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Abstract
A new strategy that takes advantage of the synergism between NMR and LC-HRMS (SYNHMET), and that
allows to obtain a unique list of the absolute concentrations of 164 metabolites in urine, is presented.
Metabolite identi�cation and quanti�cation by this method in one of the most di�cult bio�uids to
characterize, due to complexity and variability, is more accurate than what can be obtained using the two
techniques separately. This result is achieved without the need for chemical reactions to cross-check the
data between the two types of spectra, nor the use of analytical standards and calibration curves. The
fact that the absolute rather than relative concentration is obtained allows the �nal dataset to be used to
determine a patient's personalized pro�le. The number of quanti�able metabolites by the application of
this method can be expanded in the future with further analysis. We will illustrate the use of SYNHMET in
the study of urine samples from healthy subjects, patients with chronic cystitis and bladder cancer.

Introduction
Biochemical discoveries over the last hundred years have made it increasingly possible to characterize
the metabolic pathways in our bodies, to develop new drugs and to monitor human nutrition and lifestyle.
Although our biochemical knowledge is increasingly broad, it remains divided into speci�c areas, such as
the characterization of genetic make-up or transcriptional factors underlying the expression of key
proteins involved in certain physiological or pathophysiological processes. It is in this context that
metabolomics has come into its own, in order to mend the cracks that exist between the different
disciplines hitherto used to study our biochemical mechanisms 1. Considering that a single change in a
DNA base can lead to the observation of alterations in metabolite concentrations of up to 10,000-fold
changes 2, metabolomics represents a highly sensitive probe for depicting our phenotype. Thanks to the
development of new analytical technologies for obtaining and processing biochemistry data,
metabolomics as an omics discipline is under constant development. In the last 20 years alone, more
than 5,000 papers have been published on the subject, establishing it as one of the fastest growing
disciplines 3.

The most used analytical chemical platforms in metabolomics are mass spectrometry (LC-MS; GC-MS,
CE-MS, IMS-MS) and nuclear magnetic resonance (NMR) spectroscopy. As reported in many papers,
these have several features that make them complementary 4. MS techniques are highly sensitive and
allow the detection of thousands of compounds at different concentration ranges, expanding the
description of a metabolic pro�le in detail with just a few microliters of sample. The identi�cation of
detected compounds by mass is a more complex process than in NMR. Indeed, the identity of metabolites
by mass is solved by measuring the mass-to-charge ratio (m/z) of the ionized molecule and/or its ionized
molecular fragments and comparing them with reference spectra and/or using analytical standards 5.
Furthermore, not all MS techniques have the same degree of reproducibility. LC-MS measurements are
less reproducible, making the identi�cation of compounds more complex 6.
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Unlike mass spectrometry, NMR is not a destructive technique and, in many cases, requires minimal
sample preparation. The ability to determine the identity of a compound with a single analysis (1H-NMR)
is very accurate and fast. However, it has low sensitivity when compared to MS 3, making it possible to
quantify only a portion of the metabolome.

A good combination of sensitivity and ease of identi�cation represents the best compromise to perform a
metabolomics analysis. So far, few studies present a combined use of both techniques, and these have
directed efforts towards the development of statistical methods for weighing the two datasets 4 and for
the structure determination of new compounds in commonly studied bio�uids 7. Given the high
complementarity of the two techniques, it is very useful to try to combine the data obtained separately
with NMR and MS to improve the ability to classify the "metabotypes" under investigation 8.

The most comprehensive study that has attempted to expand the limits of NMR use in urinary
metabolomics comes from the laboratory of Prof. Wishart 9. A total of 120 substances were spiked into
the urine samples to identify the position of the peaks and thus a total of 209 metabolites could be
quanti�ed. Of this total, however, only 62% were detected in more than 80% of the samples. This detail is
of great importance when trying to obtain a dataset for metabolomics studies, since the statistical value
of the set of variables decreases as the lack of data increases. On the other hand, this number of
quanti�ed metabolites has not been replicated, to the best of our knowledge, in any subsequent study,
indicating that to reach this number requires great expertise and the use of many standards.

More recently, an original strategy was developed using a set of more than 4000 synthetic samples that
mimic the composition of different urine samples 10. The important novelty of this approach was that the
authors considered the concentration of metabolites "invisible" to NMR, as metals, to predict the chemical
shift of the observable metabolite signals. Using a calculation algorithm, it is possible to obtain the
composition of urine samples including up to 91 metabolites, comprising 11 metals. However, the
variable presence of substances that can hide the signals of certain metabolites, makes it unlikely to
provide this information for all samples using only NMR information.

In a study performed at two different �elds (600 and 700 MHz), and using a list of 151 metabolites
potentially quanti�able in urine, it was found that only 33% (50 metabolites) presented data that
correlated strongly between the values obtained in the two experimental conditions 11. This result sets a
limit to the number of compounds that can be accurately quanti�ed in urine using NMR and all studies in
the literature use a dataset comprising a number similar to this 12–17.

The fact of detecting a metabolite simultaneously by both NMR and MS would maximize the advantages
for biomarker discovery. A possible solution was recently proposed using 15N-cholamine, which allows
the detection of carboxylic acid-containing metabolites using the two techniques at the same time 18.
However, the use of a chemical reaction causes the samples to undergo a treatment that may affect the
reproducibility of the result. In addition, this type of strategy can be used for only one family of chemical
compounds and not for all metabolites present in a bio�uid.
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The main objective of this work was the development of a method that could determine the largest
possible number of metabolite absolute concentrations in all urine samples under study. These two
features, completeness and absolute values, are di�cult to obtain when the two analytical techniques are
applied separately. NMR easily identi�es and provides absolute metabolite concentrations only in
samples containing high levels of the compound. MS provides a complete list of relative levels, but
metabolite identi�cation and conversion into absolute concentrations is laborious and unpractical when
dealing with many metabolites and samples. In this article, we will explain how the synergistic use of MS
and NMR can help to achieve these goals, taking as a speci�c case the determination of the
concentration of metabolites in human urine. We call this approach SYnergic use of NMR and HRMS for
METabolomics (SYNHMET). These results can be used not only in classical metabolomics studies of
group classi�cation, but the fact that we obtain absolute concentrations opens the possibility for its
utilization in creating a personalized metabolic pro�le for each subject in the study. Due to the high
sensitivity of MS and the exquisite ease of identi�cation of NMR, it was possible to obtain a complete
dataset with the concentrations of 164 urinary metabolites from nine controls, six patients affect by
chronic cystitis and thirty-one bladder cancer patients.

Results
Acquisition of metabolite levels in urine by NMR and HRMS. Urine samples from 46 subjects, divided into
three groups: healthy control (CTRL, 9), patients with chronic cystitis (CC, 6) and bladder cancer patients
(BC, 31) were used to develop the new method. The NMR dataset was acquired using a 600 MHz Bruker
Avance spectrometer (Bruker, MA, USA). A typical urine NMR spectrum is shown in Figure 1.

MS dataset was acquired using a UHPLC-High Resolution Mass Spectrometry (UHPLC-HRMS) analysis
system, coupled to an Orbitrap QExactive™ mass spectrometer (Thermo Scienti�c™, MA, USA) equipped
with a HESI source operated in positive and negative ion mode. We used two different chromatographic
conditions: reverse phase (RP), which gives the possibility to separate metabolites based on hydrophobic
interactions, and hydrophilic interaction chromatography (HILIC) as a complement, which allows the
analysis of polar compounds. The combination of the two ion modes and the two chromatographic
conditions allowed a wide coverage of metabolites present in urine. After the MS analysis, 10497 hits
were obtained, and for each one, information about a matched formula, exact mass, retention time, and
relative intensity for each sample was available; for several hits a putative name was also provided
(Table 1).

Table 1. Examples of two hits obtained with UHPLC-HRMS and the information
available for each of them.

Mode1Name Formula MW Rt [min]S1
a S2 …. S46

HC+ CaffeineC8 H10 N4 O2194.08054.636 2.362.810.85
RP- - C11 H15 N2 P206.09769.727 0.390.360.14

1 HC+: HILIC positive; RP-: Reverse phase negative. a Relative intensity of sample 1
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SYNHMET Method work�ow. The SYNHMET method was developed to combine in an effective way data
coming from NMR and MS to produce in a fast and e�cient way a complete and unique matrix of the
largest possible number of metabolites in human urine. The proposed work�ow is shown in Scheme 1.
We started with a list of metabolites that can probably be identi�ed and quanti�ed in urine by NMR
according to the work of Bouatra et al. 9. These metabolites were divided according to whether their exact
mass was found among the MS hits contained in our dataset. For those for which we did not found any
hit (mainly metabolites with low molecular weight under 60 Da), a pro�ling was attempted using
exclusively NMR. Those that could not be accurately quanti�ed in this way were discarded.

For each of the remaining metabolites, we extracted all the hits that showed their exact molecular mass.
Given the use of two chromatographic conditions and two detection polarities, the same compound can
give rise to up to four different hits, hence the need to group them into what we have de�ned as a
chemical entity. Two peaks with the same exact mass were considered to represent the same chemical
entity if they showed a signi�cant correlation (R2 ³ 0.9) between their intensity distributions in the
samples. In the case of hits obtained in the same chromatographic condition but with different polarity,
the retention time must be the same.

The next step was to identify the MS hits corresponding to each of these metabolites. As is generally
established, this assignment is highly ambiguous if it is performed considering only the exact mass,
without the use of MS/MS spectra or more appropriately of analytical standards. In our scheme, such
identi�cation is performed when a mass hit, in addition to presenting the exact molecular weight of a
given metabolite, shows a highly correlated distribution between the intensities of the peaks measured by
MS and the concentrations observed by NMR in the different samples. For those more concentrated, the
NMR measurement was possible in most of the samples. In many cases, however, we have quanti�ed
them only in a smaller subset. As will be seen from the examples, however, counting with a partial
number of appropriately resolved NMR spectrum may be su�cient to �nd the corresponding chemical
entity in the MS dataset. A few metabolites, however, did not show any high correlation with the
corresponding hit/s of MS, and for them we attempted a quanti�cation using only NMR. As in the
precedent case, if this was not possible, they were discarded.

The �nal two steps were the validation of the results by comparing the results with those of literature and
the extraction of personalized pro�les using the whole dataset of metabolites quanti�ed by the
SYNHMET approach.

(see Scheme 1 in the Supplementary Files) 

Analytical synergism between NMR and MS and metabolite identi�cation. Through the following cases,
we will try to reveal the synergy between the two techniques resulting in a fast and e�cient identi�cation
of metabolites in urine. For example, our HRMS dataset contained 24 hits showing the exact mass of
tyrosine. These hits were grouped in 14 chemical entities (Table 2) following the criteria exposed in
chapter 2.2. In parallel, the concentration of this metabolite was measured by NMR by spectral
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deconvolution. To determine which of all entities corresponded to tyrosine, we calculated a linear
correlation between HRMS intensity and NMR concentration distributions in the 46 samples for the 14
entities. As shown in the last column of Table 2, entity 7 is the only one showing a signi�cant R2, allowing
its assignment as tyrosine.

Table 2. Modes of detection, retention times and the
correlation coefficient with NMR intensities for the fourteen
chemical entities showing the exact mass of tyrosine
(181.0739 Da). In bold chemical entity 7, which we identified
as tyrosine.

Chemical entity Mode (Rt [min]) R2

1 RP+/-1 (8.45) 0.38
2 RP+/- (8.53) 0.31
3 RP+ (2.89); HC+2 (7.89) 0.34
4 RP+ (3.87); HC+ (3.77) 0.71
5 RP+ (5.94); HC+ (4.78) -0.1
6 RP+ (6.49); HC+ (0.7) -0.06
7 RP- (3.39); HC+/- (5.35) 0.99
8 RP+ (2.18); HC+/- (3.5) -0.03
9 RP+ (5.07) 0.31
10 HC+ (1.55) -0.1
11 HC+ (6.46) 0.37
12 HC- (3.75) 0.08
13 HC- (4.04) 0.35
14 HC+ (1.92) 0.1

1 RP+/-: reverse phase positive and negative, respectively;
HC+/-: HILIC positive and negative, respectively.

 
To further con�rm the assignment of tyrosine and other metabolites by this method, we compared the
retention times of nine labeled standards co-injected with the samples with those obtained by the NMR-
HRMS correlation method (Table 3). The excellent correspondence observed constitute a strong
validation of the assignment and prompted us to extent the method to the rest of the metabolites under
study.

Table 3. Comparison of the retention times observed for nine labeled standards
(Std) with those assigned with the NMR-HRMS intensity correlation method
(Corr) in the two chromatographic conditions. 

Metabolite RP HC
  Std

Rt [min]
Corr
Rt [min]

Std
Rt [min]

Corr
Rt [min]

Carnitine 0.88 0.88 8.02 8.02
Glucose     2.13 2.14
Hypoxanthine     2.35 2.36
Inosine     2.37 2.37
Kynurenate     3.60 3.56
Kynurenine     5.19 5.14
Lactate 1.57 1.57    
Tryptophan     5.09 5.08
Tyrosine 2.05 2.05 5.38 5.38
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A second example corresponds to the identi�cation of isobaric compounds, such as 2-, 3- and 4-
hydroxyphenylacetic acids, and 2- and 3-methylglutaric acids (Figure 2). These assignments represent an
extra challenge for identi�cation using only MS/MS data, but their distinction is relatively simple using
this method since they present very different NMR signals. As shown in Figure 2, the correlation between
the MS intensity and concentration data measured by NMR allows to quickly �nd out which MS chemical
entity corresponds to each of the isomers for both classes of molecule.

Synergism also manifests itself in the opposite direction, since having a hypothesis of the concentration
distribution of a given metabolite from MS data helps to identify the correct position of its signals in the
NMR spectrum, especially in crowded regions. The combination of NMR and HRMS transforms the
identi�cation from a 1D-experiment (chemical shift) into a 3D-experiment (chemical shift, retention time,
exact mass) signi�cantly increasing the resolution power of this approach (Figure 3). For example, it is
possible to start the pro�ling from the sample that according to the HRMS measure presents the highest
concentration of a given metabolite, which surely facilitates the positioning of the corresponding signals
in the NMR spectrum.

It is very important to underline the fact that once we �nd correlations between the intensity of a certain
metabolite identi�ed by NMR and that of a mass peak, knowledge of its elemental composition is added
to the identi�cation.  At this point, the only ambiguity could arise from the existence of an isomer with the
same chemical shift and multiplicity, which is highly unlikely or directly impossible to exist for small
molecules.

Analytical synergism between NMR and MS and metabolite quanti�cation. The identi�cation of a
compound in the MS database through correlation already provides the basis for its quanti�cation. In
fact, juts by multiplying the MS relative intensities by the slope of the correlation line we can convert them
into absolute concentrations. Transforming all mass hits and NMR concentrations to a single scale
opens the possibility of calculating a more accurate mean value for quanti�cation. Furthermore, by
having the absolute concentration it is possible to normalize its value in the different samples by dividing
by the creatinine concentration, thus comparing it with literature data.

The most obvious synergistic factor in improving the ability to quantify a larger number of metabolites in
almost all samples is undoubtedly the higher sensitivity of MS with respect to NMR. This is not only the
consequence of the intrinsically lower sensibility of NMR, but also has an origin in what we have de�ned
as the "NMR matrix effect", since the resulting consequence is similar to the one observed for MS when
ESI is used as the ionization source 19. The great variety of composition that can be found in urine often
causes signals belonging to compounds in high concentrations to cover partially or totally the signals of
a given metabolite, so that it can be quanti�ed only in a limited number of samples. This fact can be
appreciated, for example, in the case of the quanti�cation of cysteine (Figure 4a). We could measure
accurately its concentration by NMR in only 15 samples out of 46, which have been enough to identify
the corresponding MS peak in the RP chromatography in positive mode detection, with a retention time of
1.16 min. Thanks to the MS intensities and the corresponding conversion using the NMR-MS correlation,
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all the 46 absolute concentrations could be determined. As the graph in Figure 4a shows, concentrations
below 50 mM could not be measured by NMR. However, in addition, there were also some samples in
which the concentration of cysteine, measured by MS, was well above this limit, but due to the presence
of other signals in the regions of the NMR spectrum where this metabolite can be readily quantify, it was
not possible to assign an accurate value by this technique.

While this direction of synergism between NMR and MS is somewhat intuitive, there is also an effect in
the opposite way. In fact, the accuracy of the quanti�cation performed by MS can be signi�cantly
improved when such data are cross-checked with the concentrations obtained by NMR. The most
frequent causes of errors in the evaluation of concentrations by MS are on the one hand the saturation in
certain samples of the detector by highly concentrated metabolites, and on the other hand the matrix
effect, which is also very variable from sample to sample depending on the composition of urine sample.

An example of the �rst effect is shown in Figure 4b for the case of the quanti�cation of hippuric acid. Its
concentration in urine showed a wide range, from a minimum of 20 20 to a maximum of 837 mM/mM
creatinine 21. The saturation of the MS detection results in a clear deviation of the linearity of response
with respect to the value measured by NMR for concentrations higher than 3.8 mM (Figure 4b). Thus, all
MS intensities above this concentration were discarded and the �nal concentration calculated from the
NMR data alone, correcting for a signi�cant error.

The second cause of MS quanti�cation errors may be more di�cult to detect. This is the case of sample
2992, for which the different concentrations obtained by MS and NMR are presented in Table 4.

Table 4. Concentrations obtained for hippuric acid from the four MS hits and NMR
for the sample 2992.

Quantification mode MW Rt
[min]

Conc
[mM]

HRMS-RP+ 179.0579 8.214 0.13
HRMS-RP- 179.0581 8.213 0.02

HRMS-HC+ 179.0583 3.607 1.38
HRMS-HC- 179.0582 3.598 1.58

1H-NMR - - 1.35
 

The data obtained show that the concentrations derived from HILIC column chromatography agree with
the NMR data, while those measured with the RP column are signi�cantly lower. In this case, only the
values obtained with the �rst chromatographic condition were considered. This effect was not detected in
other samples for hippuric acid and is probably due to a compound present only in this sample that co-
elutes with the metabolite causing a partial suppression of the peak intensity.

Results of SYNHMET application to 46 urine samples. We applied the SYNHMET method to the already
described urine samples starting with a list of 180 metabolites whose identi�cation and partial
quanti�cation by NMR in this bio�uid has already been reported 9. Of them, 12 metabolites were
quanti�ed using only NMR because no MS hit with the corresponding exact mass was available. For
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other 168 metabolites we found at least one MS hit that matched their molecular weight, and 145 showed
a successful correlation between NMR concentrations and MS intensities, whereas 7 were quanti�ed only
with NMR because no correlation was found. The total number of metabolites that we could quantify was
164. Of the total number of metabolites quanti�ed through correlation, 61 (42%) were identi�ed in at least
80% of the NMR spectra. Together with those metabolites quanti�ed by NMR alone (19), this makes a
total of 80, which is approximately the limit of compounds that the use of separate NMR could yield to
build a matrix containing concentration data for most of the samples. The combined use of both
techniques has ultimately resulted in more than doubling the concentrations of metabolites measured in
virtually all samples.

Our dataset constitutes an almost complete matrix of 46 samples x 164 metabolites containing 7496
concentration values, with only 48 missing values, which represents 0.6% of the total. These
concentrations were converted into mM/mM of creatinine to compare with the range observed in
literature (Table S1).

The metabolites quanti�ed using SYNHMET cover a wide range of biochemical markers, including amino
acids and their metabolism, markers of vitamins, dysbiosis, diet and toxin exposure, carbohydrates and
their metabolism, energy, fatty acid/lipid and glycine/serine metabolism, ketone bodies and others. In this
way, it is possible to cover some of the main metabolic pathways, both for metabolomics studies with the
purpose of discovering biomarkers related to pathological states, as well as for individual pro�ling.

Method validation by comparison with literature normal ranges. To validate the results obtained, we
compared the extreme values observed for the three groups of individuals with those reported in the
literature. For this purpose, we have considered the ranges reported for adults over 18 years of age. The
heat map in Figure 5 shows the results obtained. The very low number of grey cells, that represents
missing values, allows appreciating the completeness of the dataset. Eight out of nine individuals in the
control group did not show any values signi�cantly out of the range observed in the literature for the 164
metabolites studied. Only one person showed higher values for threonine and carnosine concentration.
The fact that almost all of the concentration values measured using our approach for the control group
fall within the normal range accepted in the literature can be read as a validation of the method. However,
it is important to consider that the reference values taken from literature are very heterogeneous in the
number of persons that were involved in their de�nition. In particular, our values for 2-methylglutarate, 4-
aminohippurate, adenine, ADP, anserine, choline, cinnamate, cytosine, gluconate, glucuronate, isobutyrate,
levoglucosan, maltose, N-methylhydantoin and Sumiki’s acid represent a signi�cant improvement in the
knowledge about the normal values, because there are very few studies reporting their normal values
according to the HMDB site 22. In this respect, our data can be added to the existing one to make the
de�nition of the normal and abnormal ranges of a give metabolite more robust.

A different picture emerged for the groups of subjects with chronic cystitis and bladder cancer, which
show a much higher number of metabolites with abnormal values. In particular, those indicated with
black in Figure 5 are more than 4 times higher than the maximum value observed previously. This most
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likely re�ects different metabolic imbalances related to the pathologies of these patients. Speci�cally, for
the BC group, 82 values were observed outside the literature ranges. Dietary components embrace the
highest number of abnormal values, followed by metabolites belonging to fatty acids/lipids,
carbohydrates, energy and branched chain amino acid metabolisms. Nine metabolites that were
previously found signi�cantly altered in bladder cancer, namely O-acetylcarnitine, gluconate, lactate,
phenylacetylglutamine, citrate, hippurate, succinate, valine and erythritol 23, were also found with
abnormal values in our BC group (Figure 5).

Extraction of personalized pro�les from absolute concentrations. The fact that we were able to obtain
absolute concentrations for all the metabolites, and their subsequent normalization with the creatinine
concentration, allowed us to obtain a pro�le for each individual. Subject 2852 belonging to group BC,
presented 24 values of metabolic concentrations outside the literature range. His complete metabolic
pro�le, comprising the 164 metabolites quanti�ed, is shown in Figure S1, while a detail of the metabolites
with abnormal values is shown in Figure 6.

As in the case of the mean pro�le of the BC group, most of the patient's metabolites with abnormal
values belong to components of diet, fatty acid metabolism and energy metabolism. The results shown
in Figures S1 and 6 show the degree of detail that can be achieved with the SYNHMET methodology,
which can be used in clinical practice to monitor the health status and disease progression of a given
patient.

Discussion
The value of combining NMR and MS, the two most commonly used techniques in metabolomics, has
recently been recognized and addressed in an excellent review by Marshall & Powers 8. However, no
method so far has attempted to directly relate an NMR chemical shift to an MS m/z value, since if a
single sample is analyzed, there is no certain information to indicate that these two features belong to the
same molecule. To circumvent this di�culty, it has been proposed the use of a chemical agent that reacts
with speci�c functional groups of a metabolite, which serves as a tag that makes it recognizable both by
NMR and MS 18. The SYNHMET approach, proposed in this work, aims to perform such a correlation
without the need of any chemical reaction simply by analyzing not one sample but several tens of
samples, or even larger numbers. The correlation that does not exist in one sample, exists in all of them
as a group, because at this point it is the distribution of intensities that determines whether a given
chemical shift belongs to a molecule signal presenting a certain m/z. In this way, both the concentration
values of the metabolites and their identity are supported by the two techniques contemporarily, which
avoids ambiguities in the identity or erroneous concentration values due to discrepancies between NMR
and MS quanti�cations.

For the identi�cation of a compound, we start from the NMR spectrum and measure the concentrations in
all samples where this is possible. Through a simple linear correlation between the intensity distributions
in all the samples, it is possible to identify those MS hits that correspond to the metabolite in question. If
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on the one hand we expected NMR to help in the identi�cation and MS in the quanti�cation, especially of
metabolites present in low concentration, the application of SYNHMET has shown a synergy in two
directions, since having the distribution of intensities helps to better identify NMR signals and to correct
MS quanti�cation errors, originated by saturation or matrix effect.

 Correlation also allows the translation of MS intensities to absolute concentrations, which results in two
advantages: it is possible to obtain an average concentration between both techniques, increasing the
accuracy of the measurement, and it is possible to obtain data in relation to creatinine concentration or
mg/L, opening the possibility of matching the results with literature data. From this comparative analysis
it appeared that only 2 values out of a total of 1476 for the control group were observed outside the range
reported in the literature. We have interpreted this result as a validation of our quanti�cation method to
obtain absolute concentrations from NMR and HRMS data without the use of labeled standards and
calibration curves.

Obtaining a reliable identity of the compounds present in a bio�uid and avoiding errors in their
quanti�cation are the two main characteristics that any method used in metabolomics must have. The
SYNHMET method has been developed with the intention of minimizing the chance of misidentifying and
quantifying metabolites. It should be highlighted that with our approach identi�cation of metabolites was
performed without the use of standards. According to the Metabolomics Standard Initiative, this
corresponds to level 2 identi�cation (putative annotation); for MS the scienti�c community agrees that a
direct comparison of the experimental data with that of an authentic reference standard is crucial for
level 1 identi�cation using MS data. However, for NMR, there is no general agreement on these
categorizations 24. Just comparing the experimental NMR spectrum with that of a database approaches
level 1 mass identi�cation 24. In the case of SYNHMET the elemental composition information that adds
MS to the NMR data, narrows the �eld of identi�cation of a speci�c compound to its isomers. Being the
chemical space of isomers for small molecules very limited, and the probability that a compound with the
same elemental composition can display the same NMR signals is extremely low, if at all possible, this
leads to a con�dence in SYNHMET identi�cation that cannot be considered, in our opinion, lower than
level 1 for MS. This fact is sustained by the excellent agreement observed between the retention time of a
number of labeled standards with those of the same metabolites identi�ed by our method.

Many papers have emphasized the total number of metabolite levels that can be measured with a given
technique. However, this is only one of two parameters that are important in de�ning the value of a
dataset for metabolomics studies. The other parameter is the completeness of the matrix, because if
there are too many missing values, the classi�cation or detection of correlations between metabolites will
be weaker 25. In our experience, and analyzing the literature on NMR urine metabolomics, the maximum
number of metabolites that can be quanti�ed using this technique in at least 80% of the samples is
around 50-60 12–17. This number is far from that achieved in LC-MS studies, which in the case of BC, for
example, can reach more than a thousand 26. However, much of the identity of the metabolites is
supported only by fragmentation spectra, which do not constitute conclusive evidence on the chemical
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structure of the compound. Moreover, the intensity values are only relative, which precludes their use to
determine a personalized pro�le of a patient, nor clinical use by comparison with known normal values.
Our matrix contains 164 metabolites, but their identity and the absolute concentration obtained for all of
them in practically all the samples, make it a source of great value for the study of the metabolic pro�le in
urine, at group and individual level. It must be emphasized that we don’t believe that 164 represents the
upper limit of metabolites that can be identi�ed and quanti�ed by this method in urine. Analysis of other
batches can enlarge the list of compounds that can be used afterwards for metabolomics and to trace
personalized pro�les. In addition, the correlation proposed in SYNHMET can be used to discover new
metabolites yet unknown in urine, providing a further improvement to the combined use of NMR and MS
already proposed for this task 7 and helping in shedding light into the so-called “dark metabolome” 27.

A further bene�t of the SYNHMET approach is that once a metabolite is identi�ed in each batch,
successive analyses are much simpler. If the same chromatographic conditions and columns are used in
subsequent analysis of a particular matrix, the search for the hit corresponding to a certain metabolite is
much easier, and the information contained in Table S1 represents a sort of calibration to be used to align
peaks and intensities among different analytical sessions. This advantage is even more important when
analyzing large numbers of samples, which often require the use of different batches for LC-HRMS
analysis. Although recent studies have greatly improved the possibility of merging the peaks obtained in
different batches 28, with SYNHMET this is done automatically, since the peaks are aligned, and the
relative intensity corrected through the use of the NMR concentration as a common standard.

The simplicity of application of the SYNHMET method to obtain absolute concentrations of many
metabolites, which makes it feasible to employ to a large number of samples, could be used to expand
our knowledge about normal and abnormal values of these compounds in urine. For 15 of the
metabolites here presented, only a few data were previously available, and our study is contributing to
better de�ne their normal and abnormal values. One particular case is maltose, for which only one range
is available based on an NMR study 9. In this case, a bias towards higher-than-normal concentrations is
expected. In fact, our results show lower values for several subjects that can be the result of its
quanti�cation by HRMS in samples that cannot be quanti�ed by NMR due to its low sensibility or the
presence of a signi�cant NMR matrix effect.

A substantial additional advantage is the possibility of performing an analysis of the metabolic pro�le
including a large number of compounds on a single person without the need for comparisons between
groups. Our work shows one example of this type of study, which can be used to expand the current
capability of classical biochemical urine tests in determining a person's health status. In the case of
patient 2852, his urinary metabolic pro�le shows signi�cant abnormal values for metabolites belonging
to galactose metabolism/starch sucrose metabolism, caffeine metabolism, and lysine metabolism, all
related to bladder cancer. In fact, a recent study, about recognition of different stages of BC using
metabolites and machine learning, identi�ed the �rst two as the main dysregulated metabolisms in early
stages, whereas lysine metabolism was found unbalanced in late stages 29. The case of caffeine
metabolism is very interesting, as this compound, together with one of its metabolites, 1,3-dimethylurate,
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are processed by CYP1A2, a cytochrome belonging to the P450 family, acting in the liver 30. The
connection between caffeine metabolism, exposure to tobacco compounds and urinary mutagenicity has
been known for a long time 31. It is signi�cant that cigarette smoking is the main risk factor for BC,
accounting for 50% of the total 32. In addition to patient 2852, urine caffeine levels were signi�cantly
elevated in 6 other patients with BC.

This patient also presents a signi�cant comorbidity due to cardiovascular pathologies, in particular
severe myocardial ischemia. In fact, other altered metabolisms are those corresponding to branched-
chain amino acids, lactate and fatty acid metabolism. All these biochemical pathway unbalances are
known to be related to cardiopathies and represent systemic metabolic perturbations 33. They are the
consequences of increased fatty acid metabolism, decreased glucose metabolism and impaired
branched-chain amino acid catabolism. In addition, the patient shows a chronic pancreatitis, probably
related to a past alcohol abuse. The malfunction of the pancreas should explain the very high level of
glucose in urine, similar to that of a diabetic subject.

It can be argued that the use of the HRMS database is minimal, since only 164 metabolites could be
identi�ed. Nevertheless, the rest of the information can be still used in the identi�cation of other
compounds present in urine, using fragmentation spectra and analytical standards. The extraction of the
absolute concentration of other metabolites would require the use of calibration curves, involving much
more work. An optimized use could foresee the discovery of altered metabolites through the SYNHMET
approach, with a minimum of effort to perform the identi�cation and absolute quanti�cation within the
HRMS database, and the subsequent complementation with a targeted study of other compounds
belonging to related metabolic pathways that cannot be quanti�ed by NMR.

In conclusion, the new methodology for merging NMR and LC-HRMS (SYNHMET) data can produce a list
of 164 metabolite absolute concentrations in urine in almost all samples, with signi�cantly higher
accuracy of identi�cation and quanti�cation than could be obtained using the two techniques separately. 
This dataset can be used for metabolomics studies, to classify groups and �nd metabolic differences, in
a very e�cient way. In addition, the fact of obtaining absolute and not relative concentrations allows to
study the personalized urinary pro�le of patients and will allow, as it is expanded to more samples in the
future, to extend our knowledge of the normal and abnormal values of many metabolites in human urine.
Its translation into clinical practice can be of great value, as it provides a metabolic pro�le in line with
scienti�cal advances that follow the direction of personalized medicine.

Materials And Methods
Chemicals and reagents. All solvents and reagents used were LC–MS grade. Water (H2O), acetonitrile
(ACN), formic acid (FA), ammonium formate (CAS 540-69-2) were obtained from Sigma-Aldrich (St. Louis
MO, USA). The stable isotope labelled (SIL) internal standard 13C15N2-8-hydroxy-2′-deoxyguanosine

(13C15N2-8-OH-dG) was obtained from Toronto Research Chemicals (Toronto, ON Canada); 15N4-
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Hypoxanthine (15N4-Hyp), L-Tyrosine-(phenyl-d4) (d4-L-Tyr) and 15N4-Inosine (15N4-I) were purchased from
Cambridge Isotope Laboratories, Inc., (Tewksbury, MA USA); L-kynurenine sulfate:H2O (ring-d4, 3,3-d2) (d6-
KYN) and D2O was from Cambridge Isotope Laboratories, Inc. (Andover, MA, USA); anthranilic acid-ring-
13C6 (13C6-AA) and 3-(trimethylsilyl)-2,2,3,3-d propionic acid (TSP) was from Sigma–Aldrich (Schnelldorf,

Germany); 15N,13C2-3-Hydroxy-DL-kynurenine (15N-13C2-OH-KYN) was from AMRI (Albany, NY, USA).

Urine collection. Urine samples were obtained from the Urological Research Institute (URI) of San Raffaele
Hospital (Milan, Italy). Caucasian patients aged between 32 and 90 years were recruited. The dataset is
composed of 46 samples: 31 bladder cancer (BC) patients, 9 healthy controls and 6 with chronic cystitis.
BC patients with concomitant or previous diagnoses of prostate, renal and upper excretory tract cancer,
urinary tract infections, and kidney failure were excluded. Urine samples were collected before the
surgical intervention and processed soon after. The samples were centrifuged at 300g for 5 min,
aliquoted, and stored at -80°C until use.

UHPLC-High Resolution Mass Spectrometry Analysis

SIL stock and working solution preparation. Stock solutions were prepared from independent weight of
compounds and stored at −20 °C. d6-KYN, and 13C6-AA were prepared in water/DMSO (1/1, v/v) at 1.5

and 5.0 mg/mL respectively. 15N-13C2-OH-KYN was prepared in water/DMSO (1/19, v/v) at 2.0 mg/mL.
13C15N2-8-OH-dG, 15N4-Hyp, d4-L-Tyr and 15N4-I were prepared in water at 1.0 mg/mL.

Internal Standard Working Solutions (IS-WS) were prepared by adding appropriate volumes of the stock
solutions to 50 mL of ultrapure water (ISWS-A) and acetonitrile (ISWS-B) respectively, in order to reach a
�nal concentration of 200 ng/mL for all the standards. The solutions were maintained at 4 °C and freshly
prepared every week.

Urine normalization by speci�c gravity. Speci�c gravity (SG) measurements were made with a portable,
digital refractometer (Atago UG-α; Tokyo, Japan). The refractometer had a urinary SG range from 1.000 to
1.060 with a resolution of 0.001. Urine samples were thawed at room temperature in an ultrasonic bath
for 10 min and then centrifuged (13,000 g, 10 min). To measure SG values, an aliquot of urine (100 µL)
was placed upon the lens of the refractometer previously calibrated with LC–MS grade water. Samples
were then split in two aliquots. Urinary metabolites levels were normalized by SG diluting each aliquot
with water or water:acetonitrile in variable amounts for reverse phase (RP) and HILIC analysis,
respectively. Dilutions were performed to bring all samples to a common speci�c gravity value.

Urine samples preparation. All samples were further diluted 3-folds with ISWS-A for RP analysis, or ISWS-
B for HILIC analysis. Samples were vortexed, centrifuged (13,000 g, 10 min) and the supernatant (350 μL)
was transferred to a 96 well plate and randomized for LC-MS analyses.

Quality control samples and blanks preparation. Two different types of quality control (QC) samples were
prepared: pooled QCs made by mixing equal volumes (5 μL) from each sample previously normalized for
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the speci�c gravity, and dilution QCs prepared by diluting 2, 4 and 8-fold the pooled QCs with LC-MS
grade water. All QCs were further diluted 3-folds with ISWS-A for RP analysis, or ISWS-B for HILIC
analysis. Pooled QC samples were injected �rst (n=20) to condition the LC-MS system and obtain stable
retention times and MS response. Subsequently, pooled QCs were injected every six true samples (n=8 in
total) to perform intra-batch signal drift corrections. Dilution QCs were analysed four times and were
incorporated regularly along the sample list to verify the linear response of the MS signal. Blanks
consisted of LC-MS grade water for RP analysis and ACN:water 80:20 (v/v) for HILIC analysis. Blanks
injection (n=3) was performed at the beginning of the batch to collect a background signal to be excluded
from the dataset.

HILIC and RP chromatography. The UHPLC system used was an Ultimate 3000™ liquid chromatographic
system (Thermo Scienti�c™, MA, USA) coupled to an Orbitrap Q Exactive™ mass spectrometer (Thermo
Scienti�c™, MA, USA) equipped with a HESI source operating in positive and negative ion mode. HILIC
chromatographic separation was accomplished using a BEH-HILIC column, 130 Å, 1.7 μm, 2.1 x 100 mm
(Waters, Milford, MA). The mobile phases used were: 20 mM ammonium formate + 0.1% FA at pH 3.7
(mobile phase A) and ACN (mobile phase B). The gradient consisted in a linear increase of mobile phase
B from 5% to 35% over 8.5 min, followed by an additional increase to 50% in 1 min. Phase B was kept
constant for 1.5 min and then decreased to 5% in 0.5 min and kept stable for 3.5 min for column re-
equilibration (total run time 15 min). The �ow rate used was 0.300 mL/min, the injection volume was 2
µL and the column was kept at 35 °C.

RP chromatographic separation was achieved using a HSS-T3 column, 100 Å, 1.7 μm, 2.1 x 100 mm
(Waters, Milford, MA). The mobile phases were: 0.1% FA in water (mobile phase A) and 0.1% formic acid
in ACN (mobile phase B). The gradient ramp consisted in a linear increase to 10% of mobile phase B over
6 min, and then to 35% in 2 min. Mobile phase B was further increased to 98% in 2 min, kept constant for
0.5 min and �nally decreased to 0% in 0.5 min and kept stable for 3 min for column re-equilibration (total
run time 15 min). The �ow rate was 0.300 mL/min from 0 to 8.0 min, increased to 0.4 mL/min from 8.0
to 12.0 min for column washing and brought-back to 0.3 mL/min from 12.0 to 15.0 min. The injection
volume was 2 µL and the column was kept at 35 °C. During LC-MS analysis, samples were kept in the
autosampler at 8 °C.

High-Resolution Mass Spectrometry. Mass spectra were acquired on an Orbitrap QExactive™ mass
spectrometer (Thermo Scienti�c™, MA, USA) operating in both positive and negative ion modes. The HESI
parameters were: 3.20 kV (pos)/-3.20 kV (neg) electrospray voltage, 280 °C heated capillary temperature,
50 (pos)/-50 (neg) S-lens RF level, sheath gas (N2) �ow 50 a.u., auxiliary gas (N2) �ow 10 a.u., gas
temperature 300 °C. The acquisition range was set from m/z 60 to 900 at resolution 70,000 FWHM at
m/z 200. All data were acquired in pro�le mode using Xcalibur™ 3.1.66.10. The QExactive™ mass
spectrometer was calibrated for positive and negative mode before sample analysis using the calibration
solution provided by the manufacturer (Pierce LTQ ESI Positive Calibration Solution and Pierce LTQ ESI
Negative Calibration Solution). For mass-calibration of the instrument, a custom list that included lower
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masses than the default calibration provided with the instrument was used to ensure that accurate
masses were detected at low molecular weights.

Raw Data Processing by Compound Discoverer. The raw �les obtained in positive and negative ion mode
were processed separately using Compound Discoverer™ 2.0 (Thermo Scienti�c™). Four output tables (RP
pos, RP neg, HILIC pos and HILIC neg) including m/z, retention time, peak intensity for all the analyzed
samples were generated. A non-targeted metabolomics work�ow, for retention time alignment,
component detection, elemental composition prediction and gap �lling was used. The work�ow tree
included the following nodes: input �les, select spectra, align retention times, detect unknown
compounds, group unknown compounds, �ll gaps, normalization areas, and mark background
compounds. The raw �les were aligned with adaptive curve setting with 5 ppm mass tolerance and 0.4
min retention time shift. Unknown compounds were detected with 5 ppm mass tolerance, signal to noise
ratio 3, 30% of relative intensity tolerance for isotope search, and 10,000 minimum peak intensity, and
then grouped with 5 ppm mass and 0.3 min retention time tolerances. A procedural blank sample was
used for background subtraction and noise removal during the pre-processing step. Peaks with less than
a 3-fold increase, compared to blank samples, and those detected in less than 50% of QCs and/or with
relative standard deviation (%RSD) of the QCs greater than 50% were removed from the list. To balance
differences in intensities that may have arisen from instrument instability, normalized area, across all
samples, was provided for each detected metabolic feature, by normalization to the QC samples
periodically analysed (pooled QC).

Finally, the hit intensities of each sample were multiplied by the dilution factor used for pre-normalization.
Thus, un-normalized data were used for both NMR and MS to ensure a better degree of correlation
between the two techniques.

1H-NMR spectroscopy

Sample preparation. The urine samples, previous stored at -80°C, were thawed on ice, centrifuged at 4000
rpm for 10 min at 4°C, and 500 µl of supernatant were collected. Then, 50 µl of phosphate buffer solution
(1.5 M K2NPO4/NaH2PO4, 30 mM NaN3, 14.4 mM TSP, pH 7.4 in D2O) were added and 50 µl of the �nal
solution were transferred to a 1.7 mm thin-walled glass NMR tube for subsequent NMR analysis.

Spectra acquisition. 1H-NMR experiments were performed on Bruker Avance 600 MHz equipped with
autosampler SampleJet, using a noesypr1d sequence, mixing time 100 ms, spectral window di 12 ppm,
acquisition time 2 s, relaxing time 3 s, 516 scans, 4 dummy scans, T = 298 K.

1H-NMR Data analysis. All the spectra were processed using 0.5 Hz of line-broadening followed by
manual phase and baseline correction. Chenomx NMRSuite 8.5 (Chenomx Inc.) was used to quantify the
metabolites concentrations. The spectra database contained in this software allows to perform a manual
deconvolution of the different signals and thus determine the concentration of the compounds that form
the mixture.
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TSP was set as internal standard at 0.5 mM. Metabolite concentrations were then normalized according
to their creatinine content (µM/mM creatinine) for the comparison with literature ranges.

SYNHMET method

Data treatment. Since the urine samples acquired by HRMS needed to be diluted considering their speci�c
gravity to avoid saturation problems, the data processed by Compound Discoverer™ 2.0 were multiplied
by the dilution factors. These data combined with the 1H-NMR data processed with Chenomx NMRSuite
8.5 were used for calculating the linear correlations. The identi�cation and quanti�cation process using
SYNHMET method was carried out four independent times by different operators. Finally, metabolite
concentrations were normalized according to their creatinine content (µM/mM creatinine) for the
comparison with literature ranges.

Metabolite identi�cation. The deconvolution of NMR spectra is an iterative process starting from the
most concentrated and least affected by NMR matrix effect metabolites. The intensity I at the k-point of
the spectrum (Ik) is determined by the equation [1]:

Nk is a random factor representing the noise. The accuracy of the quanti�cation increases with the
relative weight of the �rst term in equation [1] over the other two.

In order to reduce the unknow factor, the NMR and MS average concentration of the most easily
assignable metabolites are entered in each spectrum for each compound, providing a reliable background
in crowded regions. This results in the �lling of the spectrum shape, allows the assignment of
metabolites that would otherwise be buried under the baseline.
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Figures

Figure 1

Representative 600 MHz 1H-NMR spectrum of urine.
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Figure 2

Correlation between MS intensity distribution and NMR concentration of two examples of isobaric
compounds. (a) The three isomers of hydroxyphenylacetate, (b) the two methylglutarate.

Figure 3

Correlation between NMR concentration and MS intensity helps in determining the relative position in
crowded regions of the NMR spectrum, like in the example (a) that shows the superposition of �ve
different signals corresponding to different metabolites, by resolving the peaks in the retention time-exact
mass plane (b).

Figure 4
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(a) Correlation between MS intensity and NMR concentration distributions for cysteine. It was not
possible to quantify this metabolite by NMR in samples with concentrations below 50 mM or in cases
where more concentrated metabolite signals interfere. (b) Correlation between MS intensity distribution
and NMR concentration for hippuric acid. Over 3.8 mM of concentration MS signal is saturated. For
samples showing a higher concentration only values from NMR were considered.

Figure 5

Heat map showing how much the measured value for each metabolite in each urine sample vary from the
ranges found in the literature. Values in green are within 5% of those in the literature; in light green, yellow,
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orange, red and black those that exceed respectively 5, 20, 35, 50 and 400 percent of the maximum value;
in light and dark blue, if they are lower than 5 and 50 percent of the minimum, respectively. Cells in gray
represent missing values.

Figure 6

Personalized metabolic pro�le for subject 2852 showing the 24 metabolites that present abnormal values
according to literature ranges. Color-coding is a simpli�cation from that of the heat map of Figure 5:
values within the blue and red areas represent lower and higher values from those reported in literature
for adults over 18 years old, respectively.
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