance genes125.

As discussed above the presence or absence of the gut microbiota appears to have effects on 

CYP expression related to the lithocholic acid exposure to the host113. In a study on the 

effects of ciprofloxacin126 Cyp3a expression was suppressed in mouse liver by reducing 

lithocholic acid-producing intestinal flora. The authors noted that hepatic Cyp3a11 

expression and triazolam metabolism were significantly reduced by treating SPF mice with 

the antibiotic, but that such changes were not seen when germ-free mice were dosed. In 

addition there was a reduction in both lithocholic acid-producing bacteria in the feces and 

the amount of its taurine conjugate in the livers of the SPF mice administered ciprofloxacin. 

Further support for the hypothesis that these effects were driven by the production of 

lithocholic acid, which is known to activate both the farnesoid X and PXR receptors, was 

provided by the response of germ free mice that, when treated with this bile acid, showed 

increased expression of Cyp3a11.

Whilst the effects of antibiotics on the gut microbiota, if unwanted, are hardly unexpected 

the increasing evidence that the very widely used proton pump inhibitors (PPI) cause 

changes in the microbiota (apart from those that can be anticipated for H. pylori), including 

reducing diversity, perhaps represents a less obvious consequence of therapy. However, 

numerous studies (of which a selection is given here) have associated PPI use and C. 
difficile incidence as well as changes in the ecology of the gut microbiota128–131. In a 

small scale study128 the use of these drugs resulted in decreases to observed operational 

taxonomic unit (OTU) counts after both 1 week and 1 month of dosing. These effects were 

partly reversible after a 1 month recovery period, supporting the hypothesis that PPIs disrupt 

the healthy human gut microbiome, and were suggested as a potential explanation for the 

association between prolonged PPI usage and the incidence of C. difficile. A much larger 

study, that examined fecal samples obtained from 1827 healthy twins, also revealed effects 

Wilson and Nicholson Page 16

Transl Res. Author manuscript; available in PMC 2017 December 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



of PPIs on the gut microbiota129 showing significantly lower abundance and microbial 

diversity in those treated with such drugs. Concomitantly, there was a significant increase in 

the abundance of oral and upper GI tract species in fecal samples. These observations were 

confirmed by an independent interventional study and a paired analysis between 70 

monozygotic twin pairs discordant for PPI use. These findings indicated a significant impact 

of PPIs on the gut microbiome and led the authors to caution against their over-use129.

In a further large scale in humans the effect of PPI use on the gut microbiota was undertaken 

on some 1815 individuals, in three cohorts, with 211 of the subjects using PPIs at the time of 

stool sampling130. PPI use was found to be associated with a significant decline in diversity, 

with changes in 20% of the bacterial taxa. As with the other large scale study described 

above129 species of oral bacteria were seen to be over-represented in the faecal microbiome 

of PPI-users. The authors suggested that the differences resulting from PPI use were 

“consistently associated with changes towards a less healthy gut microbiome” and in line 

with changes predisposing users to infection with C. difficile. On a population level, the 

effects of PPI were considered to be more prominent than the effects of antibiotics or other 

commonly used drugs.

A comparison of the faecal microbiomes of 32 of subjects with ≥5 years of continuous PPI 

use, compared with 29 non-users, found that changes in bacterial populations had occurred 

at the both species and phylum level with, in the case of the latter, decreased Bacteroidetes 
and increased Firmicutes131. The authors suggested that this alteration in the Firmicutes: 
Bacteroidetes ratio might pre-dispose PPI-treated subjects to C. difficile infection.

Another class of widely used compounds with a clear ability to affect gut physiology via 

toxicity, as described above, is composed of the NSAIDS. Various effects of exposure to 

NSAIDs on the composition of the gut microbiota have been described some of which are 

considered below132–134. An examination of the effects of age and administration of 

NSAIDs on the intestinal microbiota in a group of subjects aged between 70 and 85 years 

compared to that of much younger individuals (mean age 28yr) found “remarkable changes” 

132 in composition. In terms of age-related differences it was found that the overall number 

of microbes was reduced in elderly compared to younger subjects but, interestingly, was 

higher in the elderly NSAID users compared to non-users of the same age group. Whilst 

many changes seemed to be associated with age the authors noted that the Actinobacteria 
group showed a reduction in Collinsella spp. in elderly subjects using NSAIDs in 

comparison to both the non-users and young adults. Similarly, the numbers of Lactobacilli 
seen the elderly NSAIDs users was reduced compared to non-users, leading the authors to 

suggest “that the use of NSAID along with age may also influence the composition of 

intestinal microbiota”. In a separate study133 the effect on the gut microbiota of exposure to 

NSAIDs was examined in a group of over 150 subjects. It was noted that the type of NSAID 

being used by these individuals had a significant influence on the composition of the gut 

microbiota with individual NSAIDs associated with distinct microbial populations. Thus the 

investigators found that aspirin users could be discriminated from those taking no 

medication via four OTUs namely Prevotella sp., Bacteroides sp., family Ruminococcaceae, 

and Barnesiella sp.), whilst the bacterial profiles seen for celecoxib and ibuprofen users both 

showed enrichment in the Acidaminococcaceae and Enterobacteriaceae. In the case of 
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ibuprofen users the families Propionibacteriaceae, Pseudomonadaceae, Puniceicoccaceae 
and Rikenellaceae also showed greater abundance compared to either non-users or those 

taking naproxen. Individuals taking a combination of NSAIDs and proton-pump inhibitors 

differed from those taking only NSAIDs in species of Bacteroides and Erysipelotrichaceae. 
Further, Bacteroides species and a bacterium of family Ruminococcaceae differed between 

those only taking NSAIDs and those combining them with antidepressants and laxatives 

from those using NSAIDs alone. The authors concluded from this investigation, not 

unreasonably, that “bacteria in the gastrointestinal tract reflect the combinations of 

medications that people ingest”132.

An investigation of the interactions between the microbiota and the NSAID indomethacin at 

“clinically relevant doses” in mice, using both acute and chronic exposures, resulted in 

damage to the intestine described as “reminiscent of the upper and lower GI complications 

induced by NSAIDs in humans”134. Dosing with indomethacin was also associated with 

alterations in the intestinal microbiota in these mice, particularly expansion of pro-

inflammatory bacteria. When treated with antibiotics changes, in both the pharmacokinetics 

and pharmacodynamics of the drug, were noted that were ascribed to the prevention of 

glucuronide hydrolysis by bacterial β-glucuronidases (as would be anticipated based on the 

results of the inhibition of this enzyme described earlier91,92). Given that both PPI’s and 

NSAID’s have been shown to alter the composition of the gut microbiota it is hardly 

surprising that the use of these drugs on combination has been the subject of increasing 

interest.

A recent review135 on the topic of combined PPI and NSAID use concluded that, whilst 

PPIs were effective as a means of reducing damage to the stomach resulting from NSAID 

use they were “without proven benefit in preventing NSAID-related damage in the rest of 

the GI tract” and that the “frequent use of PPIs can exacerbate NSAID-induced small 

intestinal injury by altering intestinal microbiota”. Positive benefit has been seen from the 

use of probiotics in the prevention of NSAID-induced damage in patients receiving PPI and 

NSAIDs136.

Clearly, the use of therapeutic drugs that are designed to directly act on bacteria such as 

antibiotics, or those that the affect gut physiology via intended pharmacology, e.g., PPI’s, or 

accidentally through unintended toxicity, thereby causing intestinal damage, including the 

NSAID’s, have an obvious potential to result in changes to the environment that lead to 

compositional changes in the gut microbiota. It is however, less clear what the effects of 

other drugs might be on the biochemistry of the gut microbiota. Recent studies in mice137 

have shown significant changes to the physiology, structure, and gene expression of the 

active gut microbiome following short-term exposure to a panel of xenobiotics (which 

included antibiotics). A range of bacterial genes were found to respond to drug exposure 

across, with changes seen in e.g., those responsible for antibiotic resistance, drug 

metabolism and response to stress. These effects were seen across a range of phyla. The 

authors suggested that the “results demonstrate the power of moving beyond surveys of 

microbial diversity to better understand metabolic activity, highlight the unintended 

consequences of xenobiotics, and suggest that attempts at personalized medicine should 

consider interindividual variations in the active human gut microbiome”137. Certainly, in 
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e.g., the light of the differential responses of the microbiome seen for the various NSAIDs 

described above132, it would be of great interest to see this type of study expanded to cover 

a larger number of compounds and therapeutic classes.

Summary

The range of effects that the gut microbiota can have on drugs, and vice versa, have obvious 

implications for drug toxicity testing, where differences in outcome may reflect not only 

strain of animal but microbiome-specific effects. Clearly, when moving from animals to 

patients such effects also have the potential to produce unexpected, and potentially 

unwelcome, variability in response to the administration of drugs to both individual patients 

and populations. The resurgence in interest in this, no longer, “forgotten organ” of 

metabolism is however, promising and may lead to a reversal of the current situation where 

little real consideration is given to the gut microbiota and its effects on drug absorption, 

disposition, metabolism, pharmacology or toxicity in either the drug discovery or drug 

development phases of research programs. Currently there is little evidence that regulatory 

bodies are aware of the potential importance of the gut microbiome and this may, potentially, 

represent something of an oversight. However, this situation may change as we obtain a 

better understanding of these complex interactions which, in our view, could provide novel 

insights for drug discovery and development and significant benefits for personalized 

medicine. The microbiome undoubtedly represents a “drugable target”, and there is no doubt 

that it is possible to modulate both its composition and metabolic activity. What is less clear 

is what represents an appropriate “drugable” target, and what the effects of drugging the 

microbiome might have on the overall composition the gut microbiota and the downstream 

consequences for both it and the host. Irrespective of this, with respect to drug efficacy and 

toxicity, the potential for these microorganisms to affect ADMET clearly deserves increased 

awareness and attention from the drug metabolism community.
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Figure 1. 
Sites and types of metabolism for drugs following oral or intravenous administration.
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Table 1

Biotransformation of Drugs/Drug Metabolites Performed by the Gut Microbiota*

Biotransformation Drug/Metabolite Comments Ref

Reduction

Balsalazide Azo bond reduction 22

Bromezepam Nitro-reduction 26

Clonazepam Nitro-reduction 25

Chloramphenicol Nitro-reduction 30

Digoxin Double bond reduction 47–54

Eltrombopag Hydrazone cleavage 37

Ipsalazide Azo bond reduction 22

levosimendan Hydrazone cleavage 35–36

Loperamideoxide N-oxide reduction 43

Metronidazole Nitro reduction 27–29

Misonidazole Nitro-reduction 33

Neoprontosil Azo bond reduction 18

Nitrazepam Nitro-reduction 24

Nizatidine N-oxide reduction 45

Olsalazine Azo bond reduction 22

Omeprazole Sulphoxide reduction 39

Potassium 1,2,3,4-tetrahydro-2,4-dioxo-1,3,5-triazine-6-carboxylate 
(potassium oxonate)

46

Prontosil Azo bond reduction 17,18

Ranitidine N-oxide reduction 44

Risperidone benzisoxazole ring reduction 42

Sulfasalazine Azo bond reduction 19,20

Sulfinpyrazone Sulphoxide reduction 38

Sulindac Sulphoxide reduction 38

Zonisamide Benzisoxazole ring reduction 40,41

Hydrolysis

azetirelin Proteolysis 76,77

calcitonin Proteolysis 74

Diclofenac glucuronide Hydrolysis to diclofenac 91,92

indomethacin glucuronide Hydrolysis to indomethacin 92

insulin Proteolysis 74–75

Irinotecan metabolite SN-38 glucuronide Glucuronide hydrolysis 83–90

Ketoprofen glucuronide Hydrolysis to ketoprofen 92

methotrexate Production of 4-amino-4-deoxy-
N10 -methylpteroic acid

72–73

sodium picosyulphate, Desulfation to 4,4'-dihydroxy -
diphenyl-(2 pyridyl)-methane

78
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Biotransformation Drug/Metabolite Comments Ref

Sorivudine (1-beta-D-arabinofuranosyl-5-(E)-(2-bromovinyl)uracil) Hydrolysis to (E)-5-(2-bromo -
vinyl)uracil

94

Deacylation

bucetin Formation of phenitidine 56

Phenacetin, Formation of phenitidine 56

Acetaminophen (paracetamol) Formation of p-aminophenol 56

Demethylation

methamphetamine N-Demethylation 55

4’-hydroxy methamphetamine N-Demethylation 55

O-Dealkylation

Fostamatinib O-Demethylation of the 
metabolite R529

57

Dehydroxylation

Fostamatinib Dehydroxylation of the 
metabolite R529

57

L-Dopa (levodopa, L-3,4-dihydroxy-phenylalanine). Dehydroxylation 60,61

Decarboxylation

L-Dopa (levodopa, L-3,4-dihydroxy-phenylalanine) 64,65

Deamination

5-Fluorocytosine Deamination to 5-fluorouracil 58,59

Oxidation

Levamisole Thiazole ring-opening 69

Lovastatin Hydroxylated metabolites 71

Acetylation

5-Aminosalicylic acid Production of N-acetyl-5-amino 
salicylic acid

100–103

Sulfapyridine Production of N-acetyl -
sulfapyridine

101

•
This table represents a summary of the examples discussed in this review and is not designed to be, nor is it, comprehensive as e.g., any drug (or 

its metabolites) secreted into the bile as a sulfate or glucuronide will be liable to deconjugation by the gut microbiota.
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