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We provide a demonstration in humans of the principle of pharmaco-
metabonomics by showing a clear connection between an individual’s
metabolic phenotype, in the form of a predose urinary metabolite
profile, and the metabolic fate of a standard dose of the widely used
analgesic acetaminophen. Predose and postdose urinary metabolite
profiles were determined by 1H NMR spectroscopy. The predose spectra
were statistically analyzed in relation to drug metabolite excretion to
detect predose biomarkers of drug fate and a human-gut microbiome
cometabolite predictor was identified. Thus, we found that individuals
having high predose urinary levels of p-cresol sulfate had low postdose
urinary ratios of acetaminophen sulfate to acetaminophen glucuronide.
We conclude that, in individuals with high bacterially mediated p-cresol
generation, competitive O-sulfonation of p-cresol reduces the effective
systemic capacity to sulfonate acetaminophen. Given that acetamino-
phen is such a widely used and seemingly well-understood drug, this
finding provides a clear demonstration of the immense potential and
power of the pharmacometabonomic approach. However, we expect
many other sulfonation reactions to be similarly affected by competition
with p-cresol and our finding also has important implications for certain
diseases as well as for the variable responses induced by many different
drugs and xenobiotics. We propose that assessing the effects of micro-
biomeactivityshouldbeanintegralpartofpharmaceuticaldevelopment
and of personalized health care. Furthermore, we envisage that gut
bacterial populations might be deliberately manipulated to improve
drug efficacy and to reduce adverse drug reactions.

acetaminophen � p-cresol � bacteria � sulfate � glucuronide

The effects of drug treatments can vary greatly between different
individuals, and pharmacogenomics has been widely advocated as

a potential means of personalizing human drug treatments to increase
drug efficacy and to decrease adverse reactions (1–6). However,
environmental factors (such as nutritional status, gut bacterial activities,
age, disease, and other drug use) are also important determinants of
individual metabolic phenotypes, which modulate drug metabolism,
efficacy, and toxicity. Such environmental complications, which may
also alter gene expression, will tend to limit the usefulness of predictions
of drug-induced responses that are based only on genomic differences
(7, 8). For instance, for many classes of compound, enzyme induction
state, which is environmentally determined, influences drug metabo-
lism and toxicity and this is not captured in genomic data. Recognizing
this important limitation of pharmacogenomics, a different approach to
personalized drug treatment has recently been proposed wherein
predose metabolite profiling would instead be used to predict a subject’s
responses to potential drug interventions (9). This ‘‘pharmacometabo-
nomic’’ approach has a number of major advantages, which include the
ready availability and relative ease of analysis of biofluids, such as urine
and blood plasma, as well as the fact that the derived metabolite profiles
are sensitive to both genomic and environmental influences affecting
metabolism. A further crucial advantage and feature of this metabo-
nomic approach is its openness to finding unexpected biomarkers and
biomarker combinations, as multiple analytes are quantified simulta-
neously without prespecification of what those analytes should be (10).

The only factors limiting which analytes are detected are the nature of
the sample that is analyzed and the analytical platform used. Thus,
pharmacometabonomic modeling need not be limited by prior under-
standing or hypothesis. However, despite much support and enthusiasm
for the concept (9, 11–13), there has, until now, to the best of our
knowledge, been no convincing pharmacometabonomic demonstra-
tion in humans.

To test the feasibility of applying the pharmacometabonomic
approach to man, we chose as our example the well-known anal-
gesic and antipyretic drug acetaminophen (N-acetyl-p-aminophe-
nol; known as paracetamol in Europe). Acetaminophen is one of
the most widely used nonprescription medicines in the world and its
toxicology and metabolism have been extensively investigated over
many years (14–20). However, we will show here that, even for this
most familiar drug, pharmacometabonomic analysis will yield sig-
nificantly increased understanding of its metabolic behavior in
humans. These findings have considerable implications for person-
alized drug treatment in general and lead to new and testable
hypotheses for a number of diseases.

Acetaminophen was chosen to exemplify the pharmacometabo-
nomic principle for a variety of reasons, which included its common
usage and its low toxicity at therapeutic doses, which was necessary
to establish an ethically approved clinical trial. It is also predomi-
nantly and relatively rapidly eliminated in the urine (15–19). Thus,
by collecting postdose urine samples we could study the manner of
its excretion by each subject, such excretion being known to show
considerable intersubject variation (20). Precisely how a particular
drug is metabolized and excreted by each individual can have a
major influence on its safety and efficacy. Thus, for instance,
greater or lesser production of a toxic metabolite might be expected
to influence the extent of an adverse effect, whereas the rate of
removal of the pharmacologically active compound might be ex-
pected to influence the extent and duration of the desired phar-
macological action. With this in mind, the aim of the present study
was to determine whether metabonomic analysis of predose human
urine would allow prediction of some aspect of acetaminophen
metabolism or excretion at the individual subject level and, thereby,
provide a proof-of-principle for the feasibility of pharmacometa-
bonomics in humans.
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Our ethically approved study (SI Text) was based on 99 healthy
male volunteers who were all nonsmokers between 18 and 64 years
old with a condition of their participation being that they had not
taken any drugs in the preceding week. Each participant provided
a predose urine sample and then, after taking a standard thera-
peutic dose of acetaminophen (two 500-mg tablets), each was
requested to collect all of his postdose urine over 2 consecutive 3-h
periods (0–3 h and 3–6 h after dosing). All of the samples were
analyzed by 600 MHz 1H NMR spectroscopy with the predose
spectra providing profiles of the detectable, naturally occurring
(endogenous) metabolites and the postdose spectra providing
profiles of the acetaminophen-related compounds superimposed
on an endogenous metabolite ‘‘background.’’ From these NMR
spectra and the known urine volumes, the urinary acetaminophen-
related compounds excreted by each subject over each postdose
collection period were quantified as acetaminophen sulfate (S),
acetaminophen glucuronide (G), and ‘‘other,’’ with the ‘‘other’’
components expected to be mainly the parent, cysteine conjugate,
and N-acetylcysteine conjugate (17–19). We then searched for
components of intersubject variation in the predose spectra that
would correlate with intersubject variation in the postdose data.
However, from the outset, prediction of the S/G ratio was of
particular interest because this ratio is known to show extensive
interindividual variation and is assumed to be indicative of the
relative extent to which acetaminophen is metabolized via 2 major
phase 2 conjugative processes (O-sulfonation and glucuronidation)
that impact on the metabolism of many different drugs (20, 21).
Additionally, we expected that the S/G ratio would be less suscep-
tible to any sample collection errors than the absolute amounts of
metabolites excreted.

Results and Discussion
The Urinary Excretion of Acetaminophen and Its Metabolites. We
found that �30% of the 1-g dose was recovered (as any acetamin-
ophen-related compound) in each of the 2 postdose urine collection
periods (0–3 h and 3–6 h), this being consistent with the findings
of an earlier report (15) where the urinary excretion of acetamin-
ophen, S and G was studied at 1.5-h intervals after a 12 mg/kg dose.
Furthermore, we found that, in terms of moles, the combined
excretion of S and G typically accounted for �85% of the total
amount of acetaminophen-related compounds recovered in each
collection period, this being consistent with the 24-h urinary
recoveries from 111 Caucasians given a 1.5-g dose (20). Represen-
tative predose and postdose spectra are shown in Fig. 1.

The average S/G ratios for the 2 postdose collections were found
to be 0.71 (0–3 h) and 0.53 (3–6 h), respectively, with the S/G value
for each individual subject always being lower in the 3–6 h collection
than in the 0–3 h collection, and this change in the S/G ratios being
consistent with what has been reported for the early excretion of a
20-mg/kg dose (17). Furthermore, there was a clear correlation
between the S/G 0–3 h and S/G 3–6 h data (r � 0.927). However,
a plot of these data indicated an outlier and it was judged, from this
and from an unusually low excretion of acetaminophen-related
metabolites, that this subject had not fully collected his 0–3 h
sample. With this subject excluded, the correlation between S/G
0–3 h and S/G 3–6 h was slightly improved (r � 0.948). A moderate
(17%) decrease in average S excretion was observed between the
2 collection periods along with a largely compensating increase in
average G excretion. Having excluded the 0–3 h data for the 1
subject who appeared not to have collected his 0–3 h urine properly,
the correlation coefficients between the observed S/G ratios and
the amount of S excreted were found to be 0.510 (0–3 h) and 0.835
(3–6 h), respectively. Likewise, the correlation coefficients between
S/G and the amount of G excreted were found to be �0.738 (0–3
h) and �0.803 (3–6 h), respectively. Precautionary checks showed
that the amounts of S and G excreted, and the S/G ratio, were not
related to the age of the subjects or to their body mass or to the
order in which the samples were analyzed (Table S1).

Examination of the Predose Spectral Profiles. Our initial way of
searching for relationships between the predose and postdose data was
by means of the PLS (Projection to Latent Structure)-based pattern
recognition methods that are typically used in metabonomic studies
(22) and which had proved highly effective in our earlier animal-based
work (9). However, in the present case, the PLS-based approach was
relatively unproductive (SI Text) and, subsequently, we made a detailed
visualcomparisonofcreatinine-normalizedpredosespectra forsubjects
at the 2 ends of the S/G ratio distribution (25 subjects at each end). With
this revised and relatively simple approach, we found 2 potentially
discriminatory predose metabolites, later identified as the microbial
cometabolites p-cresol sulfate (PCS) and phenylacetylglutamine
(PAG), with higher levels of these metabolites being visually associated
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Fig. 1. Representative 1H NMR spectra of urine samples provided before and
after taking 1 g of acetaminophen. (A) The � 8.0–0.5 region of the predose urine
spectrum for a subject whose urine contained a relatively high level of p-cresol
sulfate. (B) The corresponding 0–3 h postdose urine spectrum, which shows a
relatively low ratio of acetaminophen sulfate to acetaminophen glucuronide. (C)
The � 8.0–0.5 region of the predose urine spectrum for a subject whose urine did
not contain a high level of p-cresol sulfate. (D) The corresponding 0–3 h postdose
spectrum, which shows a relatively high ratio of acetaminophen sulfate to
acetaminophen glucuronide. To facilitate their comparison, all these spectra
were processed in the same way, without resolution enhancement and with a
digitalfilterusedtominimizetheresidualwaterfeatures,whichwouldotherwise
be observed at �� 4.7. Furthermore, each spectrum has been scaled so that the
creatinine methylene peak at �� 4.06 is just on scale (with the result that
the corresponding creatinine methyl peak at �� 3.05 is off scale in each case). The
Insets, which are expansions of selected spectral regions, are scaled to fill
the available space. Key to numbered peaks: 1, creatinine; 2, hippurate; 3,
phenylacetylglutamine; 4, p-cresol sulfate; 5, citrate; 6, cluster of N-acetyl groups
from acetaminophen-related compounds; 7, acetaminophen sulfate; 8, acet-
aminophen glucuronide; 9, other acetaminophen-related compounds.
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with lower S/G values (Figs. 1 and 2). These findings were supported by
principal-components analyses (PCA) focused on the aromatic region
(� 9.1–6.9) of the predose NMR spectra (SI Text and Fig. S1), and no
other components of the predose spectra were found to have such clear
discriminatory potential in regard to the S/G ratios observed. On closer
inspection, the predose urinary levels of PCS and PAG were found to
be broadly correlated (r � 0.75), which, in retrospect, was unsurprising
because there is a significant degree of commonality in their origins
before the final sulfate and glutamine conjugations; thus, p-cresol and
phenylacetic acid are known to be produced from tyrosine and phe-
nylalanine, respectively, with these conversions being largely analogous
and dependent on the action of colonic bacteria (23) (Fig. 3). However,
our further analysis, using integrated predose spectral band intensities
and numerical single variable discovery procedures, showed that, of all
the individual spectral components, only PCS was likely to provide
statistically significant discrimination with respect to S/G (SI Text).

Further Analyses Focused on PCS. To get the best possible measure of
the level of PCS relative to creatinine, which, for this study, was a
suitable internal reference compound for the urinary quantitation (SI
Text), selected peaks in the predose NMR spectra were then integrated
after local baseline correction. The peaks chosen for integration were
the PCS methyl singlet at �� 2.35 and the creatinine methylene singlet
at �� 4.06 and the relevant integral ratios [designated I.R., where I.R.
� (integral of PCS methyl)/(integral of creatinine methylene)] obtained
for each of the 99 subjects are presented in Fig. 4, where these predose
data are plotted against the corresponding S/G ratios for the 2 postdose
collections. From inspection of Fig. 4, it is readily apparent that a high
predose level of PCS (I.R. � 0.06) is associated with a low S/G ratio
postdose and use of the Mann–Whitney U test in conjunction with an
appropriate Bonferroni correction (100) (SI Text) confirmed the sta-
tistical significance of the distribution of the high PCS group (25
subjects) with respect to the S/G ratios obtained in each postdose
collection. The Bonferroni correction was applied to counter the

multiple hypothesis testing that results from the multivariate nature of
metabonomic data (24). With a Bonferroni correction of 100, the P
value for 95% confidence becomes 0.05/100 � 5 � 10�4 and the P
values obtained from the Mann–Whitney tests were 1.0 � 10�4 (for S/G
0–3 h) and 1.2 � 10�4 (for S/G 3–6 h).

In the preceding analysis of the full data set (all subjects
included), we found a high predose level of PCS to be associated
with a low S/G ratio postdose and, clearly, that postdose ratio could
be affected by variation in the amounts of both S and G excreted.
However, because the conversion of p-cresol to PCS is analogous to
the conversion of acetaminophen to S (Fig. 3), the observed
connection to predose PCS strongly suggests that the relevant
controlling factor is the amount of S excreted. Furthermore, with
lower S/G ratios being observed in the 3–6 h collection than in the
0–3 h collection, it appears that 1 g of acetaminophen represents a
substantial challenge to the sulfonation capacity of the subjects
studied. The extent to which any compound undergoes sulfonation
can potentially be limited both by the availability of the sulfonate
donor, 3�-phosphoadenosine 5�-phosphosulfate (PAPS), and by the
characteristics and availability of the relevant sulfotransferase en-
zyme (25). Thus, in the present context, it is particularly notable that
p-cresol and acetaminophen are both substrates for the same
human cytosolic sulfotransferase, SULT1A1 (26), and can, there-
fore, compete for enzyme binding sites as well as for PAPS.
Furthermore, in contrast to what has been reported for rats (27),
recent literature suggests that p-cresol is almost entirely converted
to PCS in humans (28–30). Thus, we envisaged that an individual’s
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Fig. 2. Selected regions of 1H NMR spectra obtained from predose urine
samples with color-coding according to postdose behavior. All of the plots were
produced in MATLAB with each individual NMR spectrum being normalized to
constant creatinine. (A) An expansion of the � 2.335–2.360 spectral region, which
contains the methyl signal from p-cresol sulfate (PCS), with the individual spectra
for the 25 subjects giving the highest postdose 0–3 h S/G ratios shown in blue and
superimposed on the individual spectra for the 25 subjects giving the lowest
postdose0–3hS/Gratios showninred. (B) ThesameplotasAbutwith thefurther
addition of the corresponding data for the other 49 subjects (shown in green). (C)
The same spectral region and the average spectra for the 3 different groups, with
thesamecolorcoding. (D)Thesameaveragepredosespectra,withthesamecolor
coding, over the region of � 7.18–7.32, which contains the PCS aromatic signals
(the pair of pseudo ‘‘doublets’’ centered at �� 7.21 and at �� 7.29). In all plots
‘‘a.u.’’ designates arbitrary units. In plots A and B, some spectra are obscured by
the subsequently superimposed spectra.
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capacity to sulfonate acetaminophen will be reduced by ongoing
presentation of endogenous p-cresol, and the potential competitive
significance of the p-cresol challenge was confirmed by calculation
(SI Text). On the basis of this hypothesis, we examined, with the full
data set, the postdose excretion of both S and G and found that, in
the 3–6 h collection, the high predose PCS subjects (I.R. � 0.06)
were clearly associated with lower S excretion (P � 2.3 � 10�5 with
95% confidence at P � 5 � 10�4 after Bonferroni correction).
Furthermore, a similar and statistically significant (P � 1.6 � 10�4)
relationship was found when the S excretion values for this collec-
tion period were first corrected to unit body mass. Thus, these data
are fully consistent with the hypothesis that substantial predose
production of endogenous p-cresol can reduce an individual’s
ability to sulfonate acetaminophen by acting as a competitive
substrate (Fig. 3). As regards the site of this competitive sulfonation,
the colonic mucosa is known to have significant sulfonation capac-
ity (25, 31) and could potentially convert colonically produced
p-cresol to PCS. However, with acetaminophen being rapidly
absorbed from the small intestine and with the liver being regarded as
the principal site of its metabolism (17), we envisage that some
colonically produced p-cresol may escape further colonic modification
and be sulfonated in the liver rather than in the gastrointestinal tract.

Influence of Experimental Variables. To check for experimental
variables that might be influencing these data, the distribution of
the 25 high predose PCS (I.R. � 0.06) subjects was also investigated
with respect to analytical run order and with respect to the data
obtained for subject age, height, body mass, and body mass index
(BMI), but no association was found. However, it was noticeable
that the 10 subjects showing the highest predose PCS levels (I.R. �
0.09) tended to be older (P � 0.01) and shorter (P � 0.02)
individuals who would, in general, be expected to have less muscle
mass and to excrete less creatinine. However, the first of these
findings also suggests that aging might lead to increased p-cresol
production, and this could potentially be caused by age-related
changes in the nature of the gut bacteria (32). Furthermore,
whereas, in the present study, we found no clear evidence of a
relationship between the S/G ratio and age, an age-related decrease
in acetaminophen sulfonation has been observed in male rats (33).
To further check the basis of our findings we also reexamined the
data after first excluding all those subjects where there was any
known or suspected noncompliance with the study protocol [e.g.,
where a sensitive analysis of a subject’s predose urine sample
suggested some prior use of acetaminophen or where there was
evidence of recent alcohol consumption (SI Text)]. With the
remaining 78 subjects, the graphical relationship between predose
PCS and the S/G ratio was maintained [the P values for the
distribution of the high PCS subjects (I.R. � 0.06) with respect to
S/G 0–3 h and S/G 3–6 being 7.4 � 10�4 and 9.9 � 10�4,
respectively] and statistical significance was still achieved for the
distribution of the high predose PCS subjects with respect to the
absolute amount of S excreted during the 3–6 h collection (P �
3.4 � 10�4). We, therefore, conclude that the perceived predose to
postdose connection is real.

Potential Biomedical Significance. Although the potential signifi-
cance of gut bacteria in relation to human metabolism, disease, and
drug-induced reactions is becoming increasingly well recognized
(34–41), we have not seen any previous report of the present
finding, which could be of considerable importance if it can be
proven to hold for the wider human population or for specific
subsets of that population.

We envisage that, by depleting hepatic sulfonation capacity,
continual exposure to colonically produced p-cresol would leave the
liver more vulnerable to acetaminophen-induced damage and that
markedly increased p-cresol production could potentially explain
the reported association between fasting and an increased likeli-
hood of hepatotoxicity from acetaminophen (42, 43). However, in
principle, sustained prior exposure to colonically produced p-cresol
could also potentially increase acetaminophen hepatotoxicity by
other means, such as by enzyme induction or glutathione depletion
(44–46), and preliminary data (SI Text) suggest that high p-cresol
exposure might lead to a more generalized impairment of sulfur-
dependent reactive metabolite detoxification, with PAPS depletion
possibly leading to depletion of both taurine and glutathione.
However, it remains to be investigated if our present finding has any
significance for adverse reactions to acetaminophen. Instead, the
wider and more obvious significance of our finding lies in its
potential consequences for sulfonation reactions in general and in
suggesting a potentially causal link between certain diseases and the
gut bacteria.

Many different compounds are substrates for sulfotransferase-
catalyzed sulfonation, which, by making them more hydrophilic, has
a major role in modifying the physical properties of both small and
large molecules. Thus, sulfonation facilitates the excretion of many
compounds and is crucial to the structure and properties of
macromolecules such as chondroitin sulfate (a component of
cartilage). Notably, many drugs and/or their hydroxylated metab-
olites are phase II conjugated via sulfonation. Among several other
important functions, sulfonation is also known to have a role in
modulating the action of hormones and neurotransmitters and
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appears to be especially important during early human develop-
ment (21, 25, 26, 47–51). There are various human sulfotransferases
(both cytosolic and membrane-bound), but human cytosolic sulfo-
transferase SULT1A1, which acts on acetaminophen, has a broad
substrate range and is one of the most important sulfotransferases
for xenobiotic sulfonation as well as acting on several endogenous
substrates (26, 51). Additionally, a key feature of sulfonation in
higher organisms is that all such reactions use PAPS as the universal
sulfonate donor. Thus, we might reasonably expect that, by com-
peting for PAPS or for one or more sulfotransferases, the flux of
p-cresol through the system will affect the sulfonation of a wide
range of drugs and endogenous compounds, thereby influencing
normal bodily processes as well as drug metabolic fate, efficacy, and
toxicity. However, given what is known about gut bacterial produc-
tion of p-cresol from protein residues (23, 43, 52–54) (Fig. 3), with
Clostridium difficile being one of a number of p-cresol producers
(53, 54), our present results show that environmental factors can
exert a dominant influence on the extent to which a compound
becomes sulfonated in the human body. Thus, we would expect that,
by altering the amount of p-cresol produced, variation in either the
diet or the gut bacteria could potentially exert a major influence on
drug-induced responses or diseases where sulfonation has an im-
portant role.

In its role as a hypotensive agent, minoxidil provides one example
of a drug where sulfonation is considered to be important in
producing the desired pharmacological effect (55). However, sul-
fonation is not always beneficial, and tamoxifen, which is used in
treating breast cancer, provides an example of a drug where
sulfonation has been suggested to be important for the development
of an associated adverse reaction, namely an increased incidence of
endometrial cancer. Thus, it has been suggested that tamoxifen-
DNA adducts are formed via O-sulfonation (56). As a further
example, sulfonation phenotype could potentially influence both
the efficacy and side-effects of apomorphine, for which sulfonation
is the major metabolic pathway in humans (57). As regards known
associations with disease, hyperactivity in children provides one
example of a condition that has been associated with increased
p-cresol levels and where the involvement of dietary factors is also
suspected (58). Furthermore, an increased urinary level of PCS has
been associated with the progression of multiple sclerosis (59, 60).
Additionally, various other diseases (Parkinson disease, motor
neuron disease, rheumatoid arthritis, and childhood autism) have
been associated with a reduction in the S/G ratios obtained after
acetaminophen dosing (61–63), which leads us to tentatively sug-
gest, on the basis of our current findings, that excessive gut bacterial
p-cresol production might also have some relevance to their etiol-
ogy, with further circumstantial evidence coming from additional
associations with gastrointestinal abnormalities (64–67). However,
it should be clearly recognized that these various associations do not
prove a causal role for p-cresol in respect of these diseases and also
that p-cresol can exert a variety of effects (27–30, 43, 45, 46, 68–73)
such as blocking the conversion of the neurotransmitter dopamine
to noradrenaline (68). Therefore, as far as we are aware, any
involvement of p-cresol in respect to these diseases remains to be
proven as well as the exact nature of any such involvement.
However, one general hypothesis would be that where the diet or
the profile of the gut bacteria is altered in favor of p-cresol
production, impaired sulfonation and other effects can result such
that, depending on a subject’s individual characteristics and state of
development, a variety of consequences would be expected.

Conclusions and Future Prospects. In the population studied, in this,
our first pharmacometabonomic study in humans, we have found a
clear association between an individual’s predose urinary metab-
olite profile and the postdose urinary fate of acetaminophen.
Further investigation will be required to determine the extent to
which this association holds for the wider human population, but it
is encouraging that, in hindsight, it makes such clear biochemical

sense. Thus, our findings strongly suggest that a person’s capacity
for acetaminophen sulfonation can be significantly reduced by
competitive p-cresol sulfonation, with p-cresol known to be pro-
duced from protein-derived tyrosine in reactions involving gut
bacteria. Given the range of substances for which sulfonation is
important, this finding suggests a means by which the gut bacteria
might influence both drug-induced responses and disease develop-
ment. Furthermore, given that acetaminophen is so widely used and
has been extensively studied over many years, our findings provide
a remarkable demonstration of the power and potential of the
pharmacometabonomic approach, which we hope will eventually
be used to improve drug treatment outcomes. With a view to the
future practicality of this exciting approach, it is also encouraging
that the present result was obtained without the potential advantage
of a standard diet and using only ‘‘snapshot’’ predose urine samples.
Furthermore, we envisage that rapidly growing recognition of the
multiple metabolic interactions between humans and their gut
symbionts, and the potential significance of the latter in regard to
disease, drug efficacy, and adverse drug reactions, will lead to a
revolution in the way that drugs are developed. We also envisage
that, in certain cases, gut bacteria will be the principal target of drug
action (41), and that in some other cases, gut bacteria will be
manipulated by some prior or accompanying treatment in order to
improve drug treatment outcomes.

Materials and Methods
Full details are provided in the SI Text. The study volunteers were nominally
healthy men between 18 and 64 years old. Urine samples were prepared for NMR
analysis by mixing 440 �L of urine with 220 �L of phosphate buffer (pH �7.4 to
which sodium azide had been added as an antibacterial preservative), and the
mixture was centrifuged to remove suspended particles. 550 �L of ‘‘clear’’ buff-
ered urine was transferred to a sample vial and 55 �L of a TSP/D2O solution was
added to give a final TSP concentration of 1 mM. TSP (sodium 3-trimethylsilyl-
[2,2,3,3-2H4]-1-propionate) is a chemical shift reference compound used in the
NMR experiment and the D2O provided a field/frequency lock for the NMR
spectrometer. The 1H NMR spectra of the prepared urine samples were acquired
at 303 K on a Bruker Avance 600 NMR spectrometer equipped with a flow probe
and operated by means of the Xwinnmr software (all from Bruker Biospin). The
‘‘noesypresat’’ pulse sequence was used to suppress the water signal and to
acquire the data, and the spectral acquisitions were automated by using the
IconnmrsoftwareandaBESTsamplechanger (bothBrukerBiospin).Theacquired
data were processed using Xwinnmr. 1-Hz line-broadening was applied to the
predose 1H NMR spectra by means of an exponential multiplication of the free
induction decay signal and these time-domain data were Fourier-transformed to
frequency-domain spectra with a single zero-filling and with a digital filter used
to reduce the size of the residual water signal. The resulting spectra were
manually phased to give an even baseline around the NMR signals, and the
baseline of each spectrum was manually adjusted to zero intensity by using a
straight-line baseline correction algorithm. The chemical shift scale was set by
assigningthevalueof � 0tothesignal fromtheaddedreferencecompound(TSP).
The postdose 1H NMR spectra were processed similarly, using 0.3-Hz line broad-
ening, and subsequently with resolution enhancement, and a measure approx-
imating to the mole ratio of acetaminophen sulfate (S) to acetaminophen gluc-
uronide (G) was determined by integration of the respective resolution-
enhanced N-acetyl peaks. For each subject and collection period, relative
measures of the amounts of S and G excreted were also determined, by reference
to the added TSP and the mass of urine collected. Except where stated, these
excretion values were not adjusted to excretion per unit of body mass. Subse-
quently, the predose spectra were loaded into MATLAB using in-house software
and normalized to a constant integral for the � 4.07–4.05 region, which encom-
passes the creatinine methylene singlet. Average group spectra were then cal-
culated in MATLAB and various spectral plots were made and examined. After
integrating each predose spectrum over consecutive 0.04-ppm spectral segments
and then normalizing these integrals to a constant value for the integral for the
� 4.07–4.05 region, principal-components analysis of the integrals for the �

9.1–6.9 region was performed in Pirouette 3.11 (from Infometrix) using mean-
centered variable scaling. The PCA was also repeated after normalization to a
constant integral for the � 3.07–3.03 region, which encompasses the creatinine
methyl singlet (Fig. S1). Local baseline correction and integration of selected
peaks in the predose spectra was performed in Xwinnmr. Statistical significance
of abstracted data was assessed by using the Mann–Whitney U test. See also
Tables S1–S4.
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