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SUMMARY 
 

Tacrolimus is the mainstay immunosuppressant drug used after solid organ and 

hematopoietic stem cell transplantation. Tacrolimus exhibits a low and variable oral 

bioavailability, with an average of 25% of the oral dose reaching the systemic circulation. 

The major site of drug loss is in the gut, and the gut extraction ratio was reported as 85% 

and 74% in healthy and liver transplant patients, respectively. However, inhibition of known 

tacrolimus disposition enzymes (i.e., CYP3A4/5 and P-gp) by co-administration of 

ketoconazole orally did not fully prevent drug loss. More than 50% of tacrolimus still fail to 

reach the systemic circulation, suggesting other contributing factors are yet to be well 

defined. Lack of knowledge regarding other contributing factors to tacrolimus thus 

constitutes a substantial gap in optimizing tacrolimus dosage regimen and improving graft 

outcomes in transplant recipients.  Recent studies suggest a potential role of gut bacteria 

in decreasing tacrolimus oral exposure. For example, (1) fecal abundance of F. prausnitzii 

was positively correlated with tacrolimus dosing in kidney transplant patients, and (2) co-

treatment of tacrolimus with antibiotics that do not affect tacrolimus disposition enzymes 

increased tacrolimus trough blood concentration in kidney transplant patients. Together, 

we hypothesized that bacteria metabolize tacrolimus and decrease oral drug exposure.  

In Chapter 1, we summarized knowledge regarding tacrolimus pharmacokinetics 

and the role of  gut bacteria in reductive drug metabolism.  

In Chapter 2, we determined bacterial metabolism as an important elimination 

pathway of tacrolimus in humans. In vitro incubation of tacrolimus with F. prausnitzii and 

human stool showed a significant parent drug disappearance and formation of new peaks, 

which were not produced when tacrolimus was incubated with human hepatic microsomes. 

And the major  

x 



metabolite M1 was identified as hydroxyl tacrolimus, where the ketone group at C-9 

position was reduced to the hydroxyl group. To determine the impact of bacterial 

metabolism on the pharmacological activity of tacrolimus, we compared the 

immunosuppressive and anti-fungal activity between tacrolimus and M1. The results 

showed the 15-fold lower activity of M1 as compared to tacrolimus. We further examined 

the capability of M1 formation by 25 representative human gut bacteria belonging to major 

taxa. The result showed that 22 of them can metabolize tacrolimus, demonstrating the 

prevalence of tacrolimus metabolism by human gut bacteria. We also bridged the gap 

between in vitro and in vivo studies by  detecting M1 in stool and blood samples from 

kidney transplant patients after oral administration of tacrolimus. To estimate the 

contribution of bacterial metabolism in tacrolimus oral exposure, we performed the kinetic 

study of M1 formation using F. prausnitzii as a model bacterium, and the result was 

extrapolated to estimate M1 formation in the human small intestine. The estimation 

indicated an extensive tacrolimus metabolism by bacteria, where 38% of tacrolimus is 

converted to M1 at a typical oral dose (i.e., 5 mg). Last but not least, to determine the 

responsible metabolizing enzymes, we overexpressed 24 oxidoreductases of F. prausnitzii 

and identified 4 of them are capable of producing M1.  

In conclusion, our study demonstrated the bacterial metabolism of tacrolimus as 

an important elimination pathway in humans. In detail, human gut bacteria can convert 

tacrolimus to M1, a much less active form, through ketone reduction and reduce 

tacrolimus oral exposure.  
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CHAPTER 1. OVERVIEW OF TACROLIMUS PK AND GUT BACTERIA IN REDUCTIVE 

DRUG METABOLISM 

Part of this chapter was previously published as Guo, Y., Lee, H., & Jeong, 

H. (2020). Gut microbiota in reductive drug metabolism. Progress in Molecular 

Biology and Translational Science, 171, 61-93. 

 
1.1. Tacrolimus PK 

1.1.1. Introduction 

 Tacrolimus is an immunosuppressant used to prevent organ rejection after 

transplantation. Tacrolimus has a narrow therapeutic window, and supra- and under-

therapeutic concentrations of tacrolimus are associated with drug toxicity (nephrotoxicity 

and neurotoxicity) and graft rejection, respectively (Gardiner et al., 2016). Maintaining 

tacrolimus concentrations within the therapeutic range is difficult; however, because of its 

low and variable oral bioavailability (ranging from 5% to 93%; average 25%) (Zou et al., 

2019). The activity of CYP3A4/5 and the drug efflux pump P-gp in the liver and intestine 

had been proposed to explain the tacrolimus bioavailability (Figure 1). However, drug-

drug interaction studies of tacrolimus and ketoconazole (an inhibitor of both hepatic and 

intestinal CYP3A4/5 and P-glycoprotein) showed that even after CYP3A4/5 and P-

glycoprotein inhibition, a significant (>50%) fraction of the dose failed to reach systemic 

circulation, suggesting the presence of additional route(s) of tacrolimus elimination 

(Floren et al., 1997; Tuteja et al., 2001). Lack of this knowledge thus constitutes a 

substantial gap in optimizing tacrolimus dosage regimen and improving graft outcomes in 

transplant recipients. 
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Figure 1.  Tacrolimus shows extensive gut metabolism and poor oral bioavailability 

1.1.2. Absorption  

Tacrolimus is a macrocycle compound that was discoverd in 1987 from the soil 

bacterium Streptomyces tsukubaensis (Starzl, 1987). It exhibits poor water solubility (<1 

mg/L) (Patel et al., 2012). For intravenous injection, it is dissolved in a mixture of 

surfactant HCO-60 and ethanol (Patel et al., 2012). Oral administration is a more common 

route of administration. To resolve the solubility issue, tacrolimus was formulated into a 

solid dispersion formulation (Prograf) by mixing with hydrophilic ingredient hydroxyl-

Intestine

↓ 74%
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Liver
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propylmethylcellucose (Yamashita et al., 2003). In addition to this immediate release 

dosage form, sustained release formulation (Advagraf) is also available to reduce dosing 

frequency to once a day (Caillard et al., 2016).  

As a BCS II compound, tacrolimus exhibits an excellent permeability, which 

makes it be absorbed rapidly by the small intestine. Most of the patients taking Prograf 

show peak concentration (Tmax) between 0.5 to 2 h (Venkataramanan et al., 1991; Gruber 

et al., 1994). The isolated rat jejunum model is a useful tool to study drug permeability in 

the human intestine (Peternel et al., 2012). In an ex vivo perfusion study using rat jejunum, 

tacrolimus showed an apparent permeability (Papp) of 0.35 ± 0.05 cm/s. Jejunum appears 

to be the major absorption site, as the permeability was only half of that in the ileum and 

even lower in the colon (Tamura et al., 2002; Tamura et al., 2003). And the major reason 

is due to higher expression of the efflux transporter P-glycoprotein (P-gp) in the distal 

intestine (Mouly and Paine, 2003; MacLean et al., 2008). Treatment of the different rat 

small intestinal segments with verapamil, a potent P-gp inhibitor, eliminated the difference 

in permeability (Tamura et al., 2002). In vitro Caco-2 study also gave the same conclusion, 

where the apparent permeability from basolateral to apical is more than 3-fold of that from 

the opposite direction (Tamura et al., 2002).  

In addition to efflux by P-gp, another known factor that decreases oral tacrolimus 

absorption is intestinal metabolism by CYP3A4/5 (Kolars et al., 1994). Metabolizing 

enzymes may also work together with P-gp to produce a synergistic effect in decrease 

the fraction of tacrolimus being absorbed (Christians et al., 2005). Incubation of tacrolimus 

with human and pig small intestinal microsomes showed a significant loss of parent drug 

and metabolite formation. Noticeably, the extent of metabolism was declined in the order 

of duodenum > jejunum > ileum > colon. The potential explanation is likely due  to the 
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higher expression of CYP3A in the proximal region of the intestine (Fritz et al., 2019). Ex 

vivo perfusion study showed 50% and 20% of the absorbed tacrolimus was degraded in 

rat jejunum and ileum, respectively (Tamura et al., 2003). Treatment with ketoconazole, 

a potent inhibitor for both CYP3A and P-gp, can increase the absorption from 47.8% to 

88.1% in the jejunum (Tamura et al., 2003). Notably, the permeability was not altered by 

ketoconazole, suggesting inhibition of CYP3A mediated metabolism is the reason for the 

increased absorption. Treatment with CYP3A4 substrate midazolam also showed a 

similar extent of enhancement in tacrolimus absorption (Tamura et al., 2003). Together, 

these studies demonstrate a major role of CYP3A in tacrolimus absorption in proximal 

small intestine while P-gp-mediated efflux may affect absorption in distal intestine. 

 

1.1.3. Distribution 

The majority of tacrolimus is distributed into the red blood cells (RBC). In a human 

study using 3H-dihydro-tacrolimus, the result showed 85.3% to 98% of the drug is 

associated with erythrocytes (Nagase et al., 1994; Zahir et al., 2001). As a comparison, 

tacrolimus is much less distributed into the plasma and lymphocytes, with an average of 

14.3% and 0.46%, respectively (Nagase et al., 1994; Zahir et al., 2001). Nagase et al. 

studied the subcellular distribution of tacrolimus in the erythrocytes by fractionation and 

found that most of the drug was bound with FK506 binding protein (FKBP), exhibiting a 

molecular weight of ~10 kDa  (Nagase et al., 1994). The follow-up study by incubating 

this protein with cyclosporine A, another widely used immunosuppressant, did not show 

a significant binding, suggesting tacrolimus-FKBP interaction is specific and is likely the 

major reason responsible for the significant distribution of tacrolimus in erythrocytes in 

human blood.  
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Due to the high association of tacrolimus with erythrocytes, tacrolimus 

concentration is 4 to 114 times higher when using blood samples as a comparison with 

corresponding plasma in transplant patients (Venkataramanan et al., 1991; Bäckman et 

al., 1994; Jusko et al., 1995). There is a huge difference in the volume of distribution when 

using plasma and blood concentration, which are 30 L/kg and 1 L/kg, respectively 

(Tamura et al., 1987; Wallemacq and Verbeeck, 2001). Considering physiological 

relevance and also the sensitivity of the assay, monitoring tacrolimus concentration and 

exposure using blood samples are more favorable than using plasma samples. Currently, 

available methods either apply the immunology approach (ELISA and MEIA) or LC-

MS/MS (Dietemann et al., 2001). The blood to plasma ratio of tacrolimus exhibits a huge 

inter- and intra-individual variability. And it is largely dependent on tacrolimus 

concentration and one’s hematocrit level. For example, the ratio varies from 2.9 to 134.8 

over a blood concentration ranging from 3 to 28.7 ng/ml (Jusko et al., 1995; Chow et al., 

1997). A positive correlation was observed between the hematocrit level and the 

percentage of tacrolimus associated with erythrocytes (r2 = 0.47) (Zahir et al., 2004).  

 

1.1.4. Metabolism  

Tacrolimus is mainly eliminated from the body through metabolism. As discussed 

before, tacrolimus shows extensive first-pass metabolism in the gut. And the liver is the 

major metabolizing organ that removes tacrolimus from systemic circulation. In vitro 

incubation of tacrolimus with human hepatic and intestinal microsomes indicated the 

major metabolizing pathways are through O-demethylation and hydroxylation (Shiraga et 

al., 1994; Shiraga et al., 1999). In total, eight metabolites were identified, including mono-

demethylated, di-demethylated, hydroxylated, demethylated, and hydroxylated 
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metabolites (Shiraga et al., 1999). Notably, 13-O-demethylated tacrolimus is the major 

metabolite found from in vitro microsonal incubation and human blood after oral 

administration (Vincent et al., 1992; Gonschior et al., 1996; Chitnis et al., 2013). To 

determine the enzymes responsible for metabolizing tacrolimus, tacrolimus was 

incubated with lysates from Hep G2 cells expressing different human CYPs (1A2, 2A6, 

2B6, 2C8, 2C9, 2D6, 2E1, 3A3, 3A4, and 3A5). And the result showed that CYP3A4 and 

CYP3A5 are the major metabolizing enzymes in terms of total metabolism, as well as the 

production of 13-O-demethylated tacrolimus (Shiraga et al., 1999). Examination of its 

immunosuppressive activity showed less than 10% of the original activity of tacrolimus 

(Iwasaki et al., 1995).  

It has been showed that CYP3A5 polymorphism plays a significant role in 

determining metabolizing phenotype and clearance of tacrolimus. The *1 allele (A) and *3 

allele (G) account for 23.7% and 76.3% of transplant patients, respectively (Goto et al., 

2004). *3 allele codes for a non-functional protein, thus leading to poor metabolizing 

activity (Larriba et al., 2010). Human liver microsomes carrying the CYP3A5*1 allele 

(expressor) showed 1.5 to 2.7-fold higher metabolizing activity than CYP3A5*3/*3 

genotype (non-expressor) (Dai et al., 2006; Picard et al., 2011). Patients who express 

CYP3A5*1/*1 and CYP3A5*1/*3 exhibit 2-fold and 1.7-fold greater clearance of tacrolimus 

as compared to CYP3A5*3/*3 carriers (non-expressor), which leads to significantly lower 

drug exposure (Barry and Levine, 2010). Choi et al. reported that the expressors showed 

2.5-fold higher blood AUC as compared to non-expressors after oral administration of 1 

mg tacrolimus (Choi et al., 2007). As a result, expressors typically require 1.5 to 2 times 

the recommend dose to achieve the same therapeutic concentration (Birdwell et al., 2015). 
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In addition to CYP3A5 polymorphism, the hematocrit level is another important 

factor that affects tacrolimus clearance and dosing. As described above, tacrolimus 

shows extensive binding with erythrocytes; such interaction largely minimizes the amount 

of free drug available for hepatic metabolism. Thus, although tacrolimus is rapidly 

eliminated in vitro by microsomes, hepatic extraction (4%) in the human body is a slow 

process (Jusko et al., 1995). Hematocrit level was found highly variable in transplant 

patients. Patients usually have low hematocrit levels after transplantation, which increase 

from 33% at the first month of post-transplantation to 40% after 12 months’ recovery (Mix 

et al., 2003; Størset et al., 2014). In a clinical study, a negative correlation between 

hematocrit level and the ratio of dose/trough concentrations of tacrolimus in blood was 

found from liver transplant patients (R = −0.53) (Minematsu et al., 2004). Zahir et al. also 

reported a 46% higher blood clearance of tacrolimus in patients with a low hematocrit (< 

35%) than patients with higher hematocrit levels (Zahir et al., 2005). Together, these 

studies indicate both CYP3A5 polymophism and hematocrit level are critical in 

determining extent of tacrolimus metabolism and therapeutic dose.  

 

1.1.5. Elimination 

Tacrolimus is mainly excreted through bile to feces after hepatic metabolism. In a 

human study, 92.6 ± 30.7%  of the radioactivity was recovered in feces over an 11-day 

period after oral administration of 14C-labeled tacrolimus (Moller et al., 1999). Urinary 

excretion, on the other hand, is only responsible for excreting 2.3% of the drug. While the 

majority of radioactivity in the blood was from unchanged tacrolimus, it was only at trace 

levels in both urine and feces, indicating extensive metabolism (Moller et al., 1999).  

 

1.1.6. A potential role of gut bacteria in tacrolimus disposition 
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Recent studies suggest a role of gut bacteria in tacrolimus elimination and oral 

drug exposure. For example, orally administered antibiotics with minimal effects on 

CYP3A4/5 and P-gp expression/activity, such as levofloxacin increased tacrolimus 

exposure by ~25% in kidney transplant recipients (Federico, Carrano et al. 2006). John 

R. Lee’s group compared kidney transplant patients (N=60) taking antibiotics and those 

who do not during the first 30 days of transplantation (N=200). The result showed a 

significant increase in tacrolimus trough concentration over tacrolimus dosage (C/D) on 

day 7 (p=0.001) and 15 (p=0.07) after receiving antibiotics (Zheng et al., 2019). As 

compared to the immediate-release formulation, sustained-release formulation retains the 

drug in the GI tract for a longer time, and more drug may reach the lower intestinal tract 

where has more bacteria. In theory, a drug that is liable to bacterial metabolism will likely 

show more significant metabolism when using extended-release formulation. Many 

studies showed higher doses were required in kidney transplant patients who took 

Advagraf (once-daily sustained-release formulation) than Prograf (twice-daily traditional 

formulation) to achieve the same therapeutic concentration (Crespo et al., 2009; de Jonge 

et al., 2010). In a study of 284 human subjects, kidney transplant patients who switched 

from Prograf to Advagraf on a 1:1 on a milligram basis showed a significant decrease in 

trough blood concentration, and about 30% of patients required more than a 20% dose 

increase (de Jonge et al., 2010). Moreover, analysis of the gut microbial composition in 

kidney transplant patients revealed that the fecal abundance of F. prausnitzii in the first 

week of transplantation is positively correlated with the tacrolimus dose required to 

achieve therapeutic concentrations (Lee et al., 2015). Together, these data suggest that 

gut bacteria may play a significant role in metabolizing tacrolimus and determining 

tacrolimus oral exposure. 
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1.2. Gut bacteria in reductive drug metabolism 

1.2.1. Introduction.    

The human gut harbors around 100 trillion bacteria, whose genomes are predicted 

to contain about 100 times more protein-encoding genes than the human genome (Gill et 

al., 2006; Sender et al., 2016). Such richness in the gene contents likely reflects extremely 

diverse catalytic reactions that can be mediated by gut bacteria, and unsurprisingly, gut 

bacteria have repeatedly been identified to metabolize small xenobiotic molecules 

including therapeutic drugs (Scheline, 1973; Sousa et al., 2008b; Spanogiannopoulos et 

al., 2016; Clarke et al., 2019). Gut, either small or large intestine, provides an environment 

with low redox potentials and with no to little oxygen available (Celesk et al., 1976; Circu 

and Aw, 2011; Espey, 2013; Friedman et al., 2018). Such anaerobic and reducing 

conditions in the gut likely position resident gut bacteria to readily mediate the reductive 

metabolism of incoming xenobiotics such as therapeutic drugs. This review is focused on 

drugs undergoing reductive metabolism by gut bacteria. Depending on chemically distinct 

groups, xenobiotics may undergo one or more types of six major reductive metabolisms: 

azo (-N=N-), nitro (-NO2), alkene (-C=C-), ketone (-C=O), N-oxide (-N-O), and sulfoxide 

(-S=O) (Scheline, 1973; Sousa et al., 2008b; Spanogiannopoulos et al., 2016; Clarke et 

al., 2019). We have provided select examples of drugs in six chemically distinct groups, 

for which gut bacteria are known or suspected to mediate the reduction (Table I). 
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   Table I. Gut bacteria identified to mediate reductive metabolisms. 
Reductive 
metabolism 

Drug Gut bacteria identified Cecal/intestinal 
contents/feces tested 

Azoreduction Prontosil Many gut bacterial species Rat cecal contents 
(Gingell et al., 1969a) 

  Sulfasalazine Bacteroides 
fragilis; Clostridium 
perfringens; Corynebacteriu
m 
acnes; Fusobacterium sp.; 
Streptococcus 
faecium; Streptococcus 
faecalis; Escherichia 
coli; Lactobacillus sp. (Pepp
ercorn and Goldman, 
1972a) 

  

Nitroreduction Chloramphenicol Escherichia coli (Merkel 
and Steers, 1953a; Holt, 
1967a);Haemophilus 
influenza (Smith et al., 
2007; Crofts et al., 
2019); Neisseria 
meningitides (Smith et al., 
2007); Bacteroides fragilis 
(Onderdonk et al., 1979) 

 

  Nitrobenzodiazepines Escherichia coli (Linwu et 
al., 2009b); Clostridium 
leptum (Rafii et al., 1997) 

  

Alkene reduction Deleobuvir N/A Rat feces; human 
feces (McCabe et al., 
2015) 

 
Digoxin Eggerthella lenta (Saha et 

al., 1983b) 
Human 
feces (Lindenbaum  et 
al., 1981) 

Keto- reduction Nabumetone Escherichia 
coli; Lactobacillus 
casei; Lactobacillus 
plantarum; Parabacteroides 
distasonis (Jourova et al., 
2019) 
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  Doxorubicin Raoultella 
planticola; Escherichia 
coli (Yan et al., 2018) 

  

Sulfoxide 
reduction 

Sulindac Escherichia coli (Etienne et 
al., 2003) 

Human intestinal 
contents (Duggan, 
1981); Human 
feces (Duggan et al., 
1977a) 

  Sulphinpyrazone Escherichia 
coli; Enterobacter sp.; Prote
us sp.; Providencia sp.; Kle
bsiella sp.; Citrobacter sp.; 
Pseudomonas sp.; Enteroc
occus sp.; Bacteroides sp.; 
Fusobacterium sp.; Clostridi
um sp.(Strong et al., 1987) 

Rat feces (Renwick et 
al., 1982a); Human 
feces (Strong et al., 
1987) 

N-Oxide 
reduction 

Nicotine N/A Rat intestinal and cecal 
contents (Dajani et al., 
1975a) 

 
Loperamide N/A Rat intestinal and cecal 

contents (Lavrijsen et 
al., 1995a) 

  Ranitidine N/A Human feces (Basit and 
Lacey, 2001) 
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1.2.2. Enzymes for reductive metabolisms 

Enzymes that catalyze oxidation and reduction reaction belong to oxidoreductase 

family (EC 1). Reactions can be expressed as  A− + B → A + B−, where oxidoreductases 

are responsible for the transmission of electrons from a donor (e.g., Alcohol, Aldehyde, 

alkyl, amine, NAD(P)H) to an acceptor (e.g., Oxygen, Fe3+, NAD(P)+) (Robinson, 2015). 

A typical reaction requires the consumption of cofactors, and NAD(P)H dependent (i.e., 

NAD(P)H or NAD(P)+) enzymes are most common that account for 80% of the 

oxidoreductases (Paul et al., 2019). The nucleotide binding domains, such as rossmann 

fold, is a structurally similar motif shared by many NAD(P)H dependent oxidoreductases 

(Hanukoglu, 2015). It recruits NAD(P)H and allow C4 carbon atom of the nicotinamide 

ring serves as the acceptor/donor of a proton. The catalytic domains, on the other hand, 

are more variable that are related to substrate specificity (Sellés Vidal et al., 2018).    

Oxidoreductases are found in all the living organisms including animals, plants and 

bacteria, et al. They play crucial roles in variety of biological functions including chemical 

synthesis and detoxification. For example, many facultative anaerobic bacteria 

expressing nitrate/nitro reductases that can catalyze nitrate/nitro reduction to produce 

ammonium: NO3−→NO2−→NH4+ (Bryant and DeLuca, 1991; Kamp et al., 2015). This 

provides nitrogen resource for synthesizing proteins and nucleic acids in bacteria (Kamp 

et al., 2015). In terms of bacteria mediated drug metabolism, oxidoreductases can 

catalyze various actions and change drug activity. Studies have been show antibiotic 

resistance in some pathogenic bacteria can be explained by expression of a certain 
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oxidoreductase. For example, oxidoreductase NfsB from gut bacterium Haemophilus 

influenza was found metabolize chloramphenicol to less active metabolites (Crofts et al., 

2019). On the other hand, bacterial oxidoreductases may also activate prodrugs through 

metabolism. More details related to specific oxidoreductases will be discussed along with 

individual drugs.  

 

1.2.3. Reductive drug metabolism 

1.2.3.1. Azoreduction 

Azo compounds are a group of organic chemicals (R-N=N-R′), in which “-N=N-” is 

the azo bond, and R or R′ is either alkyl or aryl (aromatic) group (Chung, 2016). Azo 

compounds with alkyl groups are colorless, whereas those (azo dyes) containing aromatic 

groups give characteristic colors. Because azo dyes are the most common coloring 

agents used in the textile, paper, cosmetics, food, and pharmaceutical industries, their 

(potentially toxic) metabolism in animals and humans, as well as their degradation in the 

environment, have been important health-related research subjects (Feng et al., 2012; 

Chung, 2016). Earlier studies have well established that azo dyes are metabolized in the 

body via both oxidative and reductive reactions, with the former mediated by the host and 

the latter mainly by intestinal bacteria (Levine, 1991).  

 
1.2.3.1.1. Prontosil 

The azo dye prontosil (Figure 2) was identified as an anti-infective agent active 

against Streptococcal infections in mice (Domagk, 1957). Prontosil exhibited its efficacy 

only in vivo mouse infection models, with no apparent antibacterial activity against 

Streptoccci in vitro. Because p-aminobenznesulfonamide (sulfanilamide) (Figure 2), 
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which can be generated upon the reductive cleavage of the azo bond of prontosil, was as 

effective as prontosil for controlling Streptococcal infections, prontosil was proposed to be 

reductively metabolized in the body into the active component sulfanilamide (Colebrook 

et al., 1936; Fuller, 1937). As was the case for many other azo dyes (Radomski and 

Mellinger, 1962; Ryan et al., 1968), prontosil was shown to be reduced by intestinal 

bacteria in rats and humans (Gingell et al., 1969b; Gingell and Bridges, 1971). Moreover, 

antibiotic treatments of rats receiving oral prontosil reduced the excretion of sulfanilamide 

significantly in urine further suggesting that gut bacteria play a critical role in cleaving the 

azo bond and producing the active component of prontosil (Gingell et al., 1971). With the 

finding of prontosil as a pro-drug that is converted to the active metabolite by gut bacteria, 

the azo linkage has been extensively employed in the development of in particular colon-

specific pro-drugs that are activated by gut bacteria (Ali et al., 2018). 

 

1.2.3.1.2. Sulfasalazine 

Sulfasalazine (salazopyrin; salicylazosulfapryridine) is a compound synthesized by 

combining between 5-aminosalicylic acid and sulfapyridine (Figure 2). Since sulfasalazine 

was identified to be active in ulcerative colitis and introduced into clinical practice in 

1941(Svartz, 1942), it has been used as the main treatment of ulcerative colitis (Hauso et 

al., 2015). Using conventional and germfree rats and gut bacteria, sulfasalazine was 

shown to be reductively metabolized by gut bacteria, the result of which is the generation 

of 5-aminosalicylic acid and sulfapyridine (Peppercorn and Goldman, 1972b; Schroder 

and Gustafsson, 1973). A later study determined that 5-aminosalicylic acid is the 

therapeutically active component (Das et al., 1973). Because the colon is the site where 

5-aminosalicylic acid exerts its therapeutic effect and most of the 5-aminosalicylic acid 
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liberated from sulfasalazine by gut bacteria in the colon is not absorbed for systemic 

circulation (Azadkhan et al., 1982), it is not surprising that antibiotic treatments affect the 

clinical outcomes of sulfasalazine treatments. For example, in healthy volunteers (taking 

sulfasalazine for three days, 6-day break, ampicillin (250 mg four times daily) for five days 

followed by three days of sulfasalazine (2 g twice daily), the plasma concentration of 

sulfapyridine was significantly lower in posttreatment than in pretreatment with ampicillin, 

indicating that ampicillin treatment impairs the azo reduction of sulfasalazine by gut 

bacteria and the amount of liberated 5-aminosalicylic acid is reduced (Houston et al., 

1982). 
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Figure 2.  Azoreduction by gut bacteria. Drugs (A) and dyes (B) that undergo 

azoreduction by gut bacteria are shown. See text for details. 

A

B
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1.2.3.1.3. Azoreductases 

Many earlier studies that investigated the reduction of azo dyes led to the 

identification of bacterial enzymes collectively called azoreductases (Mahmood et al., 

2016). The majority of these enzymes are identified in aerobic bacteria, a few 

azoreductases are characterized in facultative anaerobic bacteria, and only one enzyme 

is known in obligate anaerobic bacteria. Phylogenetic analysis based on primary amino 

acid sequences classifies most of the known and putative azoreductases into four distinct 

clades (I-IV), while the AzoC azoreductase in the strict anaerobic gut bacterium 

Clostridium perfringens is phylogenetically separated from these clades (Suzuki, 2019). 

 Facultative and obligate anaerobic gut bacteria belonging to major phyla 

present in the human intestine appear to possess one or more (un)characterized 

azoreductases (Chung et al., 1978; Brown, 1981; Rafii et al., 1990; Xu et al., 2010). 

However, the physiological role of azoreductases in gut bacteria is unclear. Since the 

substrates of azoreductases, i.e., aromatic azo compounds, are extremely rare in nature 

(Blair and Sperry, 2013), it is difficult to imagine that these gut bacterial enzymes have 

evolved to catalyze azo reduction specifically. There is evidence that may suggest that 

azo reduction is an off-target activity of certain reductases; some azoreductases can 

catalyze the reduction of different types of substrates. For example, AzoR, the 

azoreductase of the facultative anaerobic gut bacterium Escherichia coli, catalyzes 

quinone (menadione) reduction with higher specific activity than the azo reduction of 

Methyl Red (Nakanishi et al., 2001), and it is also able to catalyze the reduction of nitro 

compounds (Prosser et al., 2010; Mercier et al., 2013). Moreover, a ΔazoR mutant 
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exhibits an aerobic growth defect in the presence of quinones (Liu et al., 2009). More work 

will be required to define better the physiological roles of azoreductases in gut bacteria. 

 As mentioned above, AzoC in C. perfringens is the only azoreductase 

characterized in strictly anaerobic bacteria (Morrison et al., 2012; Morrison and John, 

2015). Though a physiological role of AzoC is not well defined, a study suggests that it 

might be involved in resistance to certain toxic azo dyes. It was shown that wild-type C. 

perfringens ATCC 3626 grows slower in the presence than the absence of an azo dye 

such as tartrazine, Methyl Red, Methyl Orange, Ponceau BS, Ponceau S, Trypan Blue, 

or Direct Blue 15 (Figure 2).(Morrison and John, 2016) The growth inhibitory effects of 

these azo dyes appear to be specific since no such effects were observed with other azo 

dyes such as Eriochrome Black T, Congo Red, and Cibacron Brilliant Red (Figure 2). 

Interestingly, a ΔazoC mutant was partially or completely resistant to the growth inhibitory 

effects of Ponceau BS, Ponceau S, Trypan Blue, and Direct Blue 15, suggesting that the 

AzoC-mediated reductive cleavage products of these azo dyes might be responsible for 

the impaired growth. Moreover, the ΔazoC mutant displayed a similar growth defect to 

the wild type in the presence of tartrazine, Methyl Red, and Methyl Orange, suggesting 

the existence of additional azoreductase(s) (Morrison and John, 2016). Our unpublished 

search for AzoC homologs in gut microbial metagenomes using MetaQuery (Nayfach et 

al., 2015) indicate that gut bacteria in all major phyla possess AzoC homologs (>70% 

coverage, >30% identity, e-value >1e-5; data not shown) This gut microbiome search 

result, together with the reported phenotype of the ΔazoC mutant in C. perfringens, raises 

an intriguing question about the effects of azo dyes on gut microbiota. Tartrazine is one 

of the FDA-approved azo dyes for use as food additives. The fact that both the wild-type 

C. perfringens and ΔazoC mutant strains show similar growth defects when grown in the 
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presence of tartrazine might suggest the existence of as-yet-unknown azo reductase(s) 

that mainly mediates the azo reduction of tartrazine. To the best of our knowledge, studies 

investigating the effects of azo dyes on the composition and diversity of gut microbiota 

have not been reported. However, since AzoC homologs are present in all major gut 

bacterial phyla, short- or long-term intake of certain azo dyes as food additives may have 

profound effects on the relative abundance and/or function of gut microbiota, 

consequently affecting host physiology.  

 

1.2.3.2. Nitroreduction 

Similar to azo dyes, numerous aromatic compounds that contain nitro groups (-

NO2) have been synthesized for a variety of industrial purposes such as the synthesis of 

plastics, dyes, explosives, and drugs. Nitroaromatics also include nitrated-polycyclic 

aromatic hydrocarbons formed by (photo)chemical transformation of polycyclic aromatic 

hydrocarbons in air and during combustion processes (Ju and Parales, 2010). Since many 

nitroaromatic compounds have been found to have mutagenic and/or tumorigenic activity, 

their contamination in the environment and toxic effects on humans have been 

investigated extensively (Rosenkranz and Mermelstein, 1983; Peres and Agathos, 2000; 

Ju and Parales, 2010). The mutagenicity and/or tumorigenicity of nitroaromatic 

compounds have been proposed to be due to nitroso and hydroxylamine reactive 

intermediates that are generated during the reduction of nitro groups to amines by 

enzymes collectively termed nitroreductases (Roldan et al., 2008). A large number of 

studies about nitroreduction have been directed toward the identification and 

characterization of (an)aerobic environmental bacteria, with their potential applications in 

biodegradation of nitroaromatic compounds (Rieger et al., 2002; Symons and Bruce, 2006; 
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Ju and Parales, 2010). However, nitroaromatic compounds also include therapeutic drugs 

used in the treatment of a variety of human diseases, and nitroreduction by intestinal 

bacteria has been implicated in modulating the efficacy and/or toxicity of some 

nitroaromatic drugs. 

 

1.2.3.2.1. Chloramphenicol 

Chloramphenicol is a natural nitroaromatic compound (Figure 3) that was isolated 

from the culture of the soil Gram-positive bacterium Streptomyces venezuela as an 

antibacterial agent active against Gram-positive and Gram-negative bacteria (Ehrlich et 

al., 1947). Although effective in treatment of certain bacterial infections, the clinical utility 

of chloramphenicol is limited due to side effects such as neurotoxicity and hematological 

toxicity (Dinos et al., 2016), The mechanism of hematological toxicity is unclear, but a 

potential involvement of an amine metabolite of chloramphenicol (Figure  3) has been 

suggested based on the association of the toxicity with the oral (but not intravenous) route 

of chloramphenicol administration (Holt, 1967b). Commensal gut and pathogenic bacteria 

can reduce chloramphenicol to the amine metabolite in vitro (Smith and Worrel, 1950; 

Smith and Worrel, 1953; Onderdonk et al., 1979; Smith et al., 2007; Crofts et al., 2019); 

and in animal models of anaerobic infections, the anaerobic gut bacterium Bacteroides 

fragilis was shown to metabolize chloramphenicol via nitroreduction.(Onderdonk et al., 

1979) Because the amine metabolite of chloramphenicol exhibits very weak, if any, 

antibacterial activity as compared to the parent compound (Smith et al., 2007), 

nitroreduction has been suggested to be one of the bacterial mechanisms for 

chloramphenicol resistance (Merkel and Steers, 1953b; Smith et al., 2007). This notion is 

supported by a recent finding that overexpression of a nitroreductase of Hemophilus 
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influenza in E. coli increased chloramphenicol resistance. Of note, a mutant strain with 

deletion of a nitroreductase has not yet been tested for susceptibility to chloramphenicol 

in any gut bacterial species; and the contribution of nitroreduction to intrinsic and/or 

inducible chloramphenicol resistance in gut bacteria is unclear (Crofts et al., 2019).  

 

1.2.3.2.2. Nitrobenzodiazepines 

Nitrobenzodiazepines (clonazepam, flunitrazepam, and nitrazepam) are sedative-

hypnotic drugs that are widely used to treat sleeping disorders and relieve anxiety-related 

symptoms (Pinder et al., 1976; Mattila and Larni, 1980). Although safe at therapeutic 

doses, an accidental or intentional overdose of nitrobenzodiazepines may cause adverse 

effects such as reproductive and hepatic toxicities (Takeno and Sakai, 1991; Gidai et al., 

2010). These toxic effects have been suggested to be due at least in part to the amino 

metabolites of nitrobenzodiazepines (Figure 3). 

 The reduction of a nitro group of nitrobenzodiazepines to an amino group has 

been well demonstrated to be mediated by intestinal bacteria in vitro and in vivo. For 

example, incubation of nitrobenzodiazepines with rat’s cecal contents or individual gut 

bacteria in vitro was shown to produce the amine metabolites (Golovenko et al., 1977; 

Hewick and Shaw, 1978; Colburn et al., 1980; Levin and Dent, 1982; Elmer and Remmel, 

1984; Robertson and Drummer, 1995; Rafii et al., 1997). In animal experiments, the levels 

of nitroreduction metabolites of nitrobenzodiazepines were significantly lower in germfree 

and antibiotic-treated rats as compared to conventional rats (Elmer and Remmel, 1984; 

Takeno and Sakai, 1991). The nitroreduction can also be catalyzed by host enzymes such 

as NADPH-cytochrome P450 reductase (Peng et al., 2004), but its contribution to total 

amounts of amino metabolites produced in vivo appears to be minimal, and the 
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nitroreduction by gut bacteria is suggested to be a main determinant for nitrazepam-

induced teratogenicity (Takeno and Sakai, 1991). 

 Despite the observation that the gut bacterial conversion of nitrazepam to its 

amino metabolite is an essential step for the toxicity, only a few nitroreductases in gut 

bacteria have been identified and characterized to mediate the nitroreduction. To date, 

the NfsB protein of the facultative anaerobe E. coli and its homologous proteins (NfnB 

and NfsI) in closely-related enteric bacteria are the only nitroreductases experimentally 

shown to catalyze the nitroreduction of nitrobenzodiazepines to amino metabolites (LinWu 

et al., 2009a). An earlier study, however, has shown that obligate anaerobic gut bacteria 

such as B. fragilis and C. perfringens can catalyze the nitroreduction of 

nitrobenzodiazepines at rates 50-70 times higher than that by E. coli (Robertson and 

Drummer, 1995). In this respect, it is notable that four proteins have been purified from B. 

fragilis and determined to be nitroreductases (Kinouchi and Ohnishi, 1983), although they 

have not been tested for the nitroreduction of nitrobenzodiazepines. In C. perfringens, no 

nitroreductase(s) has been identified, but an as-yet-uncharacterized azoreductase is 

shown to possess nitroreductase activity.(Rafii and Cerniglia, 1993) A study also indicates 

the presence of other anaerobic gut bacteria Clostridial and Eubacterium species with 

nitroreductase activity (Rafil et al., 1991).  

It is clear from these studies that major nitroreductase(s) in gut bacteria that 

catalyzes the nitroreduction of nitrobenzodiazepines has not yet been identified. To better 

understand the role of gut bacteria in modulating the adverse effects of 

nitrobenzodiazepines, identification of responsible nitroreductase(s) and determination of 

their distribution in gut bacteria will be required. 
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Figure 3. Nitroreduction by gut bacteria. Gut bacterial nitroreduction of 

chloramphenicol and nitrobenzodiazepines is shown. See text for details. 
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1.2.3.3. N-Oxide reduction 

Gut microbial metabolism of xenobiotics containing N-oxide was first reported for 

the pyrrolizidine alkaloid heliotrine N-oxide in plant Heliotropium europaerum (Dick et al., 

1963). The plant was known to cause chronic liver diseases in sheep after multiple 

seasons of grazing pastures. The pyrrolizidine alkaloids in the plant exist mostly as N-

oxides. Considering relatively low levels of acute liver toxicity observed in sheep that 

grazed on the plants for only one season, potential inactivation of toxic plant compounds 

before intestinal absorption was postulated. The idea was tested by incubating the major 

alkaloid heliotrine N-oxide with sheep rumen contents, which revealed the production of 

an N-oxide reduction metabolite heliotrine (Figure 4). In vivo, heliotrine appeared to be 

further metabolized to 7-hydroxy-1-methylene pyrrolizidine in sheep rumen. 

 
1.2.3.3.1. Nicotine 

N-oxides can be produced from nitrogenous compounds such as nicotine by the 

host as oxygenated metabolites. Nicotine is converted to multiple metabolites, including 

nicotine N-oxide by hepatic flavin monooxygenase (Cashman et al., 1992). When nicotine 

N-oxide was orally administered to humans or conventional rats, significant amounts of 

nicotine were excreted in the urine (Beckett et al., 1970; Dajani et al., 1975c), suggesting 

conversion of nicotine N-oxide to nicotine in vivo. Interestingly, oral administration of 

nicotine N-oxide to germ-free rats also led to nicotine excretion into the urine (Dajani et 

al., 1975c), indicating the presence of host enzymes that can reduce nicotine N-oxide. 

Indeed, multiple microsomal and cytosolic enzymes in different tissues such as liver, small 

intestine, and kidney have been shown to reduce nicotine N-oxide under anaerobic 
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conditions (Dajani et al., 1975b). The presence of both oxygenating and reducing 

enzymes in the host tissues has been shown to cause “metabolic cycling” for amine drugs, 

through repetitive oxidations/reductions that potentially extend the residence time of drugs 

in the body (Ziegler, 1988). The potential contribution of gut bacterial N-oxide reduction 

to metabolic cycling and residence time for N-oxide forming drugs is underexplored. 

 

1.2.3.3.2. Loperamide 

Loperamide is an antidiarrheal agent that activates the opioid receptor in the large 

intestine (Stanciu and Gnanasegaram, 2017). Considering that N-oxide metabolites are 

more hydrophilic (i.e., less likely to be absorbed in the small intestine), loperamide N-

oxide was developed as a colon-targeting pro-drug of loperamide, as well as to limit 

systemic availability and occasional central nerve side effects of loperamide. After oral 

administration of loperamide N-oxide to dogs, the pro-drug was converted through 

reduction to loperamide, exhibiting significant loperamide plasma exposure (~50% of 

exposure observed after administering an equal oral dose of loperamide itself) (Lavrijsen 

et al., 1995b). Furthermore, the mass balance of the metabolites, as well as the excretion 

pattern, were similar to those obtained after the oral dose of loperamide, indicating almost 

complete conversion of loperamide N-oxide to loperamide in the body. Incubation of the 

pro-drug with small intestinal or cecal contents of rats and dogs revealed significant N-

oxide reductase activities in gut microbiota. The N-oxide reductase activity was heat- and 

oxygen-sensitive (i.e., >95% and ~90% drops in activities upon boiling or air exposure of 

gut contents). Interestingly, a significant amount of loperamide N-oxide was also reduced 

by small intestinal contents of germ-free rats under anaerobic conditions, suggesting 

potential non-enzymatic N-oxide reduction and/or involvement of host enzymes. 
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Consistently several host enzymes such as cytochrome P450s and xanthine oxidase 

were shown to mediate N-oxide reduction (Damani, 1991; Kitamura et al., 1999). However, 

the gut microbial enzymes catalyzing N-oxide reduction of loperamide N-oxide remain to 

be identified. 

 

1.2.3.3.3. Ranitidine 

Ranitidine is a histamine H2-receptor antagonist that is used to decrease gastric 

secretion and for treating gastrointestinal ulcers (Morgan and Ahlawat, 2019). In earlier 

pharmacokinetic studies of orally administered ranitidine, apparent “second peak” on 

concentration vs. time profile was observed for the majority of subjects (i.e., the first and 

second peak concentrations at 0.5-1.5 and 3-4 h after an oral dose) (Woodings et al., 

1980). A similar phenomenon was also found for cimetidine, another H2-receptor 

antagonist developed and marketed before ranitidine (Bodemar et al., 1979). Considering 

minimal enterohepatic recycling of these drugs (Klotz and Walker, 1990), it was postulated 

that discontinuous intestinal absorption of these drugs along the gastrointestinal tract 

might explain the second peak. To determine the origin of the second peak, ranitidine was 

injected directly into the stomach, jejunum, or cecum via a nasoenteric tube in healthy 

volunteers, and blood samples were collected for drug analysis (Williams et al., 1992). 

There was no difference in pharmacokinetic parameters or the presence of second peaks 

between gastric and jejunal dosing. On the other hand, ranitidine exposure after cecal 

administration was less than 15% of that after gastric or jejunal administration, suggesting 

that absorption windows for ranitidine may be located between jejunum and cecum. While 

the reason for the second-peak phenomenon remained unclear, the low bioavailability 

after cecal administration raised the possibility of colonic ranitidine metabolism. Indeed, 
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incubation of ranitidine with human feces revealed extensive disappearance of the drug 

over time, which was saturated at high drug concentrations (Basit and Lacey, 2001). The 

major metabolite was identified as a product of oxygen loss at the diaminonitroalkene 

moiety and proposed to be an N-oxide reduction product of ranitidine tautomer. Similar 

metabolism by gut microbiota was observed for nizatidine, an H2-receptor antagonist that 

shares the same structural moiety of diaminonitroalkene as ranitidine, but not for 

cimetidine and famotidine that do not have the chemical moiety (Basit et al., 2002). Of 

note, the N-oxide reduction metabolites of ranitidine and nizatidine have not been 

identified in the systemic circulation, suggesting that the contribution of the metabolic 

pathway to overall ranitidine disposition may be minor. The clinical significance of 

ranitidine metabolism by gut microbiota remains to be determined.  
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Figure 4. N-oxide reduction by gut contents. A plant alkaloid heliotrine N-oxide (A) and 

drugs (B-D) that potentially undergo N-oxide reduction by gut contents are shown. See 

text for details. 

 
1.2.3.4. Alkene reduction 

Alkene reduction by gut microbiota was best characterized through studies of 

cinnamic acid derivatives (Figure 5), common components in diet (Perez-Silva et al., 1966; 

Scheline, 1968; Scheline and Midtvedt, 1970). Dehydrogenation of cinnamic acid 

derivatives such as caffeic acid was shown to occur specifically in the gut microbiota 

community; antibiotic (neomycin) pre-treatment or germ-free condition significantly 
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decreased or abrogated urinary excretion of dehydrogenated products in rats (Perez-Silva 

et al., 1966; Scheline and Midtvedt, 1970). The reaction was mediated by several bacteria 

Pseudomonas sp., Lactobacillus sp., and Clostridium sp. isolated from rat feces or cecal 

contents(Perez-Silva et al., 1966; Soleim and Scheline, 1972), as well as Clostridium 

sporogenes (Dodd et al., 2017). An enzyme, acyl-CoA dehydrogenase mapped to a 

conserved gene cluster for the reductive metabolism of aromatic amino acids, was shown 

to catalyze the reaction in C. sporogenes (Dodd et al., 2017), suggesting the involvement 

of a gut bacterial metabolic pathway in the reductive metabolism of cinnamic acid 

derivatives.  

 

1.2.3.4.1. Deleobuvir 

Deleobuvir (Figure 5) is an NS5B RNA polymerase inhibitor used for the treatment 

of hepatitis C virus infection (Cheng et al., 2014). A study using radio-labeled deleobuvir 

in healthy volunteers revealed that the maximum plasma concentration of deleobuvir is 

reached at 3.5-5 h after oral administration (Chen et al., 2015). The alkene reduction 

product (CD 6168, 10-fold lower antiviral activity than deleobuvir) and acyl glucuronide 

conjugate of deleobuvir were shown to be two major circulating metabolites, representing 

~15% and ~20% of the total radioactivity in the blood, respectively. Excretion into feces 

was the major route of elimination such that >95% of the dose was found in the fecal 

samples after the oral dose, and CD 6168 and its hydroxylated metabolites in the fecal 

samples accounted for a major portion of the dose (~60%). On the other hand, the amount 

of CD 6168 excreted into bile was minimal (less than 3% of the dose) in rats (McCabe et 

al., 2015), suggesting that CD 6168 may be produced mainly in the gastrointestinal tract. 

The in vitro incubation of deleobuvir with rat or human fecal samples (but not with human 
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liver tissue homogenates) resulted in CD 6168 production, indicating that CD 6168 is a 

gut microbial metabolite of deleobuvir (McCabe et al., 2015). Consistently, in rats 

pretreated with antibiotics (streptomycin and neomycin), the plasma exposure of CD 6168 

decreased 9-fold as compared to control rats after oral administration of deleobuvir. In the 

antibiotic-treated rats, most of the deleobuvir dose was found in feces as unmodified while 

only 26% of the dose was found as the parent drug in the control group, further suggesting 

the role of gut bacteria in determining the disposition of deleobuvir and its metabolites. To 

better define potential interactions of deleobuvir with other drugs, the gut bacterial 

enzymes responsible for the alkene reduction of deleobuvir will need to be identified and 

their distribution in gut bacteria determined. 

 

1.2.3.4.2. Digoxin 

Digoxin (Figure 5) is a cardiac glycoside that has been used to treat heart failure 

and atrial fibrillation for over 200 years (Ehle et al., 2011). Digoxin is poorly water-soluble 

and its oral bioavailability varies among different individuals, ranging from 50% to 90% 

(Winter, 2004). Digoxin has a narrow therapeutic window (0.6 to 1.2 nM); supra-

therapeutic concentrations may cause fatal cardiac arrhythmia (Smith and Haber, 1970; 

Vamos et al., 2015).  

In the late 1960s, Luchi et al. reported a case of a patient who required an unusually 

high dose of digoxin (to control atrial fibrillation) which was accompanied by the presence 

of a large quantity of dihydrodigoxin, a ~20-fold less active metabolite of digoxin, in the 

urine (Luchi and Gruber, 1968). Later studies demonstrated large inter-individual 

variations in the extent of urinary excretion of dihydrodigoxin (Clark and Kalman, 1974; 

Peters et al., 1978). For example, in 100 patients receiving digoxin, the fraction of 
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dihydrodigoxin in the lipid-extractable cardiac glycosides in the urine ranged from 2% to 

52%, and the fraction was greater than 30% in ~10% of the patients (Peters et al., 1978). 

The urinary excretion of dihydrodigoxin exhibited an inverse relationship with digoxin 

bioavailability; it is greatest after a poorly absorbed tablet was ingested, and least after 

intravenous administration, suggesting that colonic gut microbiota is involved in 

dihydrodigoxin formation. Indeed, incubation of digoxin with stool samples from 

dihydrodigoxin “excretors” (i.e., subjects who excreted >15% dihydrodigoxin in the urine) 

showed the production of dihydrodigoxin, whereas the same metabolite was not observed 

upon incubation with non-excretor’s stool samples.(Lindenbaum et al., 1981) Furthermore, 

the administration of antibiotics (e.g., erythromycin, tetracycline, or clarithromycin) 

virtually eliminated the urinary excretion of dihydrodigoxin, with a concomitant (up to 4-

fold) increase in serum digoxin concentrations (Lindenbaum et al., 1981; Hirata et al., 

2005).  

Growth of human fecal bacteria in digoxin-containing media led to the identification 

of the gut Actinobacterium Eggerthella lenta, which mediates digoxin reduction to 

dihydrodigoxin but exhibits strain-level differences (Saha et al., 1983a). For example, 18 

out of 28 E. lenta strains tested were able to produce dihydrodigoxin in vitro. Interestingly, 

the fecal abundance of dihydrodigoxin-forming E. lenta was found to be similar between 

excretors and non-excretors, indicating that the mere presence of the bacterium in the gut 

does not account for dihydrodigoxin production in an individual. Arginine, which is known 

to stimulate E. lenta growth, was found to repress dihydrodigoxin formation in the 

bacterium, explaining the discrepancy above and suggesting that diet is a critical 

modulator of dihydrodigoxin production by E. lenta (Saha et al., 1983a). Using gene 

expression profiling, Haiser et al. found the expression of a gene, named cardiac 
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glycoside reductase (cgr), is upregulated in the presence of digoxin in dihydrodigoxin-

producing E. lenta (Haiser et al., 2013a). The cgr gene was present only in E. lenta strains 

capable of catalyzing dihydrodigoxin formation, and the fecal abundance of cgr was higher 

in individuals highly producing dihydrodigoxin (as compared to low producers) (Haiser et 

al., 2013a). Furthermore, arginine repressed cgr expression in E. lenta in vitro; and in 

gnotobiotic mice mono-colonized with E. lenta and fed protein-rich diet, digoxin 

concentrations in serum significantly increased, further demonstrating the role of E. lenta 

in determining digoxin exposure.  

The cgr locus is a two-gene operon (cgr1 and cgr2), and heterologous expression 

of cgr2 in another Actinobacterium Rhodococcus erythropolis L88, which cannot mediate 

digoxin reduction, is sufficient for digoxin reduction (Koppel et al., 2018). The Cgr2 protein 

was found to be an oxygen-sensitive flavin- and [4Fe-4S] cluster-dependent reductase 

with narrow substrate specificity for cardenolides (including digoxin). The cgr2 gene was 

detected in over 70% of fecal samples collected from >150 individuals, and a significant 

correlation was observed between fecal cgr2 and E. lenta abundances (rho = 0.725). 

While cgr2 was highly conserved among E. lenta strains carrying it, a naturally occurring 

genetic polymorphism (Y333N) was found to account for decreased digoxin reduction. As 

a result, these studies identify the cgr2 gene and demonstrate the role of cgr2 in digoxin 

reduction to dihydrodigoxin in E. lenta. In general, these studies illustrate multiple layers 

of factors modulating drug metabolism by gut microbiota, namely gut bacterial 

composition, bacterial gene regulation, strain-level genome variations, genetic 

polymorphisms, the nutritional milieu in the gut, and diet (Haiser et al., 2013a; Koppel et 

al., 2018).  
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Figure 5. Alkene reduction by gut bacteria. Gut alkene reduction of dietary compound 

caffeic acid (A) and drugs including deleobuvir (B) and digoxin (C) is shown. See text for 

details. 

 

 

1.2.3.5. Ketone reduction 

The conversion of carbonyl groups to alcohol by host enzymes including carbonyl 

reductases (CBRs) and aldo-keto reductases (ABRs) has been relatively well 

characterized (Hoffmann and Maser, 2007; Barski et al., 2008). However, gut bacterial 

enzymes functionally equivalent to the host CBRs and ABRs are underexplored, and only 

a few examples of the keto-reduction of drugs by gut bacteria have been reported.  
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1.2.3.5.1. Nabumetone 

Nabumetone (Figure 6) is a non-steroidal anti-inflammatory drug used for the 

management of arthritis and rheumatoid diseases to reduce pain and inflammation 

(Hedner et al., 2004). Orally administered nabumetone is completely metabolized with 

minimal detection of the parent drug in the blood (Hedner et al., 2004). The major 

circulating nabumetone metabolite (accounting for ~35% of the dose) is the 

pharmacologically active 6-methoxy-2-naphtylacetic acid (6-MNA) whose formation is 

catalyzed by hepatic cytochrome P450 (CYP) 1A2 (Turpeinen et al., 2009). In rats treated 

with the broad-spectrum antibiotic imipenem, the plasma exposure of 6-MNA was not 

significantly altered, suggesting that the extent of gut microbiota-mediated elimination of 

nabumetone is minimal. Earlier studies have also found a minor pharmacologically 

inactive metabolite [4-(6-methoxy-2-naphthyl)-butan-2-ol], which is produced by the keto-

reduction of nabumetone and is present in the urine samples at a low amount (~1% of 

total nabumetone metabolites excreted into the urine).(Davies, 1997) Microsomal and 

cytosolic fractions of human livers, as well as host CBRs and AKRs, were shown to 

produce the keto-reduction metabolite (Skarydova et al., 2013). In a recent study, gut 

bacteria such as E. coli were also shown to mediate the keto-reduction of nabumetone 

under aerobic and anaerobic conditions in vitro (Jourova et al., 2019). However, the 

significance of this gut bacterial metabolism in nabumetone exposure is unclear. 

 

1.2.3.5.2. Doxorubicin 

Doxorubicin (Figure 6) is an anticancer agent that belongs to anthracycline 

antibiotics. Anthracyclines inhibit cancer cell growth via multiple mechanisms, including 

DNA cross-linking and free radial formation (Gewirtz, 1999). Doxorubicin is administered 
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intravenously and about half of the dose is eliminated into feces after biliary excretion 

(Speth et al., 1988). The major circulating metabolite is doxorubicinol, the C7-reduction 

product of doxorubicin, produced by host CBRs and AKRs (Jacquet et al., 1990; Piska et 

al., 2017). Doxorubicinol is less cytotoxic than the parent drug, but it inhibits the calcium 

pump at cardiac muscle sarcoplasmic reticulum,  potentially responsible for dose-limiting 

cardiotoxicity of doxorubicin (Olson et al., 1988; Piska et al., 2017). Considering significant 

biliary excretion of doxorubicin, a screen for gut bacteria that may inactivate doxorubicin 

was conducted and identified the gut bacterium Raoultella planticola. This bacterium 

deglycosylates doxorubicin and produces 7-deoxydoxorubicinone, which is further 

metabolized to 7-deoxydoxorubicinol via keto-reduction (Yan et al., 2018). Further, by 

screening a collection of E. coli defined mutants, authors have identified a group of 

mutants inactivated for genes encoding molybdoenzymes. An earlier study has reported 

that the liver can convert doxorubicin to 7-deoxydoxorubicinol, as demonstrated in the 

isolated perfused rat liver (Ballet et al., 1987). The extent to which gut bacterial enzymes 

contribute to the overall keto-reductive metabolism of doxorubicin in vivo remains to be 

determined.  

 

1.2.3.5.3. α-keto amides 

The α-keto amide structure is a key frame of many biological active compounds 

with wide therapeutic applications in treating cancer, viral infection and inhibiting immune 

system (Muthukumar et al., 2018). One of the noteworthy features of α-keto amides is the 

presence of electrophilic carbonyl center that exhibits a strong electron withdrawing 

functionality. This makes α-keto amide much more reactive than a common carbonyl 

system. Representative drugs include tacrolimus, isatin, telaprevir, boceprevir and 
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plitidepsin (Figure 6C). Among these compounds, isatin is the most well studied for 

metabolism by microorganisms. Isatin was incubated with extract of sewage sludge 

anaerobically, followed by extraction using ethyl-acetate and separation by thin layer 

chromatography. The subsequent LC-MS and NMR analysis showed the formation of 

dioxindole, indicating a reduction reaction (Madsen and Bollag, 1988). Willian et al. 

identified multiple marine-derived fungi, including Cladosporium sp. CBMAI 1237, 

Westerdykella sp. CBMAI 1679 and Aspergillus sydowii CBMAI 935,  are capable of 

converting insatin to dioxindole, with a conversion from 2% to 89% after seven days’ 

incubation (Birolli et al., 2017). Kohji et al. reported the same metabolism can also be 

catalyzed by yeast Saccharomyces cerevisiae. And an NADPH-dependent α-keto amide 

reductase with a mass of 36 kDa was identified as the metabolizing enzyme (Ishihara et 

al., 2004). They further examined the substrate specificity of this enzyme and found that 

it can metabolize many α-keto amides and α-keto esters but not substrates with β-keto 

esters or a single carbonyl group. Although bacterial metabolism of α-keto amide and 

bacterial α-keto amide reductase has not been discovered yet, dioxindole was found in 

human urine, suggesting a potential role of bacteria in reducing endogenous isatin and 

potentially other α-keto amides such as tacrolimus (Usami et al., 2001).   
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Figure 6. Keto-reduction by gut bacteria. Keto-reduction of nabumetone (A) and 

doxorubicin (B) is mediated by gut bacteria as well as host enzymes. CBR, carbonyl 

reductases; ABR, aldo-keto reductases (C)  α-keto amides 
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1.2.3.6. Sulfoxide reduction  

Gut bacterial reduction of the sulfoxide group was most extensively studied for 

sulphinpyrazone and sulindac (Figure 7). Gut bacterial metabolism of other compounds 

containing sulfoxide group such as the proton pump inhibitor omeprazole (Figure 7C) in 

the colon has also been reported (Watanabe et al., 1995); aerobic incubation of 

omeprazole with rat cecal or colonic contents led to ~50% decrease in amounts within 30 

min. However, based on the large body of supporting evidence, our discussion of gut 

bacteria-mediated sulfoxide reduction will be focused on sulindac and sulphinpyrazone.   

 

1.2.3.6.1. Sulindac 

Sulindac (Figure 7A) is a non-steroidal anti-inflammatory drug used to treat 

inflammatory diseases such as rheumatoid arthritis and osteoarthritis (Duggan, 1981). 

Mass balance studies using radiolabeled sulindac in humans have demonstrated that 

sulindac is extensively and rapidly absorbed after oral administration; ~90% of the dose 

is absorbed with the maximum plasma concentration reached within one hour (Duggan et 

al., 1977a). Sulindac metabolites, sulindac sulfone (called “SSone” hereafter) and 

sulindac sulfide (called “SSide” hereafter) (Figure 7A), appear in the systemic circulation, 

providing similar plasma exposures as that of the parent drug sulindac. Upon intra-

articular injection into the inflamed synovial fluid space, SSide was shown to be >60-fold 

more active as an anti-inflammatory agent than sulindac whereas SSone is inactive 

(Duggan et al., 1977b). After ingestion, sulindac (but not SSide) undergoes significant 

enterohepatic recycling as unmodified or conjugated form (acyl glucuronide), exhibiting 

prominent double peaks on plasma concentration vs. time profiles (Duggan et al., 1977a; 
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Dobrinska et al., 1983). Interestingly, cumulative recovery analysis found significant 

amounts of SSide but not the parent drug in human fecal samples, raising the possibility 

that sulindac may be converted to SSide in the gut. Consistent with this idea, when 

sulindac was incubated in vitro with rat cecal contents or human fecal samples, it was 

rapidly and completely converted to SSide (Duggan et al., 1977a). 

In addition to putative gut microbial enzymes, host enzymes also appear to 

catalyze the reduction of sulindac to SSide. After intravenous administration of sulindac 

or SSide in rats, sulindac was readily converted to SSide or vice versa in the body 

(Duggan et al., 1977b). Animal tissue samples, including hepatic microsomes, 

mitochondria, and cytosol fractions, were shown to convert sulindac to SSide under 

aerobic and anaerobic conditions (Kitamura et al., 1980; Tatsumi et al., 1983; Etienne et 

al., 2003). Consistent with these in vitro results, both patients with ileostomies (where the 

colon is bypassed in drug elimination process into feces) and healthy control groups 

exhibited similar plasma exposures to SSide up to 12 h after oral administration of 

sulindac (Strong et al., 1985). On the other hand, SSide exposure after 12 h (which 

constitutes 55% of the total AUC in healthy subjects) decreased drastically in the 

ileostomy patients, suggesting that about half of the circulating SSide originates from the 

colonic metabolism of sulindac in healthy individuals. Supportive of the notion, incubation 

of sulindac with ileostomy effluent showed negligible SSide production, whereas 

extensive Sside formation was observed when sulindac was incubated with the fecal 

samples of healthy subjects (Strong et al., 1985).  

Reactive nitrogen or oxygen species can cause chemical modifications of 

biological molecules. For example, the oxidation of the amino acid methionine produces 

methionine sulfoxides with altered biological activities (Moskovitz et al., 1998; Achilli et al., 
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2015). Most, if not all, eukaryotic and prokaryotic cells have methionine sulfoxide 

reductases that can reduce proteinous methionine sulfoxide residues back to methionine 

in a thioredoxin-dependent manner. Methionine sulfoxide reductases, MsrA in E. coli and 

MsrB1 in the rat liver, were also shown to catalyze sulindac reduction to SSide under 

aerobic conditions (Etienne et al., 2003; Brunell et al., 2011). On the other hand, 

microsomal enzymes such as flavin-containing monooxygenases in the human liver and 

kidney catalyzed the oxidation of SSide back to sulindac (Hamman et al., 2000), and 

hepatic CYP P450 enzymes further oxidized sulindac to SSone (Brunell et al., 2011). 

These findings suggest that multiple host enzymes and (putative) gut bacterial enzymes 

govern the extent of host exposure to bioactive SSide. 

 
1.2.3.6.2. Sulphinpyrazone 

Sulphinpyrazone (Figure 7B) is a uricosuric and anti-platelet agent (Margulies et 

al., 1980). The major circulating metabolites of sulphinpyrazone after oral administration 

are sulphinpyrazone sulfide and sulfone (Figure 7B), which represent 13% and 6% of total 

sulphinpyrazone metabolites, respectively. Similar to sulindac, the sulfide metabolite of 

sulphinpyrazone appears to be produced mainly by gut bacteria and exhibits more potent 

anti-platelet activity than the parent drug. However, unlike sulindac that is also reduced to 

sulindac sulfide by host enzymes, sulphinpyrazone does not appear to be the substrate 

of host enzymes (Dieterle et al., 1980; Wallis, 1983). Anaerobic incubation of 

sulphinpyrazone with rat or rabbit liver and kidney homogenates showed minimal 

production of the sulfide metabolite (Renwick et al., 1982b; Strong et al., 1984). 

Furthermore, after oral administration of sulphinpyrazone, the sulfide metabolite was not 

detected in the blood and cecal contents of germ-free rats or rats treated with a cocktail 
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of antibiotics (bacitracin, neomycin, and tetracycline) (Renwick et al., 1982b). In addition 

to the difference between sulindac and sulphinpyrazone as being the substrates of host 

enzymes, gut bacteria and their enzymes for catalyzing sulphinpyrazone and sulindac 

reduction appear to differ. When sulphinpyrazone or sulindac was incubated 

anaerobically with one of over 200 bacterial strains isolated from human feces, 

sulphinpyrazone sulfide production was observed mainly with aerobic bacteria, whereas 

sulindac sulfide production was observed with both anaerobic and aerobic bacteria 

(Strong et al., 1987). Sulphinpyrazone is discontinued from the US market due to its renal 

side effects and unfavorable pharmacological interactions with other drugs (Strilchuk et 

al., 2019). However, a large body of information available on sulphinpyrazone reduction 

to the sulfide metabolite provides a rare opportunity to investigate and compare different 

substrates that are also subjected to sulfoxide reduction by gut bacteria. 
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Figure 7. Sulfoxide reduction by gut bacteria. Sulindac (A) and sulfinpyrazone (B) are 

known to undergo sulfoxide reduction by gut bacteria as well as host enzymes. 

Omeprazole (C) is a potential substrate of bacterial sulfoxide reductase. See text for 

details. 
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1.3. Summary and research aims 

Previous studies reveal the complexity of tacrolimus disposition, and the currently 

known contributing factors, including CYP3A4/5 metabolism and P-gp mediated efflux, 

cannot fully explain extensive gut extraction and low oral exposure. Lack of knowledge of 

other factors constitutes a substantial gap in optimizing tacrolimus dosage regimen and 

improving graft outcomes in transplant recipients.   

Xenobiotic metabolism by gut microbiota has been reported over decades and 

supported by a large body of evidence encompassing drugs in diverse chemical classes 

and therapeutic areas. In this thesis research, we aimed to study the role of gut microbiota 

in tacrolimus disposition. Our central hypothesis is that gut bacteria metabolize tacrolimus 

and decrease systemic drug exposure. Specifically, I will (1) characterize bacterial 

metabolism of tacrolimus and its impact on tacrolimus disposition, (2) identify and 

characterize bacterial tacrolimus metabolite, and (3) identify tacrolimus metabolizing 

enzymes in gut bacteria. 
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CHAPTER 2. THE ROLE OF GUT BACTERIA IN TACROLIMUS DISPOSITION 

 

Part of this chapter was previously published as  

[1] Guo, Y., Crnkovic, C. M., Won, K. J., Yang, X., Lee, J. R., Orjala, J., ... & 

Jeong, H. (2019). Commensal gut bacteria convert the immunosuppressant 

tacrolimus to less potent metabolites. Drug Metabolism and Disposition, 47(3), 194-

202.  

[2] Guo, Y., Lee, H., Edusei, E., Albakry, S., Jeong, H., & Lee, J. R. (2020). 

Blood Profiles of Gut Bacterial Tacrolimus Metabolite in Kidney Transplant 

Recipients. Transplantation Direct, 6(10). 

 
2.1. Introduction 

 Tacrolimus is a commonly used immunosuppressant for kidney transplant 

recipients as well as patients with glomerular diseases like membranous nephropathy and 

focal segmental glomerulosclerosis. However, due to its narrow therapeutic index, under-

exposure or over-exposure to tacrolimus in kidney transplant recipients increases the 

risks for graft rejection or drug-related toxicity, respectively (Staatz and Tett, 2004). 

Maintaining therapeutic blood concentrations of tacrolimus has been difficult in part 

because its low and variable bioavailability, exhibiting an average of 25% (ranges from 5 

to 93% (Staatz and Tett, 2004). And the major reason is due to a significant drug loss in 

the gut after oral drug administration, which was reported as 85% and 74% in healthy and 

liver transplant patients, respectively (Jusko et al., 1995; Hebert et al., 1999). Tacrolimus 

is highly cell permeable and being completely absorbed in human, which was 
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demonstrated by in vitro Caco-2 study and negligible parent drug recovery (i.e., 0.5%) 

from stool (Moller et al., 1999; Gertz et al., 2010). Thus, the significant drug loss is likely 

due to extensive gut metabolism. However, inhibiting known tacrolimus disposition 

enzymes including CYP3A4/5 and P-glycoprotein by co-administration of ketoconazole 

orally did not fully prevent drug loss, more than 50% of tacrolimus still did not reach the 

systemic circulation (Floren et al., 1997; Tuteja et al., 2001). This suggest other 

contributing factors are yet to be well defined.  A better understanding of the factors 

responsible for the variability is crucial for maintaining target therapeutic concentrations 

of tacrolimus and improving kidney transplant outcomes. 

The human gut is home to over trillions of microbes that can influence multiple 

aspects of host physiology (Schroeder and Backhed, 2016). In particular, intestinal 

bacteria can mediate diverse chemical reactions such as hydrolysis and reduction of orally 

administered drugs, ultimately affecting the efficacy and/or toxicity of drugs (Wallace et 

al., 2010; Haiser et al., 2013; Koppel et al., 2017). For example, digoxin is converted to 

the pharmacologically inactive metabolite, dihydrodigoxin, by the gut bacterium E. lenta 

(Haiser et al., 2013). However, for most clinically used drugs, the detailed roles of gut 

bacteria in their metabolism and/or disposition remain unknown. 

F. prausnitzii is one of the most abundant human gut bacteria (108-109 16S rRNA 

gene copies/g mucosal tissue in ileum and colon), taxonomically belonging to the 

Clostridiales order (Qin et al., 2010; Arumugam et al., 2011). Because of its anti-

inflammatory effects, F. prausnitzii has been investigated as a potential preventative 

and/or therapeutic agent for dysbiosis (Miquel et al., 2015; Rossi et al., 2016). We have 

recently shown that in 19 kidney transplant patients, fecal F. prausnitzii abundance 

positively correlates with oral tacrolimus doses required to maintain therapeutic blood 
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concentrations, independent of gender and body weight (Lee et al., 2015). It remains 

unknown, however, whether F. prausnitzii is directly involved in tacrolimus elimination in 

the gut. Herein, we tested a hypothesis that gut bacteria, including F. prausnitzii, 

metabolize tacrolimus and decrease drug exposure.  

 

2.2. Methods 

2.2.1. Bacterial strains and growth  

F. prausnitzii A2-165 was obtained from DSMZ (Deutsche Sammlung von 

Mikroorganismen und Zellkulturen GmbH). F. prausnitzii VPI C13-20-A (ATCC 27766), 

and F. prausnitzii VPI C13-51 (ATCC 27768) were from American Type Culture Collection 

(ATCC).  Other gut bacteria were from Biodefense and Emerging Infections (BEI) 

Research Resources Repository. Unless stated otherwise, all the bacterial strains were 

grown anaerobically (5% H2, 5% CO2, 90% N2) on YCFA agar or broth at 37ºC in an 

anaerobic chamber (Anaerobe Systems, Morgan Hill, CA), and colonies from the agar 

plate were inoculated into pre-reduced YCFA broth for preparation of overnight cultures. 

Optical density at 600 nm (OD600) was measured for estimation of bacterial concentration. 

 

2.2.2. Tacrolimus metabolism by gut bacteria  

To examine tacrolimus metabolism by gut bacteria, cells of a bacterial strain grown 

as described above were incubated with tacrolimus. Typically, tacrolimus (100 μg/ml) was 

incubated with bacterial cells in the anaerobic chamber at 37ºC for 24-48 h. Reaction was 

terminated by adding the same volume of ice-cold acetonitrile. After vortexing for 30 sec, 

samples were centrifuged at 16,100×g for 10 min, and the supernatant was collected for 

HPLC/UV analysis as described below. 
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2.2.3. M1 detection  

The reaction mixture was analyzed by using HPLC (Waters 2695) coupled with a 

UV detector (Waters 2487). Typically, 50 μl of a sample was injected and resolved on a 

C8 column (Eclipse XDB-C8;4.6 x 250 nm; 5 μm) using water (0.02 M KH2PO4, pH 3.5; 

solvent A) and acetonitrile (solvent B) as mobile phase with the following gradient: 0-12 

min (50% B), 12-17 min (50%-70% B), 17-23 min (70% B), 24-30 min (90% B), and 30-

40 min (50% B). Eluates were monitored at 210 nm.  

For further verification of M1 production by gut bacteria, the supernatant was also 

analyzed by HPLC tandem mass spectrometry (HPLC/MS/MS), Agilent 1200 HPLC 

interfaced with Applied Biosystems Qtrap 3200 using an electrospray ion source. The 

mobile phase consisted of water with 0.1% formic acid and 0.1% ammonium formate (v/v; 

solvent A) and MeOH (solvent B), and the following gradient was used: 0-2 min (40% B), 

2-6 min (95% B), and 6-12 min (40% B). The separation was performed on an Xterra MS 

C18 (2.1 x 50mm, 3.5 μm; Waters) column at a flow rate of 0.3 ml/min, and M1 was 

detected at m/z 828.5/463.5 in the multiple reaction monitoring mode. 

 

2.2.4. Healthy volunteers’ stool samples  

Fresh stool samples from healthy adults (100 mg wet weight/ml) were suspended 

in pre-reduced PBS. After centrifuge at 500 g for 5 min, the supernatant containing stool 

bacteria was incubated with tacrolimus (100 μg/ml) anaerobically for 48 h at 37°C. As 

controls, the stool samples were boiled for 10 min and then incubated with tacrolimus. 

The incubation mixtures were analyzed by HPLC/UV as described above. The study 
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protocol for human stool sample collection was approved by the Institutional Review 

Board at the University of Illinois at Chicago (protocol number 2018-0810).  

 

2.2.5. Purification of the metabolite M1  

F. prausnitzii cells were harvested from 1 L of an overnight culture grown in YCFA 

media and resuspended in 500 ml PBS containing 50 mg of tacrolimus. After anaerobic 

incubation at 37°C for 4 days, cells were removed by centrifugation and supernatant was 

collected. The supernatant was extracted twice each with 500 ml of ethyl acetate. The 

upper organic layer was collected and evaporated using a rotary evaporator. Dried 

extracts were then dissolved in 1 ml of MeOH and loaded on SPE column (HyperSep™ 

C18 Cartridges 5000 mg; Cat: 60108-702). The column was washed by 40 ml water, 40 

ml 30% ACN / 70% water, and followed by sample elution using 100% ACN. After 

evaporation, dried extracts were then dissolved in 800 µl of MeOH and the metabolite M1 

was purified using a semi-preparative HPLC coupled with PDA detector (Waters 996) and 

equipped with a Microsorb 60-C8 Dynamax column (Agilent- R00083311C; 250 x 10 mm). 

The mobile phase consisted of water (solvent A) and acetonitrile (solvent B), and the 

following gradient was used: 0-12 min (60% B), 12-17 min (60%-70% B), 17-23 min (70% 

B), 23-25 min (70%-100% B), 25-35 min (100% B), 35-40 min (100%-60% B), and 40-50% 

min (60% B). A peak at 19.5 min corresponding to M1 was collected, dried, and subjected 

to structure determination.  

 

2.2.6. Mass spectrometry (MS) for M1 identification  

Experiments were performed on a Shimadzu ultra performance liquid 

chromatography mass spectrometry (UPLCMS)-IT-TOF. Samples were run on a C18 
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column (Phenomenex Kinetex; 50 × 2.1 mm; 1.7 μm) at a flow rate of 0.5 ml/min with 

water/0.1% formic acid (solvent A) and acetonitrile/0.1% formic acid (solvent B) as mobile 

phase. The gradient program was set from 20% to 100% B for 7 min, held at 100% for 1 

min, and returned to initial conditions for re-equilibration. High-resolution mass 

spectrometry (HRMS) spectra were acquired in both positive and negative modes with a 

scanning range from 150 to 2000 m/z, detector voltage at 1.7 kV, nebulizing gas (N2) flow 

at 1.5 L/min, drying gas (N2) pressure at 130 kPa, CDL temperature at 200°C, and block 

heater temperature at 200°C. Tandem MS (MS/MS) fragmentation was performed with 

collision energy (CID) and collision gas set to 50% and frequency set to 45 kHz. Additional 

MS/MS analyses were performed on an impact II QTOF (Bruker) with a scanning range 

from 50 to 1500 m/z, capillary voltage at 4.5 kV, nebulizer gas pressure (N2) at 4 bar, 

drying gas flow at 12 L/min and temperature at 225°C. The three most intense ions per 

MS1 were selected for MS2, with active exclusion after three spectra. Each spectrum is 

an average of 65-100% stepping with CID set at 70 eV. 

 

2.2.7. Infrared (IR) and nuclear magnetic resonance (NMR) spectroscopy  

IR spectra were acquired on neat samples using a Thermo-Nicolet 6700 with 

Smart iTRTM accessory. One dimensional (1D) and 2D NMR spectra were obtained on 

a Bruker AVII 900 MHz spectrometer equipped with a 5 mm TCI cryoprobe. NMR 

chemical shifts were referenced to residual solvent peaks (CDCl3 δH 7.26 and δC 77.16). 

NMR experiments included 1H NMR, Distorsionless Enhancement by Polarization 

Transfer Quaternary (DEPTQ), Homonuclear 1H-1H Correlation Spectroscopy (COSY), 

Heteronuclear Single Quantum Coherence Spectroscopy (HSQC), Heteronuclear 
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Multiple Bond Correlation Spectroscopy (HMBC), and 1H-13C HSQC-Total Correlated 

Spectroscopy (1H-13C HSQC-TOCSY). 

 

2.2.8. Tacrolimus metabolism by hepatic microsomes 

Human hepatic microsomes (purchased from Corning Life Sciences; 3 mg 

microsomal protein/ml) were incubated with tacrolimus (100 μg/ml) in a reaction mixture 

(1 mM NADP+, 5 mM MgCl2, 0.2 U/L isocitrate dehydrogenase, and 5 mM isocitric acid) 

at 37°C for 2 h aerobically. The reaction was terminated by adding the same volume of 

ice-cold acetonitrile, followed by centrifugation at 16,100×g for 10 min, and the 

supernatant was used for Met ID using IT-TOF as described above.  

To determine the microsomal stability of tacrolimus and M1. Tacrolimus or M1 (1 

μM) was incubated with human hepatic microsome (0.5 mg/ml) in a reaction mixture (1 

mM NADPH, 5 mM MgCl2) at 37 °C aerobically. The reaction was stopped at 0, 20, 40, 

and 90 min by adding two times the volume of ice-cold acetonitrile with ascomycin as an 

internal standard. After centrifugation at 16,100 g for 10 min, the supernatant was 

analyzed for loss of parent compound by LC-MS/MS method as described above. 

 

2.2.9. Kidney transplant recipients’ stool samples.  

Stool samples were collected from ten kidney transplant recipients during the first 

month after transplantation at Weill Cornell Medicine and  sent to us for analysis. 

Tacrolimus dosing in each patient was adjusted to achieve a target therapeutic level of 8 

to 10 ng/ml. The study protocol for kidney transplant stool sample collection was approved 

by the Institutional Review Board at Weill Cornell Medicine (protocol number 

1207012730). 
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For the measurement of baseline levels of tacrolimus and M1 in stool samples, an 

aliquot of stool samples was suspended in pre-reduced PBS (final concentration 20 

mg/ml). Also, to measure the capacity of stool samples to produce M1, an aliquot of stool 

samples was suspended in pre-reduced PBS (10 mg/ml) and incubated with tacrolimus 

anaerobically for 24 h at 37°C. These samples were mixed with five volumes of acetonitrile 

containing ascomycin as an internal standard. An aliquot (10 µl) was injected into Agilent 

1290 UPLC coupled with Applied Biosystems Qtrap 6500. The mobile phase consisted of 

water with 0.1% formic acid and 10 mM ammonium formate (solvent A) and MeOH 

(solvent B), and the following gradient was used: 0-2 min (20% B), 2-5 min (90% B), and 

5-8 min (20% B). The separation was performed on an Xterra MS C18 column (2.1x50 

mm, 3.5 µm: Waters) at a flow rate of 0.3 ml/min, with the column temperature set at 50°C. 

M1, tacrolimus, and ascomycin were detected at m/z 828.5/463.4, 821.6/768.6, and 

809.5/756.5, respectively, in the multiple reaction monitoring mode. Standard curves (2–

100 ng/ml for both tacrolimus and M1) were prepared by spiking tacrolimus or M1 into the 

stool samples of healthy volunteers.    

 

2.2.10. Kidney transplant recipients’ blood samples.  

A serial of blood samples was taken from kidney transplant patients (n=10) after 

oral administration of Prograf (tacrolimus). For the sample preparation, 1 ml blood was 

mixed with 2 ml water/MeOH (v/v, 30/70, 1 M ZnSO4) containing an internal standard (5 

ng/ml ascomycin). The samples were vortexed for 1 minute and centrifuged at 2000 g for 

3 min. The supernatant was taken and drawn through a C18 extraction column pre-treated 

with 2 ml ACN and 2 ml water (pH=3 adjusted by sulfuric acid) by applying -5 Hg vacuum. 
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The column was washed with 2 ml water and then eluted with 2 ml ACN. Samples were 

then evaporated on a Speed Vac and reconstituted in 100 μl of ACN. 10 μl of sample was 

injected into ACQUITY UPLC BEH C18 Column (1.7 µm, 2.1 mm X 100 mm), running at 

a flow rate of 0.35 ml/min with 90% MeOH and 10% water (0.1% ammonium format and 

0.1% formic acid), with column temperate at 60°C. Tacrolimus, M1, and internal standard 

were analyzed by LC-MS/MS (Agilent 1200 HPLC interfaced with an Applied Biosystems 

Qtrap 5500) at mass-to-charge (m/z) ratio 821.8/768.8, 828.5/463.5, and 809.5/756.6, 

respectively.  

 

2.2.11. Determination of blood to plasma ratio for tacrolimus and M1 

A blood sample from a healthy donor was obtained from a blood bank (Vitalant, IL) 

and used within a week after initial collection. Plasma was prepared by centrifuging at 

4000×g for 15 min, and the hematocrit level (i.e., H) was calculated. Tacrolimus or M1 

was added to 500 µl of blood or plasma (REF PL) to make a final concentration of 5 nM 

or 50 nM, and incubated at 37°C for 1 h. After the incubation, the blood was centrifuged 

at 4000×g for 15 min to obtain plasma (PL). And 200 µl of PL or reference PL were taken 

and mixed with 400 µl of iced ACN containing ascomycin as the internal standard. The 

samples were vortexed for 1 minute and centrifuged at 16000×g for 15 min. 10 µl of 

supernatant was analyzed by HPLC/MS/MS (Agilent 1200 HPLC interfaced with Applied 

Biosystems Qtrap 3200) using the method as described above. The blood to plasma ratio 

(KRBC/PL)  was calculated by the equation:  KRBC/PL = !" 	× 	#
I	REF	PL
I	PL

− 1$ + 1            

where the IREF PL and IPL represent the area ratio between the substrate (i.e., tacrolimus 

or M1) and internal standard in REF PL and PL, respectively (Yu et al., 2005). 
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2.2.12. Immunosuppressant activity.  

The immunosuppressant activity of tacrolimus and M1 was determined by 

measuring the proliferation of human blood mononuclear Cells as previously described 

(Messele et al., 2000) with a slight modification. Briefly, cryopreserved PBMCs were 

stabilized in RPMI1640 medium containing 10% heat-inactivated fetal bovine serum at 

37°C and 5% CO2 for 24 h. Cells were seeded at 1×106 cells/ml in 96-well round-bottom 

plates. After incubation for 24 h, cells were pretreated with tacrolimus, M1, or vehicle for 

1 h, followed by treatment with PHA (5 µg/ml) and BrdU (20 µM) for 48 h. Cells were 

centrifuged at 1000×g for 5 min, washed with PBS, and fixed with 4% paraformaldehyde 

for 15 min. The fixed cells were permeabilized with 0.4% Triton X-100 for 5 min and 

incubated with 2 N HCl at 37°C for 30 min. After washing with PBS, the cells were 

incubated with 100 mM borate buffer (pH 8.0) for 10 min and washed again with PBS. 

After blocking with 2% BSA for 1 h, cells were incubated with horseradish peroxidase 

(HRP)-conjugated BrdU antibody (BU1/75, ICR1) for 1 h at room temperature. Cells were 

then washed with PBS and incubated with 3,3',5,5'-Tetramethylbenzidine (TMB) (a HRP 

substrate) for 30 min. The reaction was stopped by adding 2 N HCl. The absorbance was 

measured at 450 nm on a plate reader (BioTek, Winooski, VT). 

 

2.2.13. Antifungal assay.  

The antifungal activity of tacrolimus and M1 was examined as previously described 

(Ianiri et al., 2017). Briefly, Malassezia sympodialis M1154/77 (a gift from Dr. Joseph 

Heitman, Duke University) grown overnight in modified Dixon (mDixon) medium at 37°C 

was plated on mDixon agar. After 1 h incubation, an aliquot (3 µl) of tacrolimus or M1 at 
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different concentrations was spotted on top of the agar and incubated at 37°C for 2 days. 

The agar plates were visually inspected, and the images were taken using a camera.   

 

2.2.14. Estimation of the extent of tacrolimus metabolism by intestinal bacteria.   

F. prausnitzii was grown overnight in YCFA medium. The overnight culture typically 

reaches an optical density at 600 nm (OD600) of ~2, which corresponds to ~1.6´108 F. 

prausnitzii cells/ml. Cells were harvested by centrifugation at 2,000 × g for 5 min re-

suspended in PBS, and serially diluted in PBS (OD600 0.02, 0.2, 0.4, 0.8, 1.6, and 2). To 

determine the relationship between the number of bacterial cells and the extent of M1 

formation, the cell suspensions at different densities were incubated with tacrolimus (10 

μg/ml) at 37°C for 2 h under anaerobic conditions. The reaction was stopped by adding 4 

volumes of ice-cold acetonitrile containing ascomycin as an internal standard. After 

vortexing (1 min) and centrifugation at 16,100×g (10 min), the supernatant (2 μl) of each 

sample was injected into HPLC/MS/MS (Agilent 1200 HPLC interfaced with Applied 

Biosystems Qtrap 3200) and M1 concentrations were determined as described above. To 

examine the relationship between incubation time and M1 formation, F. prausnitzii cells 

(OD600 0.8, equivalent to 6.3´107 cells/ml) in PBS were incubated with tacrolimus (10 

μg/ml) for different time (0.5, 1, 2, 4, 8, and 24 h), and M1 formation was determined as 

described above. To examine the relationship between tacrolimus concentrations and M1 

formation, tacrolimus at different concentrations (2, 10, 20, 40, and 50 μg/ml) was 

incubated with F. prausnitzii cells (OD600 0.8) for 1 h, and M1 formation was determined 

as described above. Assuming that the capabilities of bacteria in human small intestine 

to produce M1 are similar to that of F. prausnitzii cells in PBS, the total amount of M1 
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formed in the small intestine was estimated as previously reported (McCabe et al., 2015) 

with modifications: 	 

M1 formation rate in vitro (μg/cells/h) = ()*+,-	*.	/0	.*1)23	(56)
89:-21;9<	:2<<	,+)821	×	;,:+89-;*,	-;)2	(>)         (eq. 1) 

Amount of M1 formed in the human small intestine  

= M1 formation rate in vitro ´ total number of bacterial cells ´ small intestinal transit time 

(h) (eq. 2) 

The value of 4´1010 cells was used as the total number of bacteria in the small intestine 

(Sender et al., 2016), and 3.3 h  was used as small intestine transit time (Yu et al., 1996).  

 

2.2.15. Mouse PK study 

Adult male C57BL/6 mice (9 weeks; male; 20-28 g body weight) were purchased 

from Jackson Laboratory (Sacramento, CA) and acclimated for one week. To start the 

experiment, mice (N=6-7/group) were either given regular water (control group) or water 

containing 0.5 mg/mL vancomycin and 0.1mg /mL polymyxin B (antibiotics group) for 24 

h. After 4 h fasting, tacrolimus (Prograf injection, 2 mg/kg) was given to both groups 

through oral gavage. Ten μl of blood was collected from the saphenous vein at 5, 30, 120, 

300, 480, 1440 min  post-drug administration. Blood samples were extracted by adding 

100 μl MeOH/water (v/v, 20/1, 0.12 mM ZnSO4) containing internal standard (5 ng/ml 

ascomycin), and vortexed for 1 min and centrifuged at 16,000 g for 20 min. Ten μl of the 

supernatant was injected into LC-MS/MS for measuring tacrolimus using the method 

described above. An additional group of mice (N=4/group) was used to examine the effect 

of antibiotics in bacterial abundance and expression of known tacrolimus disposition 
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enzymes. After giving drinking water w/wo antibiotics, livers, small intestines were 

collected. Stool samples were also collected before and after antibiotics treatment.  

 

2.2.16. Measurement of fecal bacterial abundance 

Bacterial genomic DNA was extracted from the stool samples using QIAamp DNA 

Stool Mini Kit, and the DNA concentration was measured by Nanodrop. To assess 

bacteria abundance, bacterial DNA was diluted 5-fold using ddH2O, and bacterial 16S 

rDNA was amplified by qRT-PCR using universal bacterial primers (Forward: 5’-

AAACTCAAAKGAATTGACGG-3’; Reverse: 5’-CTCACRRCACGAGCTGAC-3’) (Zahir et 

al., 2001). The reaction mixture contained 5 μl master mix, 0.5 μl primers, and 4.5 μl of 

bacterial DNA. Relative bacterial abundance was calculated using ΔΔCt method by 

normalizing to the weight of stool. The standard curve was generated by diluting DNA 

from one of the samples for 10, 100, 1000, and 10000 times, where the linearity between 

Ct value and the amount of bacterial DNA was examined. 

 

2.2.17. Measurement of M1 formation by mouse stool 

Fresh stool samples from mice (50 mg wet weight/ml) before and after 

antibiotictreatment (which antibiotics at what concentration) were incubated with 

tacrolimus (100 μg/ml) anaerobically for 24 h at 37 °C. The incubation mixtures were 

analyzed by HPLC/UV as described previously.  

 

2.2.18. mRNA extraction and qPCR 

Total RNA was extracted from mouse liver (5 mg) and intestine (5 mg) using 

TRIzol. cDNA was synthesized from RNA by PCR using High Capacity cDNA Archive Kit 
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(ThermoFisher Scientific). Using the cDNA as template, qRT-PCR was performed using 

the primers from Integrated DNA Technologies (California, USA): Cyp3a11 (Forward: 5’-

AGTAGCACACTTTCCTTCACC-3’; Reverse: 5’-CCATCTCCATCACAGTATCATAGC-

3’); Abcb1a (Forward: 5’-GAAAAGAAACCAGCAGTCAGTG-3’; Reverse: 5’-

T C A T G T C A C C A A A G A T C A G C A - 3 ’ ) ;  A b c b 1 b  ( F o r w a r d :  5 ’ -

TGTTGGTCTATGCGTCTTATGC-3’; Reverse: 5’-CTGGTTTGTGTCCCTTGGTT-3’). 

Relative gene expression of Cyp3a11, Abcb1a, and Abcb1b was calculated using ΔΔCt 

method by normalizing to Gapdh (Forward: 5’-AATGGTGAAGGTCGGTGTG-3’; Reverse:  

5’-GTGGAGTCATACTGGAACATGTAG-3’). 

 

2.2.19. Small intestinal metabolism of tacrolimus in rodents 

C57BL/6 mice (Jackson, N=2) or Sprague Dawley rats (Taconic, N=2) were 

sacrificed, and small intestinal content was collected by perfusing with 25 ml pre-reduced 

YCFA inside the anaerobic chamber. The small intestinal bacterial mixture was obtained 

by centrifuging the content at 100×g for 5 minutes to obtain the supernatant, followed by 

4000×g for 15 min and resuspending the pellet in 1 ml YCFA for mouse and 3 ml for rat, 

respectively. Tacrolimus or positive control compounds (10 μM) was incubated with 250 

μl of small intestinal content anaerobically at 37°C for 2 h, and the reaction was stopped 

by adding 250 μl of cold ACN. After vortexing for 1 min and centrifuging at 16000×g for 

20 min, 10 μl of the supernatant was injected into LC-MS/MS to analyze the metabolite 

production. Of note, positive control compounds (i.e., compounds known to be 

metabolized by small intestinal bacteria) were different for mice and rats: L-dopa for rats 

and compound X for mice.  The name of compound X was not disclosed due to 

unpublished information. 
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2.2.20. Cofactor dependency of M1 formation 

F. prausnitzii was grown anaerobically overnight in YCFA media. Cells were 

harvested by centrifugation at 4000×g for 10 min at 4 °C and re-suspended in 10% of the 

original volume of BugBuster 10X Protein Extraction Reagent supplemented with 

EASYpack Protease Inhibitor Cocktail. The mixture was Incubate at 25 °C for 30 min on 

a shaker at 300 rpm, followed by centrifuge at 16000×g for 30 min to collect the 

supernatant as the protein lysate. The protein concentration was determined using 

Bicinchoninic Acid Assay. The protein extract was adjusted to 1 mg/ml using normal PBS 

or pre-reduced PBS.  Protein extracts (200 μl) containing 1 mM of a cofactor (NAD, NADP, 

NADH, or NADPH) was pre-incubated anaerobically or aerobically for 10 min. The 

reaction was started by adding 2 μl tacrolimus (final concentration at 5 μg/ml) and the 

mixture was incubated anaerobically or aerobically for 24 h at 37 °C. 400 μl of cold ACN 

was added to stop the reaction and vortex for 1 minute. After centrifuging at 16000×g for 

30 min, Two μl of the supernatant was injected into LC-MS-MS (Applied Biosystems Qtrap 

5500) for measuring M1 production. 

 

2.2.21. Analysis of F. prausnitzii genome  

The GenBank file (NZ_CP022479.1) of F. prausnitzii A2165 genome and the list 

of protein-coding genes (n=2839) were downloaded from NCBI microbial genome 

database.  Genes potentially encoding oxidoreductases were retrieved by searching for  

oxidoreductase,  dehydrogenase, and reductase in the annotated function of proteins. 

Respective oxidoreductases (n=61) of F. prausnitzii were used as bait to BLAST search 

for homologs  in the genomes of E. coli MG1655 K-12 and B. subtilis BD168 using 
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Geneious Prime (Version 2020.0.2). A cutoff for homologous genes was 90% overall 

coverage and 35% identity in amino acids. Oxidoreductases of F. prausnitzii retrieving 

homologs in either E. coli MG1655 K-12 or B. subtilis  BD168 were excluded, as both E. 

coli MG1655 K-12 and B. subtilis  BD168 do not metabolize tacrolimus. The rest of 

oxidoreductases were prioritized for expression based on functional annotation.  

 

 
 

Figure 8. Work flow of selection of candidate enzymes.   

Criteria 2
Prioritization based on
functional annotation

Total protein
2839

Oxidoreductase 
61

Criteria 1
Exclusion of oxidoreductases whose
homologous are found in E. coli and
B. subtilis (90% coverage, 35% identity)

List of candidate oxidoreductases

F. prausnitzii
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2.2.22. Overexpresion of F. prausnitzii oxidoreductases in E. coli 

F. prausnitzii A2-165 was grown overnight in the anaerobic chamber at 37°C. 

Genomic DNA was extracted using QIAamp DNA Mini Kit (Cat No: 51304). Respective 

oxidoreductase genes were amplified by PCR using primers  listed in Table II. A PCR (50 

µl) consists of 25 µl Q5 High-Fidelity 2X Master Mix, 2.5 µl each for forward and reverse 

primer (0.5 µM), and 200 ng genomic DNA as template. The PCR program starts with an 

initial denaturation at 98°C for 30 sec, followed by 25 cycles at 98°C for 10 sec, 62°C for 

30 sec and 72°C for 40 sec; and a final extension at 72°C for 2 min. PCR products were 

cleaned up using QIAquick PCR Purification Kit (Cat No: 28104). E. coli containing 

plasmid pBAD22  was grown overnight at 37°C, and plasmids were extracted using 

PureYield Plasmid Miniprep System (Promega, A1222). pBAD22 plasmid carries L-

arabinose-inducible promoter for overexpression of a downstream gene. Plasmid and 

PCR product were digested with NheI-HF (Cat No: R3131S) and HindIII-HF (Cat No: 

R3104S). Digested products were cleaned using QIAquick PCR Purification Kit.  Ligation 

was performed at 25°C for 10 min and 65°C for 10 min. The quantity of PCR product was 

calculated based on 50 ng plasmids using NEBioCalculator, and 50 µl ligation mixture 

also contained 2 µl T4 DNA ligase buffer, 1 µl T4 DNA ligase and water. For 

transformation, 3 µl of the ligate was added to ice-cold cuvette containing 

electrocompetent E.coli  LMG194 and electroporated at 1700 V, 200 Ω, and 25 µF. LB 

medium (700 µl) was added and grew the cells at 37°C for 45 min. An aliquote (80 µl) of 

culture was spread on LB agar supplemented with 100 µg/ml of ampicillin and incubated 
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overnight at 37°C. The next day, eight colonies were picked for colony-PCR  to identify 

transformants carrying a recombinant plasmid (pBAD22-oxidoreductase). To  verify 

correct cloning, plasmids were extracted from positive colonies and sent to UIC RRC 

Genome Research Core for Sanger DNA sequencing. Transformants containing 

sequence-verified recombinant plasmids were used for overexpression of a cloned 

oxidoreductase and tested for tacrolimus metabolism.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table II. List of primer sequences used in this study 
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Label 

 
 
Candidate enzymes 

 
 
Primer 

 
 
Sequence 

   

1 2-dehydropantoate 2-reductase  Forward CGGGCTAGCAGGAGGAGCAAGGAATGAAAATACAATCTGTTGCCATTT 

  Reverse GGCAAGCTTTTATTTTGCCCAGGTGGG  
  Colony-forward TTACGGAACACATTCAGGAA   
2 Fe-S oxidoreductase Forward CGGGCTAGCAGGAGGAGCAAGGAATGGAAAACATCAAGAAAAACTTCG 

  Reverse GGCAAGCTTTTACTGCTTGTCAAATTCCG  
  Colony-forward TTCAACTATGTGGACTAC   
3 ketopantoate reductase family protein Forward CGGGCTAGCAGGAGGAGCAAGGAATGAAGATTCTGGTATATGGTGC 

  Reverse GGCAAGCTTTCATTGCAGATACCTCCC  
  Colony-forward AAAATATAAGGTCGTTTACG   
4 FAD-dependent oxidoreductase Forward CGGGCTAGCAGGAGGAGCAAGGAATGGAAAACATGATCCTGC 

  Reverse GGCAAGCTTTTACAGCTGGCAGGC  
  Colony-forward ATCGAGATGATGGACAAG   
5 aldo/keto reductase Forward CGGGCTAGCAGGAGGAGCAAGGAATGGAATACAGAGCATGGAAAA 

  Reverse GGCAAGCTTTTACAGCTGATCCAGCTC  
  Colony-forward ATTATGGAGCCCATCAAG   
6 SDR family oxidoreductase Forward CGGGCTAGCAGGAGGAGCAAGGAATGAAACCTGTCTGTGTGATTA 

  Reverse GGCAAGCTTTCAGCGGGAAAGGCC  
  Colony-forward AGTCAACATCAATGATGC   
7 NAD(P)/FAD-dependent oxidoreductase  Forward CGGGCTAGCAGGAGGAGCAAGGAATGGCAAAGGTGTTGATC 

  Reverse GGCAAGCTTTCAGAGGTGATTTGCAAAACT  
  Colony-forward AAAAATGTGACCCTGACC   
8 flavin reductase family protein Forward CGGGCTAGCAGGAGGAGCAAGGAATGAGCAAACAGAGCTG 

  Reverse GGCAAGCTTTCATTTTTTCCGTTTTCCGG  
  Colony-forward ATCAACCTGCCCACTGAA   
9 SDR family oxidoreductase Forward CGGGCTAGCAGGAGGAGCAAGGACTGAGCGATGAGGACAA 

  Reverse GGCAAGCTTTCAAATCACCAGGCCG  
  Colony-forward AGAAGCTGTTCACCGATAT   
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10 aldo/keto reductase Forward CGGGCTAGCAGGAGGAGCAAGGAATGGAAAACCTGAACATTGG   
  Reverse GGCAAGCTTTCAGGAAATGGCATCCA   
  Colony-forward TGGATGTCATTCAGGAAAA   
11 FAD-dependent oxidoreductase Forward CGGGCTAGCAGGAGGAGCAAGGAATGGAAAAATACGATCTGATCATTG 

  Reverse GGCAAGCTTTCAGCACCCTTCCTTTTC  
  Colony-forward TTCAAGGAGAAGAAGAGC   
12 SDR family NAD(P)-dependent oxidoreductase Forward CGGGCTAGCAGGAGGAGCAAGGAGTGGAAAAGAATGTTCTGAACA   
  Reverse GGCAAGCTTTCAGACACCAGAGTAGGC   
  Colony-forward ACACCGACAAGGAATTCT   
13 aldo/keto reductase Forward CGGGCTAGCAGGAGGAGCAAGGAATGGATATGGTCACATTGG 

  Reverse GGCAAGCTTTTACACCTTGACTTCCCC  
  Colony-forward TATATTTCCGGTGAGCAG   
14 NAD(P)/FAD-dependent oxidoreductase Forward CGGGCTAGCAGGAGGAGCAAGGAATGTCTAACATTGTGATCATCG 

  Reverse GGCAAGCTTTCATTTCCGCAGGGCTTT  
  Colony-forward TGCGATGCCTTTTTCTA   
15 SDR family oxidoreductase Forward CGGGCTAGCAGGAGGAGCAAGGAATGTCAACCAAAACTGTCTG 

  Reverse GGCAAGCTTTCAGCCCAGCTTTTTCTT  
  Colony-forward AAAGCATACGTTGTCAG   
16 NAD(P)-dependent oxidoreductase  Forward CGGGCTAGCAGGAGGAGCAAGGAATGGCATTACACGTTCTGG 

  Reverse GGCAAGCTTTTATTTGACTTCCTGTTTGCC  
  Colony-forward TCAAGAACGAAGAGGGC   
17 NADH:flavin oxidoreductase Forward CGGGCTAGCAGGAGGAGCAAGGAATGTACGACACCATCCTG 

  Reverse GGCAAGCTTTCAGATGCTGCCCTGT  
  Colony-forward TTCTCTTCCGCCATCTT   
18 ketopantoate reductase family protein Forward CGGGCTAGCAGGAGGAGCAAGGAATGAGGATCTTGGTGTACG 

  Reverse GGCAAGCTTTTACTTCTTTCTGGGCAGG  
  Colony-forward TTTGGTTTCCAGAACAAT   
19 D-2-hydroxyacid dehydrogenase Forward CGGGCTAGCAGGAGGAGCAAGGAATGAAAGCTGTCATTCTGGA 

  Reverse GGCAAGCTTTTATCTGTTGACGATGTGCT  
  Colony-forward ATTATGATACCCTGCTGA   
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Note: 
Forward: forward primer to amplify target gene 
Reverse: reverse primer to amplify target gene  
Colony-forward: forward primer to amplify recombinant plasmid 
Colony-reverse: reverse primer to amplify recombinant plasmid; same for all the recombinant plasmid

    

20 3-phosphoglycerate dehydrogenase Forward CGGGCTAGCAGGAGGAGCAAGGAATGTTTACGATCAAGACCCTGAAC 

  Reverse GGCAAGCTTTTACAGGATGCGCACCCG  
  Colony-forward AAAAAGTTTGTGGGCAAC   
21 mannitol dehydrogenase family protein Forward CGGGCTAGCAGGAGGAGCAAGGAATGAAGCTGTCTGATATCAAGAACGG 

  Reverse GGCAAGCTTTCAGCGGGCGACAACGTA  
  Colony-forward CATCCAGAAGATCGGTTAT   
22 Gfo/Idh/MocA family oxidoreductase Forward CGGGCTAGCAGGAGGAGCAAGGAATGAAAAGAGCTGCGATCATTGG 

  Reverse GGCAAGCTTTCACGGAGCAACGGGATG  
  Colony-forward GTTGAACTGAAAAAGATCAT   
23 Gfo/Idh/MocA family oxidoreductase Forward CGGGCTAGCAGGAGGAGCAAGGAATGGAAAAGACTGAAGGAAAGATTCG 

  Reverse GGCAAGCTTTTACTCGCGGACGGGGAA  
  Colony-forward GGTTTTCTCCAAGAACAT   
24 Gfo/Idh/MocA family oxidoreductase Forward CGGGCTAGCAGGAGGAGCAAGGAATGAAACTAGGGATCCTGG 

  Reverse GGCAAGCTTTTATTTATCACAGGGAAATTTGA  
  Colony-forward ATGGAGTACAACAGCTTC   
25 Zn-dependent alcohol dehydrogenase Forward CGGGCTAGCAGGAGGAGCAAGGAATGCTGACCTATACCTATGTTTCAG 

  Reverse GGCAAGCTTTCAGCACTCCACTGCCAC  
  Colony-forward 

 
Colony-reverse 

AAAAAGGGCTTCGTGAA 
 
AGGCAAATTCTGTTTTATC 
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2.2.23. Screening for M1 producing oxidoreductases 

E. coli LMG194 that contains pBAD22 plasmid overexpressing a F.prausnitzii 

oxidoreductase was grown in LB medium (100 µg/ml ampicillin and 0.5% glucose) 

anaerobically at 37°C overnight. The next day, overnight culture was diluted 50-fold in 

fresh LB medium (100 µg/ml ampicillin). The culture was grown to OD600~0.6, and L-

(arabinose was added at a final concentration of 0.1% or water as a control. After 4 h of  

incubation, the culture was split in half. With one, bacterial cells were harvested by 

centrifugation, resuspended in 1X SDS-PAGE sample buffer (OD600 20), and boiled for 

10 min to lyse the cells. The overexpression of candidate enzymes was examined using 

gel electrophoresis followed by staining with Coomassie Brilliant Blue. For the other, 

tacrolimus at a final concentration of 5 ug/ml was added and incubated overnight 

anaerobically at 37°C. M1 production was analyzed using LC-MS/MS using the method 

described above.    
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2.3. Results 

2.3.1. F. prausnitzii metabolizes tacrolimus.  

A previous study has shown a positive correlation between fecal abundance of F. 

prausnitzii and oral tacrolimus dose to achieve therapeutic concentration in 19 kidney 

transplant patients. Hereby, we first examined whether F. prausnitzii is capable of 

metabolizing tacrolimus, cells of F. prausnitzii A2-165 strain grown overnight (in YCFA 

media) was incubated with tacrolimus (100 µg/ml; 124 µM) anaerobically at 37°C. After 

48 h incubation, the mixture was resolved using HPLC and analyzed by a UV detector. 

The HPLC chromatogram of intact tacrolimus showed multiple peaks, demonstrating 

tautomer formation as previously reported (Namiki et al., 1993) (Figure 9A). For estimation 

of a concentration of intact tacrolimus, the area of the largest peak at retention time 19.7 

min was used. After 24 h incubation with F. prausnitzii, the concentration of tacrolimus 

was decreased by ~50% (Figure 9B), which was accompanied by appearance of two new 

peaks (designated M1 and M2, Figure 9A). The M1 and M2 peaks were not observed 

when tacrolimus was incubated with boiled F. prausnitzii cells (Figure 9A), indicating that 

the production of M1 and M2 requires live bacterial cells. Similarly to strain A2-165, two 

additional strains of F. prausnitzii (ATCC 27766 and ATCC 27768) were found to produce 

M1 and M2 (data not shown), suggesting that this function is likely conserved in different 

strains of F. prausnitzii. 

  



67 
 

 

 

 

Figure 9. F. prausnitzii metabolizes tacrolimus. (A) F. prausnitzii A2165 (OD600 2.6) 

cultured in YCFA media was incubated with tacrolimus (100 µg/ml) anaerobically at 37°C 

for 48 h. The mixture was analyzed by using HPLC/UV. (B) Time profiles of tacrolimus 

disappearance and M1 appearance upon anaerobic incubation of tacrolimus (100 µg/ml) 

with F. prausnitzii. 
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2.3.2. Stool bacteria metabolize tacrolimus.  

To examine whether such metabolism also occurs in complex bacterial community, 

we incubated tacrolimus with fresh stool samples from two healthy adults, and M1 

production was assessed. Both stool samples produced M1, whereas the control stool 

samples that were boiled prior to tacrolimus incubation did not (Figure 10).  

 

Figure 10. Human gut microbiota convert tacrolimus to M1. Tacrolimus (100 µg/ml) 

was incubated anaerobically with human stool samples from two different subjects (100 

mg wet weight/ml) for 48 h at 37°C. A separate set of samples was boiled for 10 min 

before incubation with tacrolimus. The incubation mixtures were analyzed by HPLC/UV.  
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2.3.3. M1 is a C9 keto-reduction metabolite of tacrolimus.  

For structural elucidation, we focused on the major product M1. M1 was mass 

produced by incubating large amounts of tacrolimus with F. prausnitzii. After liquid-liquid 

extraction using ethyl acetate and solid phase extraction, M1 was purified using  

preparative HPLC. The chemical structure of M1 was then determined using various 

spectroscopic methods. Of note, when the purified M1 was re-injected into HPLC/UV, it 

resolved into multiple peaks (including one corresponding to M2), indicative of 

isomerization and/or tautomerization of M1 into M2 (Figure 11). 

 

Figure 11. HPLC/UV chromatogram of purified M1. Tacrolimus (50 mg) was incubated 

with F. prausnitzii A2-165 (OD ~2; 500 ml) for 96 h, followed by ethyl acetate extraction 

of the mixture. The fraction for M1 was isolated by using HPLC, combined, dried, and 

reconstituted in MeOH. An aliquot (1 µl) was analyzed by HPLC-UV. Red arrows denote 

the retention times for M2 and M1. Black arrows denote retention times for potential M1 

isomers.  

 
 
 
Supplemental Fig 4. Tacrolimus (50 mg) was incubated with F. prausnitzii A2-165 (OD ~2; 500 ml) for 
96 h, followed by ethyl acetate extraction of the mixture. The fraction for M1 was isolated by using 
HPLC, combined, dried, and reconstituted in methanol. An aliquot (1 Pl) was analyzed by HPLC-UV. 
Red arrows denote the retention times for M2 and M1. Black arrows denote retention times for potential 
M1 isomers.  
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To further gain insight into the chemical identity of M1, high-resolution mass 

spectrometry (HRMS) was performed. The m/z value of M1 is [M+Na]+ 828.4846, which 

is consistent with the formulas C44H71NO12Na (with a calculated mass of 828.4874 Da) 

for M1. The calculated formulas suggested M1 to be a reduction product of tacrolimus 

(i.e., the addition of 2H to the parent tacrolimus). The fragmentation pattern of M1 as 

compared to that of tacrolimus indicated that M1 is likely a keto-reduction product of 

tacrolimus (Figure 12). IR spectroscopy further supported that M1 is a product of a 

carbonyl reduction from tacrolimus. Major differences were observed in the C=O and O-

H stretch regions of the IR spectra (Figure 13).  
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Figure 12. MS1 and MS2 fragments of tacrolimus and M1 obtained in IT-TOF and 

QTOF systems  

 

 

Tacrolimus fragmentation 
 
 

 Tacrolimus M1 
[Ion + Na]+ Calc. m/z IT-TOF QTOF Calc. m/z IT-TOF QTOF 

M 826.4717 826.4702 826.4692 828.4874 828.4846 828.4889 
M-H2O 808.4612 808.460 808.4589 810.4768 810.478 810.4645 

M-2H2O 790.4506 790.455   792.4663     
a-c 715.4033 715.403 715.4153 717.4190   717.4116 

a-c-H2O 697.3928 697.391 697.3919 699.4084 699.406 699.4103 
a-c-2H2O 679.3822 679.380 679.3885 681.3979 681.397   

g-d 671.4135 671.410   673.4292 673.425   
g-d-H2O 653.4029 653.400 653.4029 655.4186 655.419 655.4230 

g-d-2H2O 635.3924 635.388 635.3983 637.4080 637.409   
f-g 616.3098 616.317 616.3092 618.3254 618.324 618.3274 
f-a 598.2992 598.299 598.2940 600.3149 600.315   
f-b 572.3199 572.324 572.3102 574.3356 574.334 572.3380 
f-c 487.2308 489.229 487.2259 489.2464 489.246 489.2615 
f-d 461.2515 461.249 461.2524 463.2672 463.267 463.2670 

f-d-H2O 443.2410 443.239 443.2420 445.2566 445.255 445.2614 
e-g 588.3149 588.315 588.3163 590.3305 590.351 590.3219 
e-d 431.2410 431.239 431.2437 433.2566 433.254 433.2625 

 433.2566 433.257 433.2556 435.2723 435.272 435.2743 
 415.2460 415.246 415.2469 417.2617 417.261 417.2579 
 371.2198  371.2194 371.2198  371.2145 
 353.2093  353.2137 353.2093  353.2051 
 261.1467  261.1431 261.1467  261.1449 

[Ion + H]+          
Piperidine 84.0813  84.0803 84.0813  84.0794 

Pipecolic acid 130.0868  130.0873 130.0868  130.0862 
 
Supplemental Fig 3. MS2 fragments of tacrolimus and M1 obtained in IT-TOF and QTOF systems 
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Figure 13. IR spectra of (A) tacrolimus, (B) M1, (C) overlay of tacrolimus (red) and M1 

(blue) spectra 
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NMR was used to determine the exact modification site where two hydrogen atoms 

were added. The spectra showed three major isomers of M1 in CDCl3 (Figure 14). 

Detailed analysis of 1D and 2D NMR spectra revealed the site of carbonyl reduction at C-

9 and the identity of M1 to be 9-hydroxy-tacrolimus (Table III-V). In particular, analysis of 

the DEPTQ spectrum of M1 revealed the absence of the resonances associated with the 

carbonyl carbon C-9 found in tacrolimus (δC 196.3 for the major isomer, 192.7 for the 

minor isomer). Instead, three resonances consistent with the reduction of the carbonyl at 

C-9 to an alcohol were observed at δC 73.0 (isomer I), 68.4 (isomer II), and 69.7 ppm 

(isomer III). These resonances were associated with protons at δH 4.02, 4.51, and 4.37 

ppm, respectively, in the HSQC spectrum. In turn, the latter resonances showed COSY 

correlations to exchangeable protons (δH 4.23, 3.21, and 3.58, respectively). HMBC 

correlations from H-9 to C-8 and C-10 were observed, supporting the assignment of M1 

as 9-hydroxy-tacrolimus. These results establish the structure of M1 as the C-9 keto-

reduction product of tacrolimus (Figure 15). 
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 Figure 14. Expansions of the DEPTQ spectra (226 MHz, CDCl3) of M1 (three major   

isomers assigned) and tacrolimus (two isomers)  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Supplemental Fig 13. Expansions of the DEPTQ spectra (226 MHz, CDCl3) of M1 (three major isomers 
assigned) and tacrolimus (two isomers) 
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Table III. NMR spectroscopic data of M1 (Isomer I), CDCl3a 

 
Position δC, multb δH (mult, J in Hz)b,c COSY HSQC-TOCSY (H"C) HMBC (H"C) 
1 169.6, C -    
2 55.9, CH 5.39 (d, 4.5) 3, 6 3, 4, 5, 6 1, 3, 4 
3 27.9, CH2 2.26, 1.70 2, 4 2, 4, 6 5 
4 21.3, CH2 1.80, 1.40 3, 5, 6 2, 3, 5, 6  
5 25.1, CH2 1.73, 1.70 4, 6 2, 3, 6  
6 41.0, CH2 4.51, 2.85 2, 4, 5 2, 3, 4, 5 2, 4, 5, 8 
8 171.3, C -    
9 73.0, CH 4.02 (d, 6.5) 4.23  8, 10, 11 
10 97.5, C -    
11 35.7, CH 1.70 5.40, 12, 11-Me 12, 13, 11-Me 10, 11-Me 
11-Me 16.4, CH3 0.86 (d, 6.6) 11 11, 12, 13, 14 10, 11, 12 
12 33.4, CH2 1.96, 1.47 11, 13 14, 11-Me 10, 11, 13 
13 73.7, CH 3.30 12, 14 11, 12, 14 15 
13-OMe 56.3-56.4, CH3 3.35-3.37   13 
14 72.1, CH 3.74 (d, 9.8) 13, 15 12, 13, 11-Me 10, 12, 13 
15 76.0, CH 3.53 14, 16 16, 17, 18, 17-Me  
15-OMe 57.6, CH3 3.35   15 
16 34.7, CH2 1.48, 1.10 (d, 3.6) 15, 17 15, 17, 18, 17-Me 17, 18, 17-Me 
17 25.8, CH 1.58 16, 18, 17-Me 17-Me 16, 18 
17-Me 19.3, CH3 0.80 (d, 6.5) 17 15, 16, 17, 18 16, 17, 18 
18 48.9, CH2 2.00, 1.91 17 17, 17-Me 17, 19, 17-Me 
19 139.3, C -    
19-Me 16.0, CH3 1.64 (s) 20 20, 21 18, 19, 20, 22 
20 122.2, CH 5.18 (d, 8.7) 21, 19-Me 21, 35, 36, 37, 19-Me 21, 22, 35 
21 52.6, CH 3.45, (d, 8.2) 20, 35 20, 35, 36, 37 19, 20, 22, 35, 36 
22 214.1, C -    
23 44.1, CH2 2.63 (d, 17.3), 2.43 24 24, 25-Me 22 
24 69.4, CH 4.06 (dd, 10.3, 4.6) 3.41, 23, 25 23, 25, 25-Me 22, 26, 25-Me 
25 40.3, CH 1.87 24, 26, 25-Me 24, 26, 25-Me 23, 24, 27, 25-Me 
25-Me 10.3, CH3 0.90 25 24, 25, 26 24, 25, 26 
26 

76.9, CH 5.13 25 25, 25-Me 
1, 24, 25, 27, 28, 25-
Me 

27 132.1, C -    
27-Me 14.5-14.6, CH3 1.66 28 26, 28 26, 27, 28 
28 

128.8, CH 4.96 29, 27-Me 
29/30, 31, 32, 33/34, 27-
Me 

26, 27, 29/30, 33/34, 
27-Me 

29 
35.0, CH 2.30 28, 30, 34 

28, 30, 31, 32, 33/34, 27-
Me  

30 34.9-35.0, CH2 2.01-2.04, 0.95 29, 31 28, 29, 31, 32, 33/34 31, 32 
31 84.3, CH 3.00 30, 32 28, 29/30, 32, 33/34 32, 33, 31-OMe 
31-OMe 56.7-56.8, CH3 3.40   31 
32 73.8, CH 3.39 31, 33 28, 29/30, 31, 33/34 31 
33 31.3, CH2 1.99, 1.35 32, 34 28, 29/30, 31, 32, 34 29/30, 31 
34 30.7-30.8, CH2 1.61, 1.04 29, 33 28, 29/30, 31, 32, 33 29 
35 36.6, CH2  2.44, 2.23 21, 36 20, 21, 36, 37 20, 21, 22, 36, 37 
36 135.6, CH 5.71 35, 37 20, 21, 35, 37 21, 35 
37 116.9, CH2 4.98, 5.01  36 20, 21, 35, 36 35 
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Table IV. NMR Spectroscopic Data of M1 (Isomer II), CDCl3 

Position δC, multb δH (mult, J in Hz)b,c COSY HSQC-TOCSY (H"C) HMBC (H"C) 
1 170.5, C -    
2 53.3, CH 5.20 (d, 5.5) 3, 6 3, 4, 5, 6 1, 3, 4, 6 
3 26.4, CH2 2.29, 1.74 2, 4 2, 4, 6 6 
4 21.8, CH2 1.77, 1.35 3 2, 6  
5 25.2, CH2 1.64, 1.49 6 2, 3, 4, 6  
6 44.5, CH2 4.10 (br d, 13.6), 2.99 2, 5 2, 3, 4, 5 2, 5, 8 
8 172.7, C -    
9 68.4, CH 4.51 3.21  8, 10 
10 99.3, C -    
11 33.0, CH 2.19 4.77, 12, 11-Me 13, 14, 11-Me 10, 11-Me 
11-Me 16.4, CH3 1.00 (d, 6.8) 11 11/12, 13, 14 10, 11/12 
12 32.3, CH2 2.04, 1.50 11, 13 13, 14, 11-Me 10 
13 74.1, CH 3.39 12, 14 14, 11-Me  
13-OMe 56.3-56.4, CH3 3.35-3.37   13 
14 71.6, CH 3.68 (d, 9.6) 13, 15 13, 11-Me 10 
15 77.1, CH 3.50 14, 16 14, 16, 17, 18, 17-Me  
15-OMe 57.6, CH3 3.35   15 

16 35.9, CH2 1.56, 1.28 15, 17 15, 17, 18, 17-Me 14, 15, 17-Me 
17 26.3, CH 1.55 16, 18, 17-Me 15, 18, 17-Me 18 
17-Me 19.2, CH3 0.76 (d, 6.3) 17 15, 16, 17, 18 16, 17, 18 
18 48.0, CH2 2.11, 1.75 17 17, 17-Me 17, 19, 17-Me 
19 140.5, C -    
19-Me 16.1, CH3 1.71 (s) 20 20, 21 18, 19, 20, 22 
20 122.7, CH 4.89 (d, 9.6) 21, 19-Me 21, 35, 36, 37, 19-Me 21, 22, 35, 36, 37 
21 53.3, CH 3.39 20, 35 20, 35, 36, 37 19, 22, 35, 36 
22 212.0, C -    
23 43.7, CH2 2.76, 2.23 24 24, 25-Me 22 
24 70.1, CH 3.87 3.36, 23, 25 23, 25, 25-Me 23, 26 
25 41.0, CH 1.85 24, 26, 25-Me 24, 26, 25-Me 23, 24, 27, 25-Me 
25-Me 10.1, CH3 0.92 25 24, 25, 26 24, 25, 26 
26 

78.3, CH 5.00 25 25, 28, 25-Me 
1, 24, 25, 27, 28, 
25-Me, 27-Me 

27 132.5, C -    
27-Me 14.5-14.6, CH3 1.67 28 26, 28 26, 27, 28 
28 

130.1, CH 5.12 (d, 9.1) 29, 27-Me 
29/30, 31, 32, 33/34, 27-
Me 

26, 27, 29/30, 
33/34, 27-Me 

29 
35.0, CH 2.30 28, 30, 34 

28, 30, 31, 32, 33/34, 27-
Me  

30 34.9-35.0, CH2 2.01-2.04, 0.95 29, 31 28, 29, 31, 32, 33/34 31, 32 
31 84.2, CH 3.00 30, 32 28, 29/30, 32, 33/34 32, 33, 31-OMe 
31-OMe 56.7-56.8, CH3 3.40   31 
32 73.7, CH 3.39 31, 33 28, 29/30, 31, 33/34 31 
33 31.3, CH2 1.99, 1.35 32, 34 28, 29/30, 31, 32, 34 29/30, 31 
34 30.7-30.8, CH2 1.61, 1.04 29, 33 28, 29/30, 31, 32, 33 29 
35 34.9, CH2  2.46, 2.23 21, 36 20, 21, 36, 37 20, 21, 22, 36, 37 
36 135.6, CH 5.69 35, 37 20, 21, 35, 37 21, 35 
37 116.7, CH2 4.98, 5.01  36 20, 21, 35, 36 35 
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Table V. NMR Spectroscopic Data of M1 (Isomer III), CDCl3a 

 
Position δC, multb δH (mult, J in Hz)b,c COSY HSQC-TOCSY (H"C) HMBC (H"C) 
1 169.9, C -    
2 53.5, CH 4.72 (d, 6.5) 3, 6 3, 4, 5, 6 1, 3, 4, 6, 8 
3 26.2, CH2 2.20, 1.79 2, 4 2, 4, 5 1 
4 20.6, CH2 1.72, 1.28 3 2, 6  
5 24.4, CH2 1.74, 1.55 6 2, 3, 6  
6 43.5, CH2 3.80 (br d, 13.3), 3.37 2, 5 2, 3, 4, 5 2, 4, 5 
8 173.8, C -    
9 69.7, CH 4.37 (d, 10.3) 3.58  8, 10, 11 
10 97.8, C -    
11 36.9, CH 1.78 12, 11-Me 13 10 
11-Me 17.0, CH3 1.09 (d, 6.7) 11 11, 12, 13 10, 11, 12 
12 33.6, CH2 1.99, 1.54 11, 13 14 10, 13 
13 73.9, CH 3.39 12, 14 14, 11-Me  
13-OMe 56.3-56.4, CH3 3.35-3.37   13 
14 71.1, CH 3.68 (d, 9.6) 13 13, 11-Me 10 
15 75.4, CH 3.59 16 16, 17, 18, 17-Me 17-Me 
15-OMe 57.6, CH3 3.35   15 
16 35.9, CH2 1.56, 1.28 15, 17 15, 17, 18, 17-Me 14, 15, 17-Me 
17 26.2, CH 1.85 16, 17-Me 16, 18, 17-Me  
17-Me 20.5, CH3 0.90 17 15, 16, 17, 18 16, 17, 18 
18 49.4, CH2 2.23, 1.72 17 17-Me 19 
19 140.1, C -    
19-Me 15.8, CH3 1.66 (s) 20 20, 21 18, 19, 20, 22 
20 122.6, CH 4.97 21 21, 35, 36, 37, 19-Me 21, 22, 36 
21 52.4, CH 3.36 20, 35 20, 35, 36, 37 19, 20, 22, 35, 36 
22 213.5, C -    
23 42.6, CH2 2.74, 2.22 24 24, 25-Me 22 
24 70.7, CH 3.87 3.12, 23, 25 23, 25, 25-Me 23, 26 
25 40.1, CH 1.91 24, 26, 25-Me 24, 26, 25-Me 23, 24, 27, 25-Me 
25-Me 9.6, CH3 0.89 25 24, 25, 26 24, 25, 26 
26 

76.1, CH 5.32 25 25, 28, 25-Me 
1, 24, 25, 27, 28, 
25-Me, 27-Me 

27 132.9, C -    
27-Me 14.5-14.6, CH3 1.65 28 26, 28 26, 27, 28 
28 

129.0, CH 5.09 (d, 9.1) 29, 27-Me 29/30, 31, 32, 33/34, 27-Me 
26, 27, 29/30, 
33/34, 27-Me 

29 35.0, CH 2.27 28, 30, 34 28, 30, 31, 32, 33/34, 27-Me  
30 34.9-35.0, CH2 2.01-2.04, 0.95 29, 31 28, 29, 31, 32, 33/34 31, 32 
31 84.3, CH 3.00 30, 32 28, 29/30, 32, 33/34 32, 33, 31-OMe 
31-OMe 56.7-56.8, CH3 3.40   31 
32 73.6, CH 3.39 31, 33 28, 29/30, 31, 33/34 31 
33 31.3, CH2 1.99, 1.37 32, 34 28, 29/30, 31, 32, 34 29/30, 31 
34 30.7-30.8, CH2 1.61, 1.04 29, 33 28, 29/30, 31, 32, 33 29 
35 34.9, CH2  2.46, 2.11 21, 36 20, 21, 36, 37 20, 21, 22, 36, 37 
36 135.8, CH 5.69 35, 37 20, 21, 35, 37 21, 35 
37 116.7, CH2 4.98, 5.01  36 20, 21, 35, 36 35 

 

a Frequencies of 900 MHz for 1H and 226 MHz for 13C 
b A range of values (-) is indicated for chemical shifts that are interchangeable among isomers 
c Peak multiplicity and coupling constants (J) are only reported for non-overlapping peaks on the 1H spectrum 
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Figure 15. Chemical structures of tacrolimus and F. prausnitzii–derived metabolite 

M1. M1 structure was determined using mass and NMR spectroscopic methods. 
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2.3.4. Tacrolimus is metabolized by a wide range of commensal gut bacteria.  

To determine whether other gut bacteria can metabolize tacrolimus, 25 human gut 

bacterial isolates were examined for their M1 producing ability. The tested bacteria include 

those belonging to major orders that are known to be highly abundant in the human gut 

(Qin et al., 2010; Arumugam et al., 2011). Bacteria grown overnight in YCFA media 

anaerobically were incubated with tacrolimus (100 µg/ml) for 48 h, and the mixtures were 

analyzed by HPLC/UV. Apparently, gut bacteria in the orders of Clostridiales and 

Erysipelotrichales, but not those in Bacteroidales, Bacillales, Enterobacterales and 

Bifidobacteriales produced M1 (Table VI). To further verify the results, the mixtures were 

re-analyzed by HPLC/MS/MS which exhibits higher sensitivity than HPLC/UV. M1 

production by bacteria in Clostridiales was verified. M1 production by bacteria in 

Bacteroidales was detectable by HPLC/MS/MS at ~100-fold lower levels than that by 

bacteria in Clostridiales. M1 peak was not detected upon tacrolimus incubation with B. 

longum, E. coli, and B. subtilis.  

  



80 
 

 

Table VI. Screening gut bacteria for tacrolimus conversion to M1  

Phylum Class Order Bacterium  
M1 production 
detected  

Actinobacteria Actinobacteria Bifidobacteriales Bifidobacterium longum No 

Proteobacteria Gammaproteobacteria Enterobacterales E. coli No 

Bacteroidetes Bacteroidia Bacteroidales Bacteroides finegoldii  Yesa 

   Bacteroides cellulosilyticus  Yesa 

   Bacteroides finegoldii  Yesa 

   Bacteroides ovatus Yesa 

   Parabacteroides merdae Yesa 

   Parabacteroides johnsonii  Yesa 

   Parabacteroides goldsteinii  Yesa 

Firmicutes Bacilli Bacillales B. subtilis No 

 Clostridia Clostridiales Ruminococcaceae sp. Yes 

   Anaerostipes sp. Yes 

   Dorea formicigenerans Yes 

   Clostridium clostridioforme  Yes 

   Clostridium hathewayi  Yes 

   Blautia sp. Yes 

   Clostridium aldenense  Yes 

   Clostridium symbiosum  Yes 

   Clostridium citroniae  Yes 

   Coprococcus sp. Yes 

   Clostridium bolteae  Yes 

   Clostridium cadaveris Yes 

   Ruminococcus gnavus  Yes 

 Erysipelotrichia Erysipelotrichales Erysipelotrichaceae sp. Yes 
      Clostridium innocuum  Yes 

    aM1 production observed only when using sensitive HPLC-MS/MS for detection.  
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2.3.5. M1 is not produced by human liver microsomes  

To determine if human enzymes also produce M1, tacrolimus was incubated with 

human liver microsomes in a NADPH regenerating system for 2 h. The reaction mixture 

was analyzed by IT-TOF. The major metabolites being observed are demethylated 

tacrolimus [M + Na] + 812.4550 as reported, while no M1 was formed (Figure 16). This 

data suggests that M1 is an unique bacteria-derived tacrolimus metabolite. 

 

 

Figure 16. Human hepatic microsomes does not produce M1. Human hepatic 

microsomes (3 mg microsomal protein/ml) was incubated with tacrolimus (100 μg/ml) in 

a reaction mixture (1 mM NADP+, 5 mM MgCl2, 0.2 U/L isocitrate dehydrogenase, and 5 

mM isocitric acid) at 37°C for 2 h aerobically. The mixture was analyzed by using IT-TOF. 

2.3.6. M1 is a less potent immunosuppressant than tacrolimus.  

Structural change at C-9 position may alter the affinity of drug biding with FKBP-

12. Herein, we compared the activities of M1 and tacrolimus by measuring PBMC 

proliferation after treatment with T-lymphocyte mitogen PHA (Messele et al., 2000). The 

50% inhibitory concentration (IC50) of M1 was 1.97 nM whereas IC50 of tacrolimus was 

0.13 nM, demonstrating that M1 was ~15-fold less potent than the parent tacrolimus in 

inhibiting T-lymphocyte proliferation (Figure 17).  

Demethyl tacrolimus  
[M + Na]+ 812.4550 

tacrolimus 
[M + Na]+ 826.4719 
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Figure 17. M1 is less potent than tacrolimus as an immunosuppressant. 

Immunosuppressant activities of tacrolimus and M1 were examined in PBMCs by 

measuring cell proliferation after treatment with a T-lymphocyte mitogen in the presence 

of tacrolimus or M1.  

 

2.3.7. M1 is a less potent antifungal agent than tacrolimus.  

Tacrolimus is known to exhibit antifungal activity via the same mechanism for 

immunosuppression (Steinbach et al., 2007). To further examine the pharmacological 

activity of M1, an antifungal assay was performed. An aliquot of M1 or tacrolimus was 

placed onto a lawn of the yeast Malassezia sympodialis, and their antifungal activities 

were estimated based on the size of halo formed. M1 was about 10 to 20-fold less potent 

than tacrolimus in inhibiting the yeast growth (Figure 18), consistent with the results 

obtained from the PBMC proliferation assay. Taken together, these results demonstrate 

that M1 is less potent as an immunosuppressant and antifungal agent than the parent 

drug tacrolimus is. 
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Figure 18. M1 is less potent than tacrolimus as an antifungal agent. Antifungal 

activities of tacrolimus and M1 were examined using Malassezia sympodialis. The yeast 

was inoculated on a modified Dixon agar plate. After 1 hour incubation, an aliquot of 

tacrolimus or M1 at different concentrations was placed on the plate, as shown in the left 

panel, and incubated at 37°C for 2 days. 

 

2.3.8. M1 is detected in transplant patients stool samples.  

F. prausnitzii is one of the most abundant human gut bacteria species (Qin et al., 

2010; Arumugam et al., 2011), and its fecal abundance was shown to have a positive 

correlation with oral tacrolimus dosage (Lee et al., 2015). To explore a potential role of F. 

prausnitzii in tacrolimus metabolism in kidney transplant recipients, we evaluated 10 stool 

samples from kidney transplant recipients who were taking oral tacrolimus. Based upon 

the sequencing results of the V4-V5 hypervariable region of the 16S rRNA gene in stool 

samples, we selected 5 kidney transplant recipients whose stool samples had a relative 

gut abundance of F. prausnitzii greater than 25% (designated as “high F. prausnitzii” 

B
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group) and 5 kidney transplant recipients whose stool samples showed no to little (if any) 

presence of F. prausnitzii (“low F. prausnitzii” group). We first determined the baseline 

levels of tacrolimus and M1 in the stool samples from patients taking tacrolimus. We were 

able to measure baseline tacrolimus levels in eight of the ten stool samples, but we did 

not detect a significant difference in the baseline tacrolimus level between the high F. 

prausnitzii group and the low F. prausnitzii group (median 0.63 vs. 0.29 ng/mg, 

respectively, p = 0.46). We were also able to measure baseline M1 levels in five of the 

ten stool samples, but we did not detect a significant difference in the baseline M1 level 

between the high F. prausnitzii group and the low F. prausnitzii group (median 0.12 vs. 

<0.1 ng/mg, respectively, p = 0.48). Next, we tested the stool samples of both high and 

low F. prausnitzii groups for the capability of M1 production by incubating each of them 

with tacrolimus (10 µg/ml) for 24 h. M1 production was detected in all ten samples, but 

the amount produced was similar between the high and low F. prausnitzii groups (median 

4.5 vs. 7.1 ng/mg, respectively, p = 0.31). The 16S rDNA sequencing analysis revealed 

that gut bacteria belonging to the Clostridiales order (a main group of bacteria that are 

expected to produce the majority of M1) were highly abundant in all ten samples (Table 

VII). However, the relative abundance of neither F. prausnitzii (Rho = -0.36, p = 0.31) nor 

Clostridiales (Rho = 0.44, p = 0.20) showed a significant correlation with M1 production. 

Oral tacrolimus doses (to maintain therapeutic blood concentrations) were similar 

between the high and the low F. prausnitzii groups (median 6 vs. 4 mg/day, respectively, 

p = 0.34) (Table VII). 
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Table VII. M1 levels in kidney transplant patients’ stool samples. 
 

 

a, at the time of stool collection 
b, not detected 
c, below the quantification limit (i.e., 0.1 ng/mg stool)  

d, below the quantification limit (i.e., 0.1 ng/mg stool) 

Patient ID Age 
(years) Gender 

Post-
transplant 

Day 

Tacrolimus 
oral dosea 
(mg/day) 

Fecal 
abundance 

of F. 
prausnitzii 

Fecal 
abundance 

of 
Clostridiales 

Baseline 
tacrolimus level 
in stool samples 

(ng/mg stool) 

Baseline M1 
level 

in stool 
samples 

(ng/mg stool) 

M1 
production 

upon 
tacrolimus 
incubation 

(ng/mg 
stool) 

1 45 Female 31 9 46% 86% 0.88 0.38 5.1 

2 56 Male 18 3 39% 89% BQLc BQLd 3.5 

3 61 Male 20 5 32% 71% 0.63 BQLd 4.5 

4 59 Female 12 6 27% 76% 0.71 0.12 2.9 

5 50 Male 32 10 26% 79% 0.37 0.41 6.4 

6 52 Female 28 6 NDb 15% 0.29 BQLd 3.5 

7 57 Male 15 3 NDb 44% 0.85 BQLd 4.1 
8 71 Male 18 4 NDb 95% BQLc 0.60 7.1 
9 25 Male 27 4 NDb 74% 0.49 BQLd 12.6 

10 52 Male 32 6 NDb 95% 0.14 BQLd 11.0 



86 
 

 

2.3.9. M1 is detected in transplant patients blood samples 

M1 is a novel metabolite of tacrolimus uniquely formed by gut bacteria, as hepatic 

microsomes do not produce M1. We further investigated whether M1 can be detected in 

human blood as an indication for gut bacterial metabolism of tacrolimus. We recruited 10 

kidney transplant recipients at the time of transplantation and evaluated the 

pharmacokinetics of M1 after oral administration of tacrolimus. M1 and parent tacrolimus 

concentrations were determined by LC-MS/MS. The Weill Cornell IRB approved this study. 

The kidney transplant recipients had a median age of 50 and were male in 8 cases, were 

African American in 3 cases, and had deceased donor transplantations in 2 cases. 

Detection of M1 was observed in all patients within the first 4 h after oral administration, 

regardless of tacrolimus-naïve or tacrolimus-exposed patients (Figure 19). The result 

supports the concept of active metabolism of tacrolimus by gut bacteria. M1 levels were 

highly variable with some patients having at least 5% of parent tacrolimus concentration 

after oral administration (patient 1, 5, and 6).  
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Figure 19. Pharmacokinetics of M1 and parent tacrolimus in kidney transplant 

recipients. Each graph represents a patient with the concentration of either M1 or parent 

tacrolimus on the y axis (logarithmic scale) and time in h on the x axis. Each point 

represents a time point when blood was drawn and analyzed for M1 (white points) and 

parent tacrolimus (black points). M1 values < 0.05, the lower quantification limit of the M1 

assay, and tacrolimus values < 0.4, the lower quantification limit of the tacrolimus assay, 

were represented as 0.005 for plotting purposes on the graphs. Patients 1–6 were 

tacrolimus-naïve, and patients 7–10 were tacrolimus-exposed.  

 

2.3.10. M1 and tacrolimus shows similar microsomal stability 

 
 
 
 

 



88 
 

To determine if low blood exposure of M1 is due to faster hepatic metabolism. M1 

or tacrolimus (1 μM) was incubated with human hepatic microsomes (0.5 mg/ml) in a 

NADPH regenerative system, and drug loss was analyzed at 0, 20, 40 and 90 min using 

LC-MS/MS. The results showed that both M1 and Tacrolimus were rapidly eliminated by 

microsomes, with a half-life of 4 min and 3 min, respectively (Figure 20). This suggest M1 

and tacrolimus exhibit similar metabolic stability.   

 

 

Figure 20. M1 and tacrolimus exhibit similar metabolic stability. Tacrolimus (1 μM) 

was incubated with human liver microsomes (0.5 mg/ml) for 0, 20, 40 and 90 min. The 

remaining of parent compound was measured using LC-MS/MS. 

 

2.3.11. M1 exhibits low blood to plasma ratio  

Tacrolimus is rapidly eliminated via in vitro microsomal incubation. However, 

hepatic extraction is only 4% in the body(Jusko et al., 1995). And extensive RBC binding 

due to interaction with FKBP is a known rate-limiting factor for tacrolimus elimination 

(Nagase et al., 1994; Minematsu et al., 2004). C-9 ketone on tacrolimus is an important 

functional group for FKBP binding, which was converted to hydroxyl group through 
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bacterial metabolism (Clackson et al., 1998). Thus, we hypothesized that M1 might exhibit 

insignificant RBC binding as compared to tacrolimus, thus may lead to faster elimination. 

To determine the extent of RBC binding of M1, we examined the blood to plasma ratio 

(KRBC/PL) of M1. Tacrolimus or M1 was added to human blood or plasma and incubated at 

37°C for 1 h, and concentration of the chemicals in two matrices were measured using 

HPLC/MS/MS (Agilent 1200 HPLC interfaced with Applied Biosystems Qtrap 3200). M1 

shows KRBC/PL less than 1 at both concentrations; such value typically reflects an 

insignificant RBC binding (Emmons and Rowland, 2010). Moreover, a comparison of 

KRBC/PL between tacrolimus and M1 revealed the latter is about 4-fold lower (Table VIII). 

Thus, poor RBC binding of M1 may be responsible for rapid hepatic clearance and low 

blood exposure. 

 

Table VIII. Comparison of blood to plasma ratio between tacrolimus and M1 

Compounds KRBC/PL Fold 

difference 

Tacrolimus (5 nM) 3.27 ± 0.81  

4.05 
M1 (5 nM) 0.81 ± 0.26 

Tacrolimus (50 nM) 1.69 ± 0.61  

4.39 
M1 (50 nM) 0.39 ± 0.28 

Data were shown as mean±standard deviation. 
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2.3.8. Extensive tacrolimus metabolism may occur in the human small intestine. 

For gross estimation of the extent of tacrolimus metabolism in human small 

intestine, M1 production kinetic profiles were obtained using F. prausnitzii as a model 

bacterium. M1 production increased linearly with the incubation time of up to 4 h (Figure 

21A) and the amount of F. prausnitzii up to 1.2´108 cells/ml (Figure 21B). M1 production 

increased with the increasing concentrations of tacrolimus (Figure 21C) and did not reach 

a plateau at the highest concentration tested (50 μg/ml; a concentration attained when a 

typical tacrolimus oral dose 5 mg is dissolved in 100 ml water). Based on the assumption 

that bacteria in the human small intestine exhibit M1 production capabilities similar to that 

of F. prausnitzii in PBS, the extent of M1 production in the small intestine (at 50 μg/ml 

tacrolimus concentration) was estimated to be 1.9 mg.  

 

 

Figure 21.  M1 formation by small intestinal bacteria may be extensive. A, Tacrolimus 

(10 μg/ml) was incubated anaerobically with varying amounts of F. prausnitzii in PBS at 

37°C for 2 h. B, Tacrolimus (10 μg/ml) was incubated with F. prausnitzii (6.3×107 cells/ml) 

for varying time. C, Tacrolimus at varying concentrations was incubated with F. prausnitzii 
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(6.3×107 cells/ml) for 1 h. M1 concentrations in the reaction mixtures were analyzed by 

LC-MS/MS. 

 

2.3.12. One-day antibiotic treatment depletes gut bacterial abundance in mice 

To further determine the extent of tacrolimus metabolism by bacteria, we 

attempted to deplete gut bacteria and examine its effects on tacrolimus pharmacokinetics 

in mouse model. 3-day antibiotics’ treatment has been reported to alter expression of 

metabolizing genes and transporters (Kuno et al., 2016). We first determined whether 

short term antibiotics’ treatment can decrease bacterial abundance in mice while not 

affecting hepatic and intestinal expression of tacrolimus disposition genes (i.e., Cyp3a11 

and Abcb1) (Li et al., 2009; Vaidyanathan et al., 2016). Jejunum was selected to represent 

the small intestine because tacrolimus is mainly absorbed in jejunum in rodents 

(Watanabe et al., 1998). To this end, mice were given regular water (CON) or water 

containing vancomycin (0.5 mg/mL) and polymyxin B (0.1 mg /mL) (ABX) for one day. 

Measurement of fecal bacterial abundance after antibiotics’ treatment showed a 

significant decrease to 3% of the pre-administration value (Figure 22A). Correspondingly, 

the bacterial metabolism, determined by M1 formation from ex-vivo incubation of 

tacrolimus with mouse stool, was also significantly decreased after one-day antibiotic 

treatment (Figure 22B). Meanwhile, there were no significant changes observed in hepatic 

and jejunum expression of Cyp3a11 and two isoforms of Abcb1 (i.e., Abcb1a and Abcb1b) 

(Figure 22C, 22D). This result indicated that one-day antibiotic treatment with vancomycin 

and polymyxcin B at given concentration is sufficient to deplete bacterial abundance 

without altering the expression of tacrolimus disposition genes.  
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Figure 22. Antibiotic treatment reduces bacterial abundance in mice. C57BL/6J mice 

(n=4/group) were given drinking water with or without antibiotics (0.5 mg/mL vancomycin 

and 0.1mg /mL polymyxin B) for one day. Fecal samples were collected before and after 

antibiotics treatment. After 4 h of fasting, mice were sacrificed, and liver and small 

intestine were collected (A) Bacterial DNA was extracted from fecal pellet (30–70 mg) 

using QIAamp DNA Stool Mini Kit. Bacterial DNA was amplified by qPCR using universal 

bacterial 16S rDNA primer, and relative bacterial abundance was calculated using ΔΔCt 

method and normalized by weight of fecal pellet. (B) Tacrolimus (100 μg/ml) was 

incubated with mouse stool (50 mg/ml) anaerobically for 24 h at 37°C. M1 production was 

analyzed by HPLC-UV. Total RNA was isolated from mouse livers (50 mg) and Jejunum 

(50 mg/ml), (C) hepatic and (D) Jejunum expression of tacrolimus disposition genes was 

examined by qPCR and normalized by GAPDH.  
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2.3.13. Antibiotics do not alter tacrolimus PK in mice 

To determine the extent of contribution of bacterial metabolism on tacrolimus oral 

exposure, we performed a pharmacokinetic study in CON and ABX mice. Tacrolimus (2 

mg/kg) was given to mice through oral gavage, and a serial of blood was collected for 

measurement of tacrolimus concentration using LC-MS/MS. PK profiles of was 

subsequently plotted (Figure 23A). After oral administration, tacrolimus quickly reaches 

peak concentration (Cmax). Tmax occurred at 5 or 30 min in individual mice, indicating a 

rapidly absorption of tacrolimus from the intestine. Surprisingly, tacrolimus PK profile 

appears to be similar between control and antibiotic-treated mice, and the AUC (0-24 h) 

was not significantly different between two groups (Figure 23B). This result showed 

antibiotic treatment did not increase tacrolimus oral exposure in mice.  

 

Figure 23. Antibiotic treatment does not alter tacrolimus oral drug exposure in mice. 

C57BL/6J mice (n=6-7/group) were given drinking water w/o antibiotics (0.5 mg/mL 

vancomycin and 0.1mg /mL polymyxin B) for 1 day. After 4 h fasting, tacrolimus (Prograf 

injection, 2 mg/kg) was given orally. Multiple blood sampling was performed at 5, 30, 120, 

300, 480, 1440 min (10 μl / time point), tacrolimus concentration was measured by LC-

MS/MS. (A) PK profile of tacrolimus (B) AUC 

� � � �� �� �� ��
���

�

��

���

7LPH��K�

&
RQ
F�
�Q
J�
P
O�

3.�SURÀOH

CON
ABX

�

����

����

����

$8&

$8
&
��Q
J
P
LQ
�P
/�

n.s

%$

&21 $%;

A B



94 
 

 

2.3.14. Rodents are not good models to study bacterial metabolism of tacrolimus 

Antibiotic treatment depleted bacterial abundance without changing the expression 

of tacrolimus disposition genes in mice, yet no changes in PK were observed. Such an 

unexpected result leads to the hypothesis that tacrolimus metabolism by mouse gut 

bacteria may be insignificant at major drug absorption sites. Mouse small intestinal transit 

time is about 1-3 h (Padmanabhan et al., 2013). Considering tacrolimus is rapidly 

absorbed (tmax = 5 minute), most of the tacrolimus given orally is likely to be obsorbed in 

the small intestine and only contact with small intestinal bacteria. Therefore, we examined 

the extent of tacrolimus metabolism by mouse small intestinal bacteria. Mouse small 

intestinal content was collected by flushing the small intestine with pre-reduced YCFA. 

The bacterial mixture was prepared by centrifuging the content at 100×g for 5 minutes to 

obtain the supernatant, followed by 4000×g for 15 min and re-suspending the pellet in 1 

ml pre-reduced YCFA broth. Tacrolimus (10 μM) was incubated with bacterial mixture 

anaerobically at 37°C for 2 h, and the reaction was stoped by adding same volume of 

ACN with ascomycin as the internal standard. After centrifuge at 16000×g for 30 minutes, 

the supernatant was analyzed using LC-MS/MS. Compound X was shown to be 

metabolized by mouse small intestinal bacteria through demethylation (Unpublished 

result from our lab), and therefore, it was used as a positive control drug. After 2-hour 

incubation, there was a negaligible M1 formation, while a significant metabolism was 

observed for compound X (22.1%) (Figure 24A). This result confirmed our hypothesis that 

mouse small intestinal bacteria play a negligible role in metabolizing tacrolimus, which 

potentially explains why there is no difference in tacrolimus oral exposure between CON 

and ABX mice. We further examined if a rat can be an alternative model. However, 
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incubation of rat small intestinal content with tacrolimus also showed negligible M1 

production as compared to L-dopa to dopamine conversion (48%) (Figure 24B). L-Dopa 

was previously shown to be converted to dopamine by rat small intestinal bacteria (van 

Kessel et al., 2019) and used as a positive control drug. Thus, we conclude that rodents 

are not good models to study the contribution of tacrolimus metabolism by intestinal 

bacteria. 

 

Figure 24. Rodents’ small intestinal gut bacteria do not metabolize tacrolimus. 

Tacrolimus or a positive control compound (comopound X or L-dopa at 10 μM) was 

incubated with 250 μl of mouse (A) or rat (B) small intestinal content anaerobically at 37°C 

for 2 h, and the metabolite production was analyzed by LC-MS/MS. 

 

2.3.15. M1 producing enzyme(s) is cofactor-dependent and oxygen-sensitive 

oxidoreductase  

Conversion of tacrolimus to M1 is a  reductive reaction, suggesting that enzyme(s) 

involved are likely to belong to oxidoreductases (EC 1). A noteworthy feature of 

oxidoreductases is their dependency on cofactors NADP(H) or NAD(H) to catalyze the 
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reaction (Sellés Vidal et al., 2018). Thus, to confirm if the tacrolimus metabolizing enzyme 

indeed belongs to oxidoreductases class, we characterized the dependency of M1 

production on supplementation of NADP(H) or NAD(H). Tacrolimus was incubated with 

protein lysate of F. prausnitzii anaerobically at 37 °C, which was supplemented with major 

cofactors reported in microbial redox reactions (i.e., NAD, NADP, NADH, NADPH) 

(Geertz-Hansen et al., 2014). The same experiment was also performed aerobically to 

assess oxygen sensitivity of the reaction. The result showed that M1 formation was 

cofactor dependent, which requires one of the cofactors (i.e., NADH, NADPH) to serve as 

hydrogen donors (Figure 25). Moreover, M1 was only formed under the anaerobic 

condition that was independent of cofactor supplementation, suggesting the reaction is 

sensitive to the presence of oxygen (Figure 25). 

 

Figure 25.  M1 formation is NAD(P)H-dependent and oxygen-sensitive. Tacrolimus 

was incubated aerobically or anaerobically with F. prausnitzii lysate (1 mg/ml protein) at 

37°C for 24 h, supplemented with different cofactors. M1 formation was measured by LC-

MS/MS. 
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2.3.16. Identification of four oxidoreductases of F. prausnitzii converting tacrolimus 

to M1 

To identify F. prausnitzii oxidoreductases responsible for converting tacrolimus to 

M1, we selected candidate enzymes based on several criteria.   The genome of F. 

prausnitzii has 61 genes  annotated to encode oxidoreductases. Of 61 oxidoreductases, 

we excluded those that have homologs in either E. coli MG1655 K-12 or B. subtilis  BD168. 

Both E. coli MG1655  and B. subtilis BD168 are non-metabolizers that do not metabolize 

tacrolimus (Figure 26).  Each of 61 oxidoreductases in F. prausnitzii was used as bait to 

BLAST-search in the genomes of the two non-metabolizers, and homologs were identified 

with the cutoff of 90% overall coverage and 35% amino acid sequence identity (Rost, 

1999).  As a result, a total of 17 homologs  identified in non-metabolizers and excluded 

from further analysis (Table IX). Of the remaining 44,  21 enzymes were excluded as their 

functional annotations indicate that these enzymes mediate reactions other than ketone 

reduction (Table X). As a result, our final candidate list included 23 candidate 

oxidoreductases,  six of which are enzymes  predicted to catalyze ketone reduction and 

16 of which have uncharacterized functions.  
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Figure 26.  E. coli and B. subtilis does not metabolize tacrolimus. F. prausnitzii A2165,  

E. coli MG1655 and B. subtilis BD168 (OD600 1) were incubated with tacrolimus (5 μg/ml) 

anaerobically at 37°C for 24 h. The mixture was analyzed for M1 formation using LC-

MS/MS. 
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Table IX. Homologs of F. prausnitzii oxidoreductases in none-M1 producers 

 

Annotated F. prausnitzii oxidoreductase Locus tag E. coli  B. subtilis 
dTDP-4-dehydrorhamnose reductase RS05945  ✓ 

aldo/keto reductase RS07915 ✓ ✓ 

SDR family NAD(P)-dependent oxidoreductase RS08600  ✓ 

iron-containing alcohol dehydrogenase RS10360 ✓  

3-oxoacyl-[acyl-carrier-protein] reductase RS11265 ✓ ✓ 

pyrroline-5-carboxylate reductase RS01835 ✓  

glutamate-5-semialdehyde dehydrogenase RS01845 ✓  

NADP-specific glutamate dehydrogenase RS02705 ✓  

hydroxylamine reductase RS02710 ✓  

lactaldehyde reductase RS04400 ✓  

malate dehydrogenase RS05985 ✓ ✓ 

pyruvate:ferredoxin (flavodoxin) oxidoreductase  RS08900 ✓  

anaerobic ribonucleoside-triphosphate reductase RS10810 ✓  
tagaturonate reductase RS12590 ✓ ✓ 

acyl-CoA dehydrogenase RS01785  ✓ 

UDP-N-acetylmuramate dehydrogenase RS01105  ✓ 

dihydroorotate dehydrogenase RS06135   ✓ 

 

  



100 
 

 

Table X. List of enzymes mediating reactions other than ketone reduction 

 

Annotated F. prausnitzii oxidoreductase Locus tag Reaction type 
succinate dehydrogenase RS05640 C=C ⇌ C-C 

trans-1,2-dihydrobenzene-1,2-diol dehydrogenase RS02970 C=C ⇌ C-C 

sulfide/dihydroorotate dehydrogenase-like FAD/NAD-binding protein RS14200 SH2⇌ S or C=C ⇌ C-
C 

precorrin-6A reductase RS11845 C=C ⇌ C-C 

NADP-dependent isocitrate dehydrogenase RS07700 COOH ⇌ CO2 

prephenate dehydrogenase RS07950 COOH ⇌ CO2 

4-hydroxy-3-methylbut-2-enyl diphosphate reductase RS06200 OH ⇌ H2O 

4-hydroxy-tetrahydrodipicolinate reductase RS01310 OH ⇌ H2O 

N-acetyl-gamma-glutamyl-phosphate reductase RS08625 HPO4 ⇌ PO4 

nitroreductase RS03455 NO2 → NH2    

nitroreductase family protein RS05380 NO2 → NH2    

TlpA family protein disulfide reductase RS04690 S-S ⇌ SH+SH 

methylenetetrahydrofolate reductase RS05870 C-NH2 → CH3 + NH 

saccharopine dehydrogenase family protein RS04895 NH ⇌ NH2 

5,10-methylenetetrahydrofolate dehydrogenase RS14370 C-N ⇌ N=C 

IMP dehydrogenase RS01560 N=C → N=CO 

xanthine dehydrogenase RS01715 N=C ⇌ N=CO 

molybdopterin dehydrogenase RS01755 N=C → C-N   

phosphoadenosine phosphosulfate reductase RS09510 SO4 → SO3 

epoxyqueuosine reductase QueH RS10995 C-O-C → C=C 

homoserine dehydrogenase RS02560 C-OH ⇌ CHO 
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Table XI. List of oxidoreductases being cloned 

 

 

  

Label Annotated F. prausnitzii oxidoreductase Locus tag MW (Da) Reaction type 

1 2-dehydropantoate 2-reductase RS01135 35 C=O ⇌ C-OH 

2 Fe-S oxidoreductase RS02070 42 Uncharacterized 

3 ketopantoate reductase family protein RS02885 34 C=O ⇌ C-OH 

4 FAD-dependent oxidoreductase RS03425 69 Uncharacterized 

5 aldo/keto reductase RS04850 43 Uncharacterized 

6 SDR family oxidoreductase RS05250 29 Uncharacterized 

7 NAD(P)/FAD-dependent oxidoreductase RS06215 47 Uncharacterized 

8 flavin reductase family protein RS06260 21 Uncharacterized 

9 SDR family oxidoreductase RS07735 29 Uncharacterized 
10 aldo/keto reductase RS07915 36 Uncharacterized 

11 FAD-dependent oxidoreductase RS08025 52 Uncharacterized 

12 SDR family NAD(P)-dependent oxidoreductase RS08600 30 Uncharacterized 

13 aldo/keto reductase RS09180 29 Uncharacterized 

14 NAD(P)/FAD-dependent oxidoreductase RS09290 28 Uncharacterized 

15 SDR family oxidoreductase RS09765 48 Uncharacterized 

16 NAD(P)-dependent oxidoreductase  RS10445 41 Uncharacterized 

17 NADH:flavin oxidoreductase RS14490 36 Uncharacterized 

18 ketopantoate reductase family protein RS14585 38 C=O ⇌ C-OH 

19 D-2-hydroxyacid dehydrogenase RS03590 35 C=O ⇌ C-OH 

20 3-phosphoglycerate dehydrogenase RS06535 41 C=O ⇌ C-OH 

21 mannitol dehydrogenase family protein RS12675 59 C=O ⇌ C-OH 

22 Gfo/Idh/MocA family oxidoreductase RS01235 37 Uncharacterized 

23 Gfo/Idh/MocA family oxidoreductase RS01240 45 Uncharacterized 

24 Gfo/Idh/MocA family oxidoreductase RS12150 36 Uncharacterized 

25 Zn-dependent alcohol dehydrogenase RS03330 37 Uncharacterized 
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2.3.17. Identification of  four oxidoreductases convering tacrolimus to M1 

To identify the oxidorectase(s) responsible for M1 production in F. prausnitzii, 23 

respective candidate genes were cloned into pBAD22 carrying L-arabinose-inducible 

promoter and each of the resulting plasmids was transformed into E. coli LMG 194. 

Despite multiple attempts, the RS10445 gene (No. 16 in Table XI) could not be cloned for 

unknown reason, while the rest of 22 candidate genes were successfully cloned and 

transformants were obtained. We also cloned two additional genes (RS07915 and 

RS08600; No. 10 and 12 in Table XI) as negative controls. These two genes were initially 

excluded based on our selection criteria but were randomly included to confirm our 

approach to selecting candidate oxidoreductase genes. As a result, a total of 24 genes 

were cloned, and transformants were obtained. 

Each transformants was grown anaerobically and  treated by 0.1% L- arabinose to 

induce the expression of a candidate oxidoreductase, and examined for capability of 

converting tacrolimus to M1. Cultures without induction were also examined for 

comparison. Overexpression of four candidate enzymes (No. 4, 9, 17, and 25) was not 

visible by Coomassie blue staining, and changing arabinose concentration to 0.01% or 1% 

did not improve overexpression (data not shown). The rest of the enzymes were shown 

to be well expressed under inducing conditions (Figure 27). 

The results showed that four (No. 5, 8, 14, and 15 in Table XI) out 22 candidate 

oxidoreductases  are capable of producing M1. Two randomly chosen oxidoreductases 

(NO. 10 and 12) did not show tacrolimus metabolism (Figure 28). Although No. 14 gave 

highest conversion of tacrolimus to M1, we did not conclude it has the highest activity due 

to lack of enzyme kinetics study.  
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Figure 27.  Overexpression of oxidoreductases. The transformants were treated with 

(+) and without (-) L- arabinose at final concentration of 0.1%. Bacteria cells were harvest 

after 4 h of induction. 1X SDS-PAGE sample buffer was added to and boiled at 100°C for 

10 min to lyse the cells. The expression of candidate enzymes was examined using gel 

electrophoresis followed by Coomassie Blue staining. The red arrows indicate 

overexpressed enzymes.  
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Figure 28.  Multiple oxidoreductases are capable of producing M1. The tranformants 

were treated with (+) and without (-) L- arabinose at a final concentration of 0.1%. Cells 

were harvest after 4 h of induction. Bacterial culture was incubated with 5 μg/ml tacrolimus 

anaerobically at 37°C for 24 h. M1 production was measured using LC-MS/MS. The dash 

line represents 20% of the baseline M1 signal.  
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2.4. Discussion 

In this project, we have demonstrated that a wide range of commensal gut bacteria 

can metabolize tacrolimus into a novel metabolite M1 (9-hydroxy-tacrolimus). To the best 

of our knowledge, this represents the first experimental evidence for commensal gut 

bacteria being involved in the metabolism of tacrolimus. M1 is ~15-fold less potent than 

tacrolimus in inhibiting both the proliferation of activated T-lymphocytes and the growth of 

the yeast M. sympodialis. This result is consistent with the currently available structure-

activity relationships of tacrolimus analogs; modifications at the C-9 position affect the 

interaction of tacrolimus with its effector protein (i.e., FK506 binding protein 12) and lead 

to decreased immunosuppressant activities (Goulet et al., 1994).  

In animals and humans, tacrolimus is eliminated mainly via biliary excretion as 

metabolites (IWASAKI et al., 1998a; IWASAKI et al., 1998b; Möller et al., 1999). However, 

only a few metabolites have been identified upon tacrolimus incubation with hepatic 

microsomes, with 13-O-demethyltacrolimus being the major product (Christians et al., 

1991; Christians et al., 1992). Most tacrolimus metabolites remain unidentified (Iwasaki 

et al., 1993; Iwasaki, 2007), suggesting  that unknown metabolic pathways (potentially 

mediated by gut bacteria) may be responsible for their production. Our data from clinical 

samples reveal that the bacterial M1 product is present in both human feces and blood, 

supporting the notion of active metabolism of tacrolimus by gut bacteria. M1 concentration 

was found much lower as compared to tacrolimus in the blood, which is consistent with 

results from previous tacrolimus disposition studies using a radiolabeled compound 

(Moller et al., 1999). Since M1 is 15-fold less immunosuppressive than parent tacrolimus, 

it is unlikely M1 contributes significantly to immunosuppressive effects on the host. 

Although tacrolimus and M1 are both cleared rapidly upon in vitro hepatic microsomal 
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incubation, M1 shows 4-fold lower RBC binding that is known as a rate-limiting factor for 

tacrolimus clearance. Thus, low exposure of M1 may be explained by fast elimination in 

vivo.  

Multiple factors have been reported to contribute to the low and variable 

bioavailability of orally administered tacrolimus. These include differential expression 

and/or activity levels of cytochrome P450 enzymes (especially CYP3A5 polymorphism) 

and the drug transporter P-glycoprotein (P-gp) in the intestine and liver (Staatz and Tett, 

2004). Previous pharmacokinetic studies in healthy volunteers and renal transplant 

recipients have shown that hepatic extraction of tacrolimus is very low (i.e., 4-8%) (Floren 

et al., 1997; Tuteja et al., 2001), suggesting that the low oral bioavailability of tacrolimus 

is mainly due to drug loss in the gut. P-gp-mediated drug efflux and intestinal CYP3A-

mediated metabolism were proposed as major contributors to the loss. However, results 

from drug-drug interaction studies have shown that oral bioavailability of tacrolimus 

increases to at most ~30% when co-administered with ketoconazole, a potent inhibitor of 

CYP3As and P-gp (Floren et al., 1997; Tuteja et al., 2001); 50% of the oral dose is lost 

(not reaching systemic circulation) even when intestinal CYP3A and P-gp activities are 

blocked by ketoconazole.  

Our results also revealed that multiple commensal gut bacteria are capable of 

metabolizing tacrolimus, suggesting that differences in gut bacterial composition may lead 

to differential tacrolimus exposure in kidney transplant recipients. Gut bacteria that 

extensively metabolized tacrolimus into M1 (including F. prausnitzii) belong to the 

Clostridiales order. On the other hand, bacteria in Bacteroidales were found to be weak 

producers of M1 (i.e., detectable only by sensitive HPLC/MS/MS), and B. longum in 

Bifidobacteriales did not produce detectable amounts of M1. A previous study has shown 
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that fecal abundance of F. prausnitzii (belonging to Clostridiales order) was positively 

correlated with oral tacrolimus dose in 19 kidney transplant patients (Lee et al., 2015). 

However, we observed no differences in M1 production between high and low F. 

prausnitzii groups of stool samples. Also, we did not observe correlation between 

Clostridiales abundance and M1 production in the stool samples. This may be due to the 

small number of samples used for this exploratory study and/or the quality of samples 

non-optimal for enzymatic assays. The presence of multiple factors affecting gut bacterial 

gene expression in vivo such as nutritional status of the gut may further explain why we 

do not observe a correlation between our in vitro culture-based results and in vivo 

abundance of gut bacteria. For example, the amino acid arginine was shown to repress 

the expression of the gene encoding digoxin-metabolizing enzyme in E. lenta, thus 

reducing digoxin elimination by gut bacteria (Haiser et al., 2013b). Obviously, in vitro 

culture-based systems do not fully reflect the bacterial functions activated in the 

physiological gut ecosystem.  

We attempted to estimate the overall magnitude of tacrolimus metabolism in the 

human small intestine using F. prausnitzii as a model gut bacterium. F. prausnitzii was 

chosen because it is one of the most abundant bacterium (at the bacterial species level) 

in the human gut including the small intestine (Sokol et al., 2008; Qin et al., 2010; Lopez-

Siles et al., 2015). Our estimation indicates that about 1.9 mg of M1 may be produced in 

the small intestine during drug transit through the organ. Considering that the typical oral 

dose of tacrolimus ranges from 2 to 5 mg, a significant fraction of the orally administered 

tacrolimus may be lost by gut bacterial metabolism before absorption. Our results suggest 

that tacrolimus conversion to M1 in the gut may represent a previously unrecognized 

pathway of tacrolimus elimination in the gut, potentially contributing to tacrolimus loss in 
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the gut. This suggests that changes in the gut microbiota via antibiotics or diet could 

impact tacrolimus trough variability. In a retrospective cohort study of 260 kidney 

transplant recipients, our group recently identified that antibiotic administration is 

associated with tacrolimus trough variability, thus indirectly supporting a potential role of 

the gut microbiota on tacrolimus trough variability (Zheng et al., 2019). On the other hand, 

it should be noted that our calculation may grossly overestimate or underestimate the true 

extent of tacrolimus metabolism in the gut because (1) bacterial gene expression (and 

thereby function) in the gut is likely different from that in the laboratory medium used in 

our study; (2) the capacity of other gut bacteria to metabolize tacrolimus may be widely 

different as compared to that of F. prausnitzii; and (3) a low solubility drug such as 

tacrolimus may reach the lower gastrointestinal tract (Sousa et al., 2008a) and be 

presented to a large amount of gut bacteria in the colon. Slow absorption of tacrolimus 

over a prolonged period has been reported clinically (Venkataramanan et al., 1995).  

We also attempted to use rodent model to study the contribution of gut bacterial 

metabolism in oral drug exposure. However, we did not see significant difference in AUC 

between mice w/wo antibiotics’ treatment. Incubation of tacrolimus with mice small 

intestinal content showed negligible conversion. Suggesting mouse small intestinal 

bacteria does not significantly metabolize tacrolimus. Comparing the bacterial 

composition between mouse and human reveals a significant difference in major bacterial 

taxa in major tacrolimus absorption site: human duodenum and jejunum harbors major 

tacrolimus metabolizing bacteria Clostridia, represent 31% and 10% of the total bacteria 

respectively (Wang et al., 2005; Nadal et al., 2007). While it only account for 5% in our 

mouse model (data not shown). Thus, lacking tacrolimus metabolizing bacteria in small 

intestine may explain the unexpected result. Species difference need to be taken into 
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consideration when performing translation study for drug metabolism (Nguyen et al., 

2015).  

Our mechanistic study revealed oxidoreductases that utilizing NADPH/NADH as 

proton donors are enzymes responsible for mediating tacrolimus to M1 conversions in F. 

prausnitzii.  The nature of these enzymes being oxygen-sensitive for may be explained 

by the involvement of iron-sulfur clusters in the redox reaction, which is known to be 

decomposed by oxygen (Imlay, 2006). Through the heterogeneous expression of 

candidate oxidoreductases in E. coli, we found multiple oxidoreductases are capable of 

catalyzing ketone reduction of tacrolimus in F. prausnitzii. Their combined activity may 

explain the high conversion of tacrolimus to M1 by F. prausnitzii. This result may also 

explain the prevalence of tacrolimus metabolism by gut bacteria in previous in vitro 

experiments.  

In summary, we present the evidence of tacrolimus metabolism by gut bacteria, 

providing potential explanations for its low oral bioavailability. Tacrolimus metabolism into 

M1 may represent a novel elimination pathway that occurs before intestinal absorption of 

tacrolimus. While the extent of gut metabolism of tacrolimus on variable tacrolimus 

exposure remains to be determined, our data provide a novel understanding of tacrolimus 

metabolism and may explain variability in tacrolimus exposures in kidney transplant 

recipients and patients with glomerular diseases on tacrolimus therapy.  
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CONCLUSION AND FUTURE DIRECTIONS 

 

In my thesis project, we identified a bacteria-mediated tacrolimus elimination 

pathway. Both in vitro and in vivo results indicated that human gut bacteria could convert 

tacrolimus into less active metabolite M1 through ketone reduction. Beyond known 

contributing factors including CYP3A4/5 mediated oxidation and efflux by P-gp, bacterial 

metabolism of tacrolimus appears to be an additional important factor responsible for 

extensive intestinal extraction and low oral bioavailability observed in the clinic. From a 

mechanistic stand point, we discovered multiple oxidoreductases in F. prausnitzii that are 

capable of metabolizing tacrolimus to M1.  

Tacrolimus exhibits a narrow therapeutic index, such that over- and under-

exposure to tacrolimus increase the risks for drug-related toxicity and graft rejection, 

respectively. For a future direction, we aimed to investigate potential DDI resulted from 

inhibition of bacterial metabolism of tacrolimus. For example, co-administration of antiviral 

drugs, including telaprevir and boceprevir, were reported to increase tacrolimus AUC by 

70 and 17-fold, respectively (Garg et al., 2011; Coilly et al., 2014). Interestingly, both 

compounds are structurally similar as tacrolimus that contain α-keto amide, where the 

bacterial metabolism occurs. Thus, in addition to inhibiting CYP3A4/5 activity, competition 

for metabolizing enzymes with tacrolimus may also be a major reason for significantly 

enhanced tacrolimus oral exposure observed in the clinic. Fully understanding their roles 

in inhibiting bacterial metabolism of tacrolimus may help to optimize tacrolimus dosage 

regimen and improving graft outcomes in transplant recipients in the long run.  
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