Ion-pairing chromatography and amine derivatization provide com-
plementary approaches for the targeted UPLC-MS analysis of the
polar metabolome
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ABSTRACT: Liquid chromatography coupled to mass spectrometry is a key metabolomics technology. Reversed-phase liquid
chromatography (RPLC) is very widely used as a separation step, possessing excellent characteristics with respect to reproducibility
and reliability, but typically has poor retention of highly polar metabolites. Here, we evaluated the combination of two alternative
methods for improving retention of polar metabolites based on 6-aminoquinoloyl-N-hydroxysuccinidimyl carbamate derivatization
for amine groups, and ion-pairing chromatography (IPC) using tributylamine as an ion-pairing agent to retain acids. We compared
both of these methods to RPLC and also to each other, for targeted analysis using a triple-quadrupole mass spectrometer, applied to
a library of ca. 500 polar metabolites. IPC and derivatization were complementary in terms of their coverage: combined, they im-
proved the proportion of metabolites with good retention to 91%, compared to just 39% for RPLC alone. We detected 132 metabolites
for real biological samples (liver extracts) with good reproducibility (based on coefficients of variation in pooled biological quality
control samples). Finally, we tested the combination of methods with real-world samples by analyzing a set of liver extracts from
aged male and female mice that had been treated with the polyphenol compound ampelopsin. Furthermore, we also compared the
results of these LC-MS methods to '"H NMR spectroscopy as an orthogonal method (also termed statistical heterospectroscopy
(SHY)), and found a strong correlation between the results of these different analytical approaches. By these means, not only were a
number of significantly changed metabolites detected, but also it could be shown that there was a clear interaction between ampelopsin
treatment and sex, in that the direction of metabolite change was opposite for males and females.

INTRODUCTION

Metabolomics/metabonomics, as a scientific field, depends
on the analytical ability to profile metabolites from a wide range
of sample types. There are many approaches to metabolite pro-
filing, but the vast majority of published papers use either nu-
clear magnetic resonance (NMR) spectroscopy or mass spec-
trometry (MS) as analytical platforms. '"H NMR is most com-
monly used to analyze complex mixtures directly; MS is fre-
quently hyphenated to a separation technique, of which the two
most common are gas and liquid chromatography (GC and LC).
All of these techniques have their own specific advantages and
disadvantages: NMR is unmatched as a universal and quantita-
tive untargeted detector,"® but the high mass requirement
means that it is generally limited to detection of the highest con-
centration metabolites only. GC is the most natural separation
partner to MS, as the analytes are already in the gas phase in the
separation step, and furthermore it offers excellent chromato-
graphic performance; but it is generally necessary to derivatize

metabolites to make them volatile, and it is limited in its cover-
age of key metabolite groups. LC-MS has the potential to offer
the widest coverage of the metabolome, although there are also
some important limitations. Critically, the separation step is po-
tentially limiting.*

The ‘standard’ LC separation technique is reversed-phase
(RP) chromatography, which uses a polar mobile phase (proto-
typically, water/methanol or water/acetonitrile) and a non-polar
stationary phase (prototypically, C18 — octadecyl-bonded sil-
ica). The term ‘standard’ should be used with caution, as there
are a plethora of different phases and supports available from
different manufacturers, which may offer useful variation in re-
tention characteristics — nonetheless, there is sufficient com-
monality that they can be considered as a group. There are many
reasons why RPLC is so widely used as a separation method: it
provides a robust and reproducible platform, the retention char-
acteristics are understandable and predictable, and it is compat-
ible with aqueous biological samples. It is generally the method



of choice for non-polar or semi-polar metabolites. However,
highly polar metabolites are more problematic, as they have
only poor retention, eluting shortly after the void volume. These
include some of the most biologically important metabolites,
which are critical to all kinds of studies. Even if there is some
retention for such analytes, significant ion suppression can be
expected, and it is certainly sub-optimal.

There are a number of approaches which are, or should be,
complementary to RPLC for metabolome profiling. In particu-
lar, hydrophilic liquid interaction chromatography (HILIC) is
very widely used for metabolomics. There are also limitations
to HILIC, though. For example, analyte peaks may be broader
and less Gaussian than for RPLC, retention time shifting can
potentially be an issue, and samples are generally redissolved in
a high concentration of organic solvent for injection, which can
lead to solubility problems. There is a clear need for additional
development of LC methods that improve retention of polar me-
tabolites.

One set of methods makes use of the beneficial properties of
RPLC by modifying metabolites to improve their retention —
either permanently, by chemical derivatization, or temporarily,
by adding modifiers to the mobile phase. Ion-pairing chroma-
tography (IPC) mixes amphiphilic molecules with the phase —
for instance, a positively-charged surfactant molecule would be
suitable for negatively charged analytes, as it would form ion-
pairs with anions, which would then be retained by RP mecha-
nisms.5 Of course, when using MS as a detector, there is an ad-
ditional complicating factor that the ion-pairing agents should
be sufficiently volatile to be compatible with the mass spec-
trometer. Alkyl amines are often used for IPC of anionic ana-
lytes, as they are more volatile than more strongly surface-ac-
tive compounds such as quaternary alkyl ammonium com-
pounds, and their charge can be controlled by adjusting the mo-
bile phase pH. Because of the improvement of retention
achieved through IPC, a number of different studies have ap-
plied IPC to improve metabolome coverage and analytical
methods.512

An alternative to IPC is covalent modification of analytes by
derivatization. This is, of course, a substantial area of re-
search;'3'* we merely note here that covalent derivatization
methods have a long history in chromatography. 6-aminoquin-
oloyl-N-hydroxysuccinidimyl carbamate was originally devel-
oped for amino acid analysis using optical detection (both fluo-
rescence and absorbance),'>'® but was later adopted for use
with mass spectrometric detection, opening up the potential for
using it for the broad analysis of the amine-containing sub-
metabolome."”

Here, we systematically evaluate the combination of two
methods that have both been previously used independently for
polar metabolite analysis: derivatization of amines by 6-amino-
quinoloyl-N-hydroxysuccinidimyl carbamate, and ion-pairing
using tributylamine. The capabilities of these methods were ex-
plored using a large library of standards, and also by application
to determine the real-world number of these metabolites that
can be detected in biological samples.

MATERIALS AND METHODS

Chemicals and reagents. The mass spectrometry metabolite
library (MSMLS) was from IROA Technologies (NJ, USA).
Other chemical standards not in the MSMLS library, formic
acid, chloroform, acetonitrile, deuterium oxide, tributylamine
(TBA), sodium phosphate monobasic and dibasic, D,O, and

isotopically labelled internal standard, L-phenyl-ds-alanine,
were obtained from Sigma-Aldrich (Gillingham, U.K.). Ac-
cQTag Ultra reagent was obtained from Waters UK (Wilsmlow,
UK). LC-MS grade water, water with 0.1% formic acid (v/v)
and acetonitrile with 0.1% formic acid (v/v) were purchased
from Fisher Scientific (Leicester, U.K.). Methanol and isopro-
panol (LC-MS grade) were obtained from Honeywell (Char-
lotte, NC, U.S.A.). Sodium trimethylsilylpropane sulfonate so-
lution (DSS-dg, 1S-2) was obtained from Chenomx (Alberta,
Edmonton, Canada).

Mouse experiments. The experimental subjects were 24 male
and 26 female mice, aged from 18 to 20 months, of the
C57BL/6N strain. Same sex conspecifics were housed 4 to 5 per
cage and treated with 1% ampelopsin (10 g/kg of food) pellet
food or via a control diet (same composition but without ampe-
lopsin). Ampelopsin was provided from AnalytiCon Discovery
(Hermannswerder Haus 17, 14473 Potsdam, Germany) and
both the control and the ampelopsin diets were custom-made by
Ssniff Spezialdidten (Ferdinand-Gabriel-Weg 16, D-59494
Soest, Germany). A special low-antioxidant diet was used (de-
pleted in vitamins C and E, and low in phytoestrogens) in order
to maximize any potential antioxidant effect of ampelopsin. All
subjects were sacrificed by decapitation. All peripheral and cen-
tral tissues were rapidly dissected and snap frozen in liquid ni-
trogen for further analyses. All experimental procedures were
reviewed by the ethical body of the Istituto Superiore di Sanita
for animal welfare and conducted in conformity with the Euro-
pean Directive 2010/63/EU and the Italian legislation on animal
experimentation, D. Lgs. 26/2014. They were authorized by the
Italian Ministry of Health.

Sample handling. The samples were extracted and analysed
in a randomized block design, to avoid any potential confound-
ing of the experimental factors with the running order. All sam-
ples were anonymized during analysis, and tracked using alpha-
numeric codes generated using cual-id software'®.

Tissue extraction. Liver samples were extracted following a
modification of the classic Bligh and Dyer approach for lipid
extraction'®. One male ampelopsin-treated sample was lost dur-
ing extraction. Samples were kept frozen on dry ice and ex-
tracted in random block order in order to minimize any bias.
The frozen tissue was added to pre-chilled 7ml bead beater
tubes containing 1.4 mm zirconia beads. Samples had cold (-
20° C) methanol/chloroform volume adjusted based on weight,
with 0.3 ml added per 100 mg tissue in a 2:1 ratio for metha-
nol:chloroform. Samples were processed from frozen in a Pre-
cellys Evolution bead beater (Stretton Scientific, Stretton, UK)
at 10,000 RPM for 20 seconds. An additional 0.1 ml each of
water and of chloroform per 100 mg tissue was then added to
separate the phases, and the samples were then mixed in the
bead beater (10 s, 4500 RPM) and then centrifuged (3000g, 10
min.). 500 pl of the upper aqueous layer was removed and dried
overnight at 30 °C using a vacuum concentrator.

Metabolite library. The MSMLS library was manually edited
to remove mislabelled and duplicate metabolites. Metabolite
standards were made in water or water/methanol mixture to a
final concentration of typically 10 pg/ml and stored at -80 °C.
Further dilutions were always made with water. For direct infu-
sion single standards were made up at 1 mg/ml and diluted with
water. Mixtures of 12 compounds (with different masses at unit
resolution) were pooled to determine retention time/parent
ion/fragment ion (tr/Q1/Q3) data for compound identification.
Parent ions and fragments were determined from the XCMS-



MRM database®® where possible; the database collision energy
(CE) was converted to a predicted value for the XEVO-TQS
based on the behaviour of a number of experimental CE values
for standards compared to the database values. The best CE was
then determined by ramping around the predicted value in in-
crements of 2-5 eV. Those compounds with positive molecular
ions in XCMS-MRM were only tested with positive mode RP
and (where appropriate) the AccQ-Tag derivatization method.

Compounds that were not present in the XCMS-MRM data-
base, or those for which we failed to obtain tg/Q1/Q3 values
using the above step, were directly infused to the MS and the
vendor built-in optimization process was used to determine best
CE and best Q1 and Q3 values. The tg of this group of com-
pounds were then determined in a second LC run.

For AccQ-Tag derivatized standards, [M+171]" was the ob-
served parent ion for monoamines and CE was optimised for
the highest abundance fragment ion (171.05). For compounds
with two or more amine groups, the maximum number of
AccQ-Tag additions and charges was used to define the parent
ion, but other derivatization products'” were also recorded and
the relevant tr/Q1/Q3 values added to the database to assist an-
notation in real samples by helping to identify potential inter-
ferences.

Derivatization. Standards and samples were derivatized ac-
cording to the AccQ-Tag Ultra Kit (Waters UK Ltd, Wilmslow,
UK) derivatization procedure; briefly, 10 ul sample were mixed
with 70 ul borate buffer and 20 ul AccQ-Tag reagent. After a
few minutes at room temperature samples were heated to 55 °C
for 10 min to degrade the excess AccQ-Tag reagent. Samples
were then diluted 1:5 with water while standards were diluted
between 10-100 times as appropriate. Further dilutions were
carried out for analysis of samples if the chromatographic peaks
were observed to saturate the MS detector.

Biological samples. These were analysed using the same an-
alytical procedures as given above. Phenylalanine->Hs was in-
cluded as an injection standard, in order to check injection vol-
ume stability, but was not used to normalize the data. The fro-
zen dried samples were reconstituted in 100 ul water, and cen-
trifuged (16,000g, 10 min). The reconstituted solution was di-
rectly injected for ion pairing chromatography, and a 10 pl ali-
quot was frozen (if not being used immediately), and stored un-
til derivatization. Blanks (both process blanks and reagent
blanks) and quality control (QC) samples, consisting of a
pooled equal volume of all samples, were also analysed; the QC
samples included a run of 5 samples before and after the main
run, and then every 10" sample during the run was a QC sample.
The QCs provide a type of system suitability test, along with
the normal pre-run calibration and testing of the MS: the run is
not started unless the pre-run QCs show evidence of stabiliza-
tion of tR and peak shape. A single, qualitative sample was also
run for both human urine and human plasma, using long-term
reference samples donated by the National Phenome Centre,
Imperial College London.

UPLC-MS settings. All settings for the different methods
used are given in Supplementary Information, Table S1. Acet-
ylacetone was included in the mobile phase for the ion-pairing
chromatography, as it has been shown to improve analytical
performance for similar samples.?!

Data processing. The data were processed using the freeware
package Skyline.?? Metabolite assignment was based on match-
ing retention time, ion ratios, and peak shape comparison

between samples and authentic standards, plus absence of sig-
nals from blanks. QC samples with authentic standards spiked
in were used in some cases to assist peak annotation. Known
interferences from In-source fragments were included in the
workflow used for peak annotation (e.g., but not limited to, ATP
for ADP signal, UDP-glucose for UDP, adenosine for adenine,
malate for fumarate, citrulline for ornithine, etc.).

Metabolite profiling by '"H NMR was carried out using a
Bruker Avance DRX600 spectrometer, operating at 600 MHz
and equipped with a Smm inverse probe. Samples were intro-
duced using a SampleJet autosampler; they were cooled at 4 °C
before acquisition, and kept at 25 °C during acquisition. The
samples were dissolved in 0.65 ml of NMR buffer (phosphate
buffer, pH 7, 0.2 M; 0.1 mM DSS-ds; made up in D,0), centri-
fuged (5 min, 16,000g), and 0.6 ml transferred into Smm Sam-
plelet tubes. 1D spectra were acquired using an automation se-
quence which performed tuning and matching, shimming, and
measurement of 90° pulse power on each individual sample. 23
The data were then acquired using a NOESYPRESAT sequence
for water suppression, with 64 scans and 8 dummy scans per
sample. The data were acquired into 20 ppm spectral width and
64K data points, giving an acquisition time of 2.3s; an addi-
tional relaxation delay of 2.7s was used to give an overall recy-
cle time of approximately 5s. The spectra were processed with
a 0.3 Hz exponential apodization function; automated algo-
rithms were used to adjust phase, baseline, and reference chem-
ical shift to DSS (& = 0). The processed spectra were then
opened in NMR Suite 8 (Chenomx, Edmonton, Canada) and
manual metabolite deconvolution performed. Metabolite as-
signment was made on the basis of 2D NMR spectra as well as
the 1D spectra used for profiling; four metabolites (inosine,
adenosine, uridine, and hypotaurine) had their identities further
confirmed by spiking experiments.

Data analysis. All data were normalized using the probabil-
istic quotient method.?* The data were then analysed by t tests
for two-group comparisons (i.e., ampelopsin-treated vs control
for the male and female mice separately), and by two-way anal-
ysis of variance with “sex” and “ampelopsin treatment” as fac-
tors. Principal component analysis used data that had been
mean-centered and transformed to unit variance. Statistical sig-
nificance was evaluated at P < 0.01, and Bonferroni correction
was used where multiple tests were carried out.

RESULTS AND DISCUSSION

We have used a targeted approach in the current study, i.e.,
profiling only known metabolites. Targeted metabolomics is a
separate, although closely related, field to untargeted metabo-
lomic analysis: it is not our intent to claim superiority for one
over the other, but only to point out that both can be used as
valid approaches to biochemical exploration.?528 Other studies
have also used targeted or pseudo-targeted methods to give cov-
erage of a wide range of metabolites,?” including ones based on
the same metabolite library that we have used here.?® However,
we have combined different separation methods with greater
metabolite library coverage than has been reported previously.

We tested 111 amine metabolites by derivatization with
AccQ-Tag Ultra reagent (a commercially available kit for deri-
vatization by 6-aminoquinoloyl-N-hydroxysuccinidimyl carba-
mate). Gray et al. monitored 66 potential analytes and detected
25 in human liver samples®®. The chromatographic perfor-
mance of the derivatized analytes was excellent, as others have
also found?®: the peaks were dispersed well over the full width



of the chromatogram, and a variety of critical pairs (e.g. leucine
and isoleucine) were separated.
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Figure 1. Retention times of polar metabolites are improved both
by ion-pairing chromatography (IPC) or AccQ-Tag derivatization,
and the combination of both approaches together is highly comple-
mentary. A: reversed-phase (RP) compared to AccQ-Tag. B: RP
compared to IPC. C: RP compared to IPC (filled symbols) and
AccQ-Tag (open symbols) as a combined strategy; where a metab-
olite can be analysed by either technique, the AccQ-Tag data are
shown. Histograms show distribution of retention time data.

(It should be noted that care must be taken with metabolites
with multiple amine groups, as these will form multiple deriva-
tives.) This confers a substantial real-world benefit when com-
pared to RPLC for the same analytes: 102 metabolites were de-
tected by both AccQ-Tag and RPLC, and for these, all metabo-
lites had their retention time (tr) increased compared to the
equivalent RPLC (Figure 1). In particular, 74 of these 102 me-
tabolites had unacceptable retention for RPLC (tzg < 1.0 min),
and a further 7 had borderline retention characteristics (1.0 min
< tg < 1.5 min; Figure 1). A handful of metabolites had poor
retention by both methods (tg < 1.0 for RPLC and tg < 1.5 for
AccQ-Tag) — principally the sugar amines and related com-
pounds (glucosamine, galactosamine, mannosamine, glucosa-
minic acid, glucosamine-6-phosphate,

glucosamine-6-sulfate), but also histidinol. The sugar amine
compounds also gave rise to multiple peaks; because of this,
and because the sugar amines are not resolved at unit mass, we
have not reported data from these compounds for biological
mixtures. In general, we recommend against analysis of the
sugar amines by AccQ-Tag derivatization, unless extra care is
taken (e.g. by injecting authentic standards spiked into actual
samples). However, the sugar amine derivatives glucosaminic
acid, glucosamine-6-sulfate, and glucosamine-6-phosphate,
could be clearly separated and identified in biological samples.

The IPC method was less uniformly good in terms of peak
shape: thus, while many compounds gave excellent Gaussian
peaks, some provided broadened or asymmetrical peaks (Sup-
plementary Figure S1). We also compared two different ion-
pairing reagents; diisopropylethylamine, with hexafluoroiso-
propanol as a weak acid modifier, has been suggested as offer-
ing potentially greater sensitivity compared to tributyla-
mine/acetic acid®®. Our preliminary analysis, using a selected
number of compounds, showed a slight advantage in sensitivity;
however, it performed substantially worse in metabolite reten-
tion, and so we continued with tributylamine/acetic acid only
(Supplementary Figure S2).

We successfully measured tg for 283 of the metabolites by
IPC. Where tr was not obtained, this was due either to low sen-
sitivity of the metabolite in negative ESI, or else poor chroma-
tographic performance. Of these metabolites, 244 also had a tg
successfully assigned by RPLC. In general, however, IPC was
very effective at improving the retention of otherwise poorly-
retained metabolites. Only three metabolites had clearly greater
retention for RP than IPC: dopamine, tryptophanamide, and
TRH. (The first two were well retained by AccQ-Tag, so in
practice, would be preferentially analyzed by this method rather
than either IPC or RPLC.) Overall, RPLC had poor perfor-
mance, when judging the retention of polar metabolites: 40%
(98 of 243 jointly-detected) metabolites had an unacceptable tg
< 1.0, and a further 15% (37 metabolites) fell in a borderline
category of tr < 1.5 min. In contrast, IPC had only 21% of me-
tabolites (60 out of 283) with unacceptable tg < 1.0 min, and a
further 5% (14 out of 283) with borderline tg <1.5 min (Figure
1). Interestingly, the IPC tr data appeared to have an approxi-
mately bimodal distribution, with ‘peaks’ around 2-3 and 8-9
minutes.

The two methods for polar metabolite retention, IPC and
AccQ-Tag, appeared only weakly associated with respect to re-
tention characteristics (+* = 0.12, 57 metabolites with data for
both techniques). This is advantageous when it comes to com-
bining methods. If both IPC and AccQ-Tag are used, 334 po-
tential analytes can be determined; however, if the tr data are



also compared to RPLC, this reduces the number to 287 metab-
olites. By combining AccQ-Tag with an IPC analysis, metabo-
lite coverage was improved from ca. 40% with good retention
(tz > 1.5 min) by RPLC to ca. 90% (Figure 1). The remaining
metabolites, which were not retained well by any method here,
include, unsurprisingly, sugars and polyols (trehalose, raffi-
nose, stachyose, galactitol, erythritol, and xylitol; other com-
mon sugar metabolites were not included here, precisely be-
cause they are notoriously problematic analytes for LC-MS, but
we can nonetheless safely conclude that our combined method
is not suitable for sugars or polyols); and a number of other
small and highly polar metabolites, e.g. nucleobases.
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Figure 2. Reproducibility of data for real biological samples (liver
extracts). A: within-metabolite correlations (i.e. multiple transi-
tions per metabolite for the ion-pairing data; black histogram) are
much higher than the between-metabolite transitions (grey histo-
gram). B: cumulative distributions of relative standard deviation for
pooled quality-control samples. Blue line: AccQ-Tag. Black line:
ion-pairing chromatography. The dashed horizontal grey lines in-
dicate RSD cutoffs of 0.3 (AccQ-Tag) and 0.5 (ion-pairing).

Another key factor for any analytical method is sensitivity —
at what concentration can we detect specific metabolites? We
decided not to characterize the whole metabolite library, but
compared a small number of representative metabolites be-
tween the RPLC-MS and IPLC-MS. We picked 7 metabolites,
including basic, acidic, and lipophilic amino acids (Gln, Glu,
Phe, Trp), an acid (citrate), and a nucleoside and a nucleotide
(cytidine, GMP), and evaluated the response on the same mass
spectrometer, i.e. keeping all of the parameters as comparable
as possible except for the chromatography. We did not attempt
to calculate formal limits of detection, but compared peak areas
to give a broad indication of any major effects on signal inten-
sity. The effects were small and showed little clear trend to-
wards either increased or decreased sensitivity in the IPLC-MS
compared to the RPLC-MS: the difference in sensitivity for RP
compared to IPLC-MS ranged from 4fold increase (Trp) to
0.7fold decrease (Gln), with a median fold change difference of
only 1.1fold (Supplementary information, Figure S3). Given
that RPLC-MS is so widely established as a sensitive metabo-
lomics platform, IPLC-MS should also be broadly applicable.

We tested our combined method by analyzing a set of real
biological samples: liver extracts from aged mice that had been
treated with a polyphenol compound, ampelopsin, with poten-
tial healthspan benefits. 27-2° In total, for the IPLC-MS, we de-
tected 193 transitions from 85 metabolites. (We also tested
urine and plasma samples, given their importance in metabo-
lomics studies, and conservatively detected 68 and 48 metabo-
lites, respectively, by IPC-MS.) We imputed any missing values
by replacing them with half the minimum value observed for
that metabolite. For the AccQ-Tag data, we observed 75 transi-
tions from 72 metabolites (NB that while almost all metabolites
had the single daughter ion m/z=171, derived from the derivat-
ized group, cysteate had 3 and N-acetyllysine had 2 transitions
monitored, respectively).

Table 1. Significance of principal component scores with re-
spect to the experimental factors “sex” and “ampelopsin
treatment” for three different data types.

Principal | Sex Ampelop- | Interac-
compo- sin tion
nent
NMR 1 0.20 0.43 6.1x10”?
2 3.7x107 0.46 0.55
3 0.031 0.27 0.78
AccQ- 1
Tag 0.34 0.77 0.15
2 7.4x10°8 0.055 0.0048
3 0.00067 0.21 5.5x10°
Ion pair- | 1
ing 0.56 0.85 0.024
2 0.5 0.62 1.2x107
3 1.1x1013 | 0.49 0.77

For the IPC data, we analyzed all the transitions separately,
as opposed to selecting a single best transition for each metab-
olite. Both approaches are defensible; by analyzing all transi-
tions, we do not pre-judge which is the best; and, where more
than one transition is present for a single metabolite, similar sta-
tistical behavior of the variables helps to validate individual me-
tabolites in a simple and straightforward way. There were 193
transitions (after manual processing and assessment of the data
in Skyline — i.e. compounds which were clearly absent or of
very poor quality were already excluded). Of these, 60% had a
coefficient of variance (CV) < 0.3, and 78% had a CV < 0.5
(Figure 2). The choice of a CV threshold is, of course, arbitrary,
although 0.3 has been widely used for metabolomic data. For
the current dataset, if the CVc is plotted against the ratio of the
CV of the biological samples to the QC samples (CVyioi/CVqc),
there is an apparent step in the data above CVqc= 0.5 (Supple-
mentary Figure S4), and so we would suggest that CVqc > 0.5
is appropriate for finding potentially interesting metabolites in
this IPC-MS data set. (As metabolomics is a “discovery” pro-
filing approach, more often applied for hypothesis generation
than hypothesis testing, we consider it wholly appropriate to in-
clude a wider range of metabolites; of course, if one were pri-
marily looking for high-quality statistical biomarkers, a differ-
ent threshold could be applied. In either case, for any level of
confidence in its utility, a potential biomarker would be verified



independently using a specific targeted and validated assay.) so if just one person does the fitting3! as was the case here.

This approach gave either 58 or 69 metabolites for the two QC Fourteen of the metabolites were not observed in either the IPC
thresholds, respectively. Nine of these were also present in the or the AccQ-tag data, and so in total, across all three platforms,
AccQ-Tag data, so in total — AccQ-Tag plus IPC — we detected we detected 146 metabolites. The data from the AccQ-Tag,
132 metabolites with confidence in the liver extracts by LC-MS. NMR spectroscopy, and IPC-MS are given in supporting infor-
Another method of assessing the quality of the data is to look mation, Tables S2, S3, and S4, respectively.
at the correlation between the different transitions of a metabo- Metabolites that are detected by more than one method can
lite, where more than one transition has been assigned. We have be directly cross-compared across all samples, an approach
not done this for the AccQ-Tag data, as here we typically mon- termed statistical heterospectroscopy (SHY)®2. SHY can be
itor just a single fragment (m/z = 171). For the ion pairing data, used not only for potential assignment of unknowns, but also to
the non-structural correlations (i.e. between all metabolites, and increase confidence in the assignment of known compounds®?.
considering all 193 transitions) had, as expected, a broad, sym- Fifteen metabolites were detected in common between the
metrical distribution around » = 0; conversely, the structural NMR spectroscopic and both of the LC-MS datasets. (We con-
correlations (within metabolites) had an extremely right- sidered the NMR dataset to be our validating dataset, given the
skewed distribution, where about half of the transitions (73 out excellent reproducibility of NMR spectroscopic data, and so we
of 138 correlations) had r > 0.95 (Figure 2). The two distribu- did not examine correlations between the two MS datasets.)
tions were well discriminated (area under ROC curve = 0.97). Overall, there was a very clear discrimination between struc-
Finally, in terms of data validation, we also acquired data for tural and non-structural correlations (P =2 X 10, logistic re-
these samples by 1D 'H NMR spectroscopy. We assigned and gression; AUROC = 0.87). Some metabolites (e.g. 2-amino-
fitted 30 metabolites from these data, using a commercial soft- adipate) were detected on all three platforms, and showed ex-
ware package for computer-assisted manual fitting. We have cellent correlation across all of them (Supplementary infor-
previously shown that the manual fitting is reproducible, highly mation, Figure S5).
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Figure 3. Multivariate analysis of metabolomic data indicates that there is an effect of sex, but that ampelopsin manifests as an interaction
with sex, with opposing metabolic effects in male and female mice. Principal components analysis: empty symbols = females, filled symbols
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two transitions from the LC-MS ion pairing data. B: volcano plot for female mice. C: fold change values for males against females show a

negative correlation across all three analytical platforms.

Multivariate analysis (principal components analysis, PCA)
showed essentially the same biological picture for all three of
the datasets. The values from the QC samples were tightly clus-
tered in the centre of the plot for both of the LC-MS datasets,
demonstrating the high technical reproducibility of the data.
There was a strong metabolic difference between the male and
female mice; and there was no clear metabolic effect of ampe-
lopsin alone, but there was a strong interaction with sex, i.e.

ampelopsin had opposite effects in the male and female mice
(Figure 3). The NMR spectroscopic data had a significant effect
of sex along PC 2, and a significant interaction along PC 1; the
AccQ-Tag data showed a similar pattern across PCs 2 and 3, but
not aligned with the axes, so that both sex and interaction were
significant on both PCs; and the ion-pairing data had a signifi-
cant effect of sex along PC 3, and a significant interaction along
PC 2 (Table 1).

/ .Gua _gGfP
// +Gua
/ o Gua
1//
) o Xan
10 « XgKan
_§ = /
10 Mial LGt
|nQ‘_a.»-"“'--:-vv oG“
-5
< 10 | LGlt
Q no
- NAGR Oty
g 104 +OHPro
@ [
: ® o ] . o Tpt
Q -
(%] 1073 . «NAcLys o« NACTrp
+NACTrp NAcLeu
L]
1072 :° . e NAcLeu
. o gn ® «Gsa
L ]
o, o’ .
10~ . . + +NAcMet
7 0 NAcMet
te ._- e . ® o NAcMet «TMA
2 et * Hpt
1 o, S0 0,0, .Gca o F1P!
1 107" 102 10° 10" 10° 10°® 107 10® 10° 10"

Figure 5. Metabolites differing between male and female mice tend to include N-acetylated amino acids, and metabolites with an interaction
between sex and ampelopsin treatment tend to include organic acids and nucleosides. Data taken from two-way ANOVA. Black: AccQ-Tag
data; blue: ion-pairing data; red: NMR data. Blue shaded area indicates metabolites with P < 6.8X103 (i.e. original P value threshold of <
0.01 plus Bonferroni correction). Yellow shaded area: magnification of crowded region of the plot. Metabolites are labelled directly on the
plot — Glt: glutarate; NAcTrp: N-acetyltryptophan; NAcLeu: N-acetylleucine; NAcMet: N-acetylmethionine; Gea: gluconate; Tpt: trypta-
mine; Hpt: hypotaurine; OHPro: hydroxyproline; NAcLys: Na-acetyllysine; Gsa: glucosaminate; TMA: trimethylamine; Ino: inosine; Xan:
xanthine; Gua: guanosine; GTP: guanosine triphosphate; Mal: malate; NAcGlu: N-acetylglutamate; Uri: uridine; Cta: cysteate.

When analyzing the data for the male and female mice sepa-
rately, the metabolite with the most significant effect of ampe-
lopsin treatment was inosine, in male mice, with P < 10 for
both NMR spectroscopic and LC-MS detection (Figure 4).
Given the interaction shown by the PCA, it is not surprising that
the fold-change of all metabolites with respect to ampelopsin
treatment were negatively correlated (r = -0.60, P = 3.5x10"%,
log-transformed data) between male and female mice (Figure
5): i.e., ampelopsin exerted opposite metabolic effects in male
and female mice. This gives grounds for a further univariate
analysis, as analysis of variance allows formal testing of the sig-
nificance of the interaction. The results of this (Table S5, sup-
porting information) show a number of significant metabolites.
However, following Bonferroni correction (based on the num-
ber of metabolites), no metabolites remained with a significant
effect of ampelopsin treatment as a sole factor (Table S4). There
were a number of metabolites that had a significant effect of
sex, particularly N-acetylated amino acids, and also a number

that had a significant interaction between sex and ampelopsin
treatment, including nucleosides and related compounds (uri-
dine, guanosine, inosine, xanthine, GTP), and organic acids
(cysteate, malate, N-acetylglutamate, and glutarate). Glutarate
was the only compound that was significant with respect to both
sex and to the interaction term sex X ampelopsin (Figure 5).
The aging process and its health outcome differ in male and fe-
male mice (although mechanisms are still poorly understood),
and so the metabolic differences found here are reasonable.3*
Moreover, administration of trehalose in C57BL/6N old mice
affects healthspan (behavior and brain anti-oxidant defences) in
a sex-dependent fashion, similarly suggesting the ability of nat-
ural compounds to target specific aspects of age- and sex-de-
pendent vulnerability.3®

Overall, the complementary combination of amine derivati-
zation and ion-pairing chromatography described here provides
arobust approach for targeted analysis of the polar metabolome.



The methods could, of course, be improved further. Perhaps the
most obvious improvement would be addition of more analytes
to these two methods. It would also be possible to add in addi-
tional complementary analytical methods — for example, RPLC
would be an obvious third method to include, in particular for
those compounds that ionize poorly or not at all in negative
mode, as the presence of tributylamine in the mobile phase
makes positive mode ESI impractical for the IPC method. There
is also, of course, scope to add in further targeted complemen-
tary analyses for sub-groups of the polar metabolome (e.g. thiol
metabolites would be an obvious choice, given their lability),
but these will not be discussed further here. Although these are
targeted methods, and meet Metabolomics Standards Iniative
(MSI) level 1 identification criteria (i.e. metabolite assignments
are based on tg, parent and daughter ion m/z, and comparison to
authentic standards®®), it still does not necessarily ensure com-
pound identity beyond doubt when analysing biological sam-
ples. Structural isomers are an obvious case where there is po-
tential for misassignment: even if two isomers are resolved as
pure standards, it may often be the case that only one of these
isomers is present at detectable levels in biological samples.
This can make it hard to assign compound identity with com-
plete certainty, especially as there may often be slight tr shifts
when comparing chromatograms of pure standards to those de-
rived from complex biological matrices. This is not a critical
difficulty — peak assignments can generally be confirmed, if
necessary, by spiking the authentic standard into the biological
sample and reacquiring the data. (If even this is not sufficient,
then reacquiring with alternative chromatography, e.g. using a
pentafluorophenyl-derivatized column, should provide enough
data for unambiguous assignment.) The problem is particularly
acute for the AccQ-Tag-derivatized metabolites: the daughter
ion spectra tend to be dominated by the peak from the 6-amino-
quinoline formyl ester fragment, generally to the extent that this
is the only ion observed. Because of this, the amount of struc-
tural information is equivalent only to that conveyed by a single
quadrupole when comparing between derivatized analytes, alt-
hough of course signals from compounds which do not contain
a derivatized amine group will still be filtered out. We still
strongly think that these data are worth acquiring, despite the
loss of structural information — the gains in sensitivity and re-
tention compensate for the drawback.

CONCLUSION

Both amine derivatization and ion-pairing chromatography
had significant benefits over standard reversed-phase chroma-
tography for a wide range of metabolites: they both led to a val-
uable improvement in retention times for a significant propor-
tion of the metabolome. Furthermore, they are naturally com-
plementary: amine-containing compounds will tend to be ones
which can take a positive charge, whereas the ion-pairing rea-
gent used here (tributylamine) will associate with negatively
charged analytes. When applying these methods to a real bio-
logical sample set — livers from mice that had been treated with
a phytochemical — both the AccQ-Tag and IPLC-MS methods
indicated similar overall metabolic patterns, but did so by iden-
tifying unique metabolic changes, i.e. metabolite biomarkers
that would have been missed if only one of the methods had
been employed. Using both of these approaches together pro-
vides a robust platform that covers a large proportion of the
metabolome, and thus would be widely applicable in metabo-
lomic research.
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