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Evaluation of the rotating-frame relaxation (T 1) filter and its
application in metabolomics as an alternative to the transverse
relaxation (T2) filter

Elena Piersanti, Lamya RezigFabrice Tranchida, WaelHHouri, Seidou M. Abagana, Mylene
Campredonl.aetitia Shintu and Mehdi Yemloul ".

Aix Marseille Univ, CNRS, Centrale Marseille, iSm2, Marseille, France.

ABSTRACT: NMR-based metabolomic studies commonly involyg
the use ofT.-filter pulse sequence® eliminate or attenuatde
broad signals from large molecules amgrove spectral resolution
In this paperwe demonstrate that T filter-based pulse sequenc
represents an interesting alternative since it allowstttslity and
the reproducibilityneeded fostatisticalanalysis The integrity of
the samples and the stability of the instruraemtre assessed fo
different filter durations and amplitude&/e showed that the T
filter pulse sequence did not induce sample loeating for dilter
duration up to 500 msThe reproducibilitywas evaluated and I
compared with 7-filter in serum and liver samplesThe

implementation is relatively simple apdovidesthe same statistical

and analytical results g@bose obtained with the standard filters.

Regarding tissueanalysis, since the duration of the filter is that of the-fgmk, the synchronization of the echo delays with the
Magic Angle SpinningNIAS) rate is no longer necessary as feb@sed filter sequences. The resphssented in this articlEm at
establishing a neprotocol to improve metabolomgtudies and pave the way for future developmenfE oalternative filters, on
liquid and HRMAS NMR experiments.

Introduc tion is much larger than doupling values (1¥%#>> J).5¢ Moreover,

Serum and plasma are amotiie mostcommon samples the use of short intggulse delays requires several cycle
analysedoy NMR-based metabolomidg. To limit metabolite repetitions to reach the suited filter length, causing the heating
intensity variations, sample dettion and preparation have to of the samplesSeveral strategies have been proposed to
be tightly monitored, reducing the number of neegee overcome these issu&¥.For example, SViel and ceworkers
treatmentsteps. Thereforepurification stepssuch as protein ~ proposed a strategy based on multiple quarftiiered pulse
removal from plasma or tissue sampleasre usually not  sequence,in which, the complete cancelation of the
performed before NMR analysis. This leads to the acquisitionmodulations due to the scalar coupling is obtained by summing
of complex NMR spectra, containing signals from the zerequantum filtered and alblequantum filtered
macromolecules (proteins, lipoproteins) overlapping the signalsamplitudes? However the proposed approaches so far are
of metabolites of interest. Several spectral editing NMR limited to scalar coupled wvspin systems and do not allaw
sequences have been proposed to suppress or reduce the sighgpadscale application. More recently, Aguilar and co

of these macmoleculesn order to get a better visualization of ~workers®formally demonsated that the effect of the-salled

the metabolite signals. In general, the complete elimination or"Perfect Echbsequenceproposed by Takegoshi et'd)is not

the attenuation of macromolecule signals exploits the variationlimited to AX spin systemsut could be extended to multiple

of the spin relaxation parameters using relaxatieighted  coupled spins. Hence, CPMG with a 9@&focusingpulse at
experiments in which macromolecule signalsvith short ~ the midpoint of a double spieho was introduced as
relaxation times vanish. In the established metabolomic PROJECT (Periodic Refocusing of J Evolution by Coherence
protocols, the only filter used is the, Based one with the Transfer) and was successfully used in metabolomics,
CPMG pulse sequené@ne drawback of this relaxation filter ~particularly for HRMAS NMR-basedstudesof tissuesanples

is the echo modulation arising from the homonuclear scalarwhere long intepulse delays must be usefbr rotor
coupling thattypically leads tonegative signals with loss of ~ synchronizatiort: ***® Despite all these improvements, spin
intensity on CPMG filteredspectré#, and which is not coherence transfethat occurs for any CPMG schemegans
completely refocused by the multiple CPMG block even when thatT2 cannot be considedeas accurate for individual spins and
the interpulse frequency (Mivhere Ug the interpulse delay) may introduced problems fabsolute quantificatiof. When
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dealing with a proton spectrum involving many multiplets, a Marseille University (Marseille, Francahd in agreement with
simple alternative can be used, thecatied relaxation time in  the guidelines of the French Ministry of Food and Agriculture.
the rotating frame, T, which is known to carry similar The samples were stored &0°C until analysis.

information as 7. It is often meased from the decay of the

nuclear magnetization locked in the transverse plan by a rador6 HUXP VDPSOHY ZHUH SUHSDUHG XVLQJ
frequencyfield using the spideck technigue described by O R ‘L1 saline solutionifi D;0). Regarding tissue
Redfield!® In solution, the relaxation tim€;, has a very close ~ samples, about 15 mg of liver tissuasplaced into &80 O
value (if not identical) to the transverse relaxation timéom cylindrical disposablénsert andLO ul of D,O were addedlhe
small metabolitesAn immediate advantage of this relaxation insert was then placed into 88 |4 mm ZrQ, HR-MAS rotor.

time is that there is no precession during the evolution period of

the magnetization. This results in the absence of modulationdNMR recording conditions

related 6 possible scafal couplingsAlthough similar results ~ Three pulse sequences were implement@d a standard

are obtained using, or T, (filters, and despite the advantages &DUUi3XUFHOOiIOHLERRP{i*LOO &30* 105
of Ti, there is no application on mixture analysis or in sequence from the Bruker pulsegram ibrary, preceded by a
metabolomics$?® Conversdy, it is widely used in soligstate water presaturation pulse during a relaxation delay ([presat
NMR2and MRF25to improve the contrasts of the images, and 90> 2180%>2 Q (@ a standard Tusequence, also preceded
several developments have been undertaken to mitigate théy a water presaturation pulse during the relaxation delay
adverse effect of spilocking?® such as adiabatic rf puls€22 (Presat  90°-(SL)1:00-@ he Wpulse sequence and
or phase cycling metho#fdor simultaneous; rf andBy, field implementation details are given $1.1); (iii) the presaturated
inhomogeneity compensatié?® In liquid-state,T; Jfiltering PROJECT sequence ([pres80°> 2180%290- 2180 2)Q @

is usually used ilNOE (Nuclear Overhauser Effect) and STD from Aguilaret al'®, used for HRMAS experiments. The filter
(Saturation Transfer Difference) experiments in preligiand duration was adjusted manually to remove the macromolecules
interaction studies for the elimination of protein sigri&lEhere signals. The spinlock duration was set as equal to the overall
are many potential fields of application reported in the echo time duration dhe CPMG sequenced. 480 ms and 100
literature, particularly in the study of complex and ms for liquid and HRMAS, respectively). The modification
heterogeneous biological systems in solution andM#AS and the adjustment of the filter duration aesy simplified for
NMR such as lipid bilayer® nanodiscs? membrane proteifi$ T1 sweightedsequence and do not require any calculation as is
and bicelles® % %738 For examplethe use of lab and rotating the case for Fbased sequess for which the intepulse delays
frame experiments suets INEPT and CP is well described for and the number of loops must be taken into account to obtain
HR-MAS and solidstate NMR for the characterization of the the desired duratiosll the NMR datasets were processed with
membrane topology and dynamic properties of-lfedigth the inbuilt software TOPSPIN B8.version (Bruker BioSpin,
rabbit cytb5 in a membrane environmefiand more recently, Germany).

thein situdetermination of molecular structure of cartildgjm

HR-MAS spectroscopy, ihasbeenusedin several systerts For liquid-state NMR the experiments were performed at 293
but has never been performadd assessed the context of K on a Bruker AVANCE Il spectrometer operating at 600 MHz
metabolomicsHence, the developments, as is the case of-solid for 'H frequency equipped with a triple resonance high-
state NMR and MR, are very limiteRecently, H. Tangt al*2 resolution probe producing pulse field gradients with a
discussed -, T1 v, andTo-filtered 1D and 2D experiments by maximum strength of 60-@n.. The CPMG and'; sweighted
comparing spectra and relaxation times for different spectra of serum were acquired using 64 scans with 16 dummy
metabolies on blood plasmautthe relevance of the;Tfilter scans, the 90° hard pulse length was| &t 18 Watts and a

as a metabolomic todfrom spectrhacquisitionto statistical relaxation delay of 5 sec during which a continuous wave for
analysis)was not discussed. In this paper, we evalustted  water suppression was applied with a power level of 3.2 10

implementation of th&} Jilter for the metabolomianalysis of  \watts @»_ = 32 *VAFor the CPMG, the intgrulse delay was

liquid and semsolid samples (rat sera and livers), we showed set to 20Qus withn=1200 loopseading to a total filter length

that it ledto statistical resultidenticalto those obtained with of 480ms. The same filter length was used for thespectra
the T, filter (CPMG and PROJECT pulse sequences). We alsoby adjusting the spiteck pulse labelled “pa'in the pulse

showed that Tdfilter is suitable for metabolomic stied with sequene (seeSI.2). For both experiment, the spectral width

a S|mplg implementation aninimal parameter optimization was set to 6000 Hz and sampled with 32768 data points leading
and thait does notffect the sample integritsinceit does not SR . .
to the acquisition time of 2.27 sec and a total experiment time

induce overheatingunder the experimental conditions of .
; of 10 minutes.
metabolomics.

For HR-MAS NMR _spectroscopy the experiments were

Materials & Methods carried out on a Bruker AVANCE lll spectrometer operating at
400 MHz for*H frequency equipped with ¥/**CFP HR
Samples MAS probe. Allspectra were acquired at 277 K.

The collection of the samples used for this study is detaile  The CPMG, PROJECT and dweighted spectra of liver were
our previous publicationS** Serum and liver samplesere  acquired using 12 scans with 16 dummy scans, the 90%dhar
collected from rats that have received two different diets: (i) a pulse length was 10s at 10 Watts power level and a relaxation
standard diet dontrol group — C) (i) High Fructose and  delay of 2 sec during which water suppression with a power

Saturated fattyacids dietHFS group. The distribution of the level of 3.2 16 Watts @== 64 *VA For CPMG and

groups is given in Sl.JAnimal protocols werapproved by the ' ) @2_ ' . .

Animal Ethics Committee of the Faculty of Pharmacy of-Aix PROJECT, the intepulse delay hadbtbe synchronized with
the two MAS spinning perialsed in this study4 1 ms and



250 s for Qotation 1000 Hz and 4000 Hz, respectitéiThe Results and Discussion

filter length was 100ms. To reach this length, it isessary to

take into account the number of infarlse delays inside the |mpact of T : filter on sample heating

loops of the two sequences, two for CPMG and four for Some studies involving the , filter evoke a problem of sample

PROJECT. The distribution of these parameters is summarizetheating during the application of an excessive and long spin-

in Table 1. Again, the same filter length was used for the |ock 55! Thiseffect is inherento the nature off pulse and due

T1 uspecta without any calculation by adjusting the sjonk to its electric component. We first evaluated this aspect using a

pulse “p3”. For each experiment, the spectral width was set tomethanol samplavhich served as a molecular thermomgter

4500 Hz and sampled with 32768 data points leading to themeasure the actual temperature before and aiemgplication

acquisition time of 2.26 sec and a total experiment time of 10of a 480 msspinlock of different amplitudes. e. 2000 Hz,

minutes. 4000 Hz and 5000 HZor each amplitude, thremethanol
spectawererecordedusing a one pulse sequenater 1, 8, 64

Table 1. The parameterd/inter-pulse delays) and n (number and 128 dummyscans The results are reported in &lThe

of loops) used for CPMG and PROJECT to obtain a filter length recorded temperatures show the samellincrease as for the

of 100ms for two MAS rates (1000Hz and 4000HZ) CPMG pulse sequence, less th@2°C, regardless of the
number ofused dummyscans.The use ofT , for this kind of
CPMG PROJECT systems still safe but obviously, for solid state NMR stydhes
Qotation 2180%>2 Q 2180% 290- 2180 2)n amplitudesare relatively high and may disturb the samples, for
1000 Hz W1im/n=50 Wim/n=25 examplethe micelle oganization, protein foldingand other
4000 Hz | 1#250us/n=200 /250 us/n =100 systems including magneticalligned sample¥.> >

For_the relaxation time measurementthe standard pulse SPindock amplitude .

sequences and Bruker Dynamic Center procedure were used fgonventionally the spiteck pulse is performed by a
recordandfit the evolution of the signals as a function of the Continuousrf wave with an appropriate amplitudeat avoids
filters durations For each sequence, the same parameters,the shlft_ between the carrier freque_ncy and the resonance
described above, were usexhd the filter duration were (requencies (“offset effgct") ar_1d unsuitable power deposition
incremented from 10 ms to 1 sesing12 points For the T, due to excessweam_phtude_. Five spectra of serum were
measurement sequencesingtwo channes with two carrier recordedvith CPMG filter using two intepulse delays (200s
frequenciesthe first for water presaturation and the second @nd 600 s) a}f‘dT + filter with different spinlock intensities
placed at 2,2 ppraentredon the peaks of interest to avoid the expressed ag— (2 kHz, 4 kHz and 5 kHz). Figur& represents
offset effectsAbove 2000 Hz,we observed that the measured the 480 msT,- and T i-editedproton spectra with the carrier

T . wereinsensitive to the position of the carrier frequency frequency at 4.7 ppm (water frequency, also used for

when itwason the pealof water(no offset effect) presaturation)The first findingwas that the same filtration
o ) effect wasretrieved whatever the sequence udedure 1a).
Statistical analysis However, the three T spectra obtained with different,B

The'H NMR spectra were directly exporteslAMIX software showed expected differencese to the offset effeét.Indeed,
(Bruker BioSpin GmbH, Karlsruhe, Germany) and divided into around the carrier frequencyhet integrals of the signals
0.001 pprawidth buckets. In order to remove effects of possible remained unchangevhenB; amplitude increase@Figure 1b),
variations in the water suppression efficiency, the regidheof  while the integrals of the peaks at the edges of the spectra

water signalbetween 4.7 and 5.2 ppm was discarded. The increasedFigure 1c). Moreover, we observed a decrease of the
obtained dataset (Mwatrix) was then normalized to the total resolution when increasing :1B(therefore of the nutation

spectrum intensity and scaled to Uwariance (UV)or using

Pareto scalingand imported toSIMCA P-14 software . . . .
(Umetrics, Umea, Sweden). half-height of the creatine peak (singlet at 3.03 ppRiyure

Orthogonal Partial Least Square Discriminant Analyses 1a) Th's trend. was !de”t'cf"" for the CPMG Sequence, the
(OPLSDA) were then applied to the Xnatrix, in order to resolution obtained with an |nt«pul55e delayof 600 Vi.e. a
discriminate between C and HEBuUps*®*” The robustness of ~CPMG pulse frequency &, e £7 5 with Vhe interpulse
eachdiscriminant modelwas then validated using a permutation delay of the CPMG block) of 416.66 Hz, was higher than for
method, for which 1000 OPLBA random models were built  the one obtained with an intpulse delay of 200 ps, i.e. a
with an increase percentage of permutated values in the Y-CPMG pulse frequency of 1250 HEhis effect is summared
matrix. For each randommodel,the goodnessf-fit, R?%, and  in Table SI.4. The best resolution is obtained wie§" * but it
the predictive paramete@?y, were calculatedThe highestthe s obvious that with this power the spectral coverage is not
Q? the more the model can be considered as predictive. INoptimal to avoid offset effects. With theg®A! two
moge: systen;;, l%}l(e rlngh typllcally >Q'7 ﬁ.r 0.8 for prgdg:.tflfve disadvantages add up:the power that could be excessive, and
?r? E?St. F_o(rj_ .'8 09:'Ca S%”;‘t) €s, as in é "T’ Cf.isel' Itis II er_ent.ii) the decrease of resolution. TP #'seems to be, for our

e Interindividual variability among blological samples 1S kstudy, the better amplitude that allows equaltimg resolution

quite regular and therefore the overall changes are wea
between different groups, therefore we coesid that a of the % 2 /Y7 sequencdseesSI. 4.). However, the latter

predictive model is statistically robust Q?, Y D O X #%6%° cannotbe used since¢he interpulse delaydo not allow the
The oneway ANOVA (ANalysis Of VAriance) of he Cross refocusing of the modulations due to scalar couplings as shown

Validated (CV) predictive residuals was atsdculated for each ~ In Figure 1 with the negative doublet at 4.65 ppm. In liquid-
model state metabolomic studigswith the commonly used CPMG

filter (% 2 / §8 A this effect is limitecand invisible.

frequency, & = %‘5) leading to a broadening of the width at



unusual evolution of creatine ;Rassociated with a high
relaxation rate. This can be duler example, to possible
intermolecular interactionsvith exchange effect®bserved
even in liquid state NMR758,

The stability of the RumeasurementsF{gure 2b and 2d)
depends on the slow molecular dynamics and especially on the
offset effect. This effest are visible at low spidock
amplitudes, below@ = 2.5 kHz. More interestingly for the
practical aspect, the dispersion curves show that above 3 kHz,
the Ry, ustabilizes for most peaks. This results confirm that the
previously designated sploek amplitude (4 kHz, red circle) is

an adequate value for serum samples.

Figure 2. R, andR; urelaxation rates as a function of, ¢ £ A
and i5 respectively for C and HFS serwsamples relative to
Figure 1. (a) T, andT: filtered spectra of serum recorded at peaks of four metabolitefa) R, and (b) R;ufor the C1
different spinlock amplitudes, from top to bottom: 5 kHz, 4 kHz sample(c) R, and(d) R; v for the HFR5 sampleDotted lines
and 2 kHZ, and CPMG with int'@'ulse d9|ayS o200 and 600 are used to he|p Visua”y track the progreslef' R

s. Quartet (b)and doublet(c) of lactate acquired at BHz
(green), &Hz (red)and 2 kHz (blue). The relative integrals are Tg assess these differendix spectra of all the groups (control
reported for each peak with the same col@®te widths at half and HFS groups), labed as a function of thasedsequence,
height (WHH) of the peak at 3.03 ppm (creatsieglet) are  vere submitted tetatistical analysis. OPLBA was performed
reported on the right of each spectrum. for the four sequences% 2/p2 A " (commonly used in
metabolomics) 65P A 68°A1 69" AT The score plotRigure

3a) shows a significant difference between the dnd T,
weighted spectra. The Figure 3iresents the analysis of the

Relaxation time measurement

The measurements of the relaxation tifiesand T, for some
chosen metabolites in seruwonfirm that these two relaxation i X ) . .
rates are substantially similar. Figurel@pictsthe evolution of ~ 1:ufiltered  spectra  obtained with different spaek

the relaxation rates (inverse of the relaxation times)a@® a  amplitudes and shows a clear difference betweengfié ‘#nd
function of the nutation frequengyd) andR; as a function of & "' *°~1 As mentioned above, this expected difference is
a,¢ = aThe evolution of the Rand R; v are different. The  the consequence of the offset effect resulting from a non
stability of the R measurementd={gure 2a and 2¢ depends sufficient spinlock amplitude to cover the entire spectrum.
on: i) signal modulation due to the imperfect refocusing of the When comparing6$®A'and 6°4'spectra, the score plot
JFRXSOLQJV LL WKH LPSHUIHFWLRQ Wigdre 3E) ifeiicaded thdt nostaktistioMIlk sign¥fibhblt ldRefehce

slow molecular dynamics as well as iv) the influence ofthe a5 ohserved sine&: of 4 kHz is sufficient to cover the overall
carrier during the CPMG block (offset effect). RettgrHeiner . .65 . .
region containing the signals of interest. A global analysis

N. Raum et af® demonstrated that it is possible to obtain an ; q h h hat it is the | ” t th

artefactfree relaxation dispersion profile if CPMG pulses are perfomed on the spectra shows that it is the intensities of the

applied on resonant (below 300 Hz). HoweverisRstable and global spectrum which discriminates the CPMG fromThg
whereas it is actually the areas at the ends of the spectra which

independent of the &, g4 except for creatine.The : i - & i
P A h differentiates theg® #ffrom 68PAland 7P A

measurements were limited & 2 / )62 'to prevent sample
overheating and possible harmful effect due to too short pulse
switching times. We are not able to thoroughly explain the



. Figure 4. OPLSDA score plots for N£8 rat serum samples
Figure 3. The OPLSDA score plots of rat serum samples of comparing the distribution of tHeFS group with the C group

HFS and C groupwith duplicatesa) T , vs. CPMG (N=117, using different sequence@) CPMG 200 s, (b) Ty:: at 2000
R?y=0,965, Gv=0,903 p-value=1,652x10%), b) data fromT , Hz, (c) T1:: at 4000 Hz, (d)T:, at 5000 Hz

sequences at different spin lock amplitudes: 2kHz (green),
4kHz (blue) and 5kHz (reqN=88, Ry=0472 Q*y=0425, p-
value=7,0746x10), c¢) T | at 4kHz (blue) vs. 5kHz (red)
(N=58,R?y=0,268 @y=-0,175, p-value=l).

Assessment of Tufilter on HR- MAS metabolomic studies

The relevance of the use of the Jffilter for HR-MAS
metabolomic studies banever been discussed or considered in
the literature. Conventionally, HRIAS metabolomicstudies

are carried out by using CPMG filtered spectra adlatively

fast spinning rate (4 kHz). In this case, rotor synchronization
does not seem to be a drawback and leads to relatively short

To compare the separation capability afvand T filtered interpulse delays (250s) that can be considet as sufficient
spectra, OPL®A was performed to discriminate tt@and 4 refocus the-inodulation, even if this refocusing is impertect

HFSgroups The score plots are presented-igure 4, where, o HRMAS experiments at low spinning rates (1 kHz, for
the two OPLS component models (1 predictive + 1 orthogonalexamme), rotor synchronization leads to a long iptése

component) display a clear discrimination between HFS anddelay (Ims)and he PROJECT sequence is thereforeferred
controlsamples with comparable statisticasultsobtained for to successfully generate spectra  without “dmodulation

all sequences (Tabl@ SI.5.). These results show that the ,ifacts” T, | filtered experiment can be a simple and efficient
propeties of each of the experiments used are reproducible and,;ernative since there is no precession during the evolution
allow discrimination between groups byltivariate analysis. period of the magnetization and therefore RmaHulation

In addition, the loading plots exhibit the same profile for all the gnitacts. However, some properties related to the dependence
sequences with identical correlation coefficients. of T1uto the nutation (@) and the rotation ¢) frequencies, in
addition to the obvious contribution of slow dynamic processes
have to be taken into accouiib our knowledge, no data report

Thg chmce of the appropriasxperimentmay beggk\“ide‘by the behaviourof the T, vof metabolites measured in tissues by
reviewing the pros and cons of each sequeTtoe & " seems HR-MAS. On the other had, several applications ansingT: v

to be the best compromise betyveen optjmal spectrql COVeragfsr the determination of the local dynamics of proteins by
and the use of moderated sfck amplitude.Even if we — \1ag 5961 | this field, a comprehensive article that addresses
consider thethe amplitude of&’” * s not excessive, especially  thege aspects on slow motions in microcrystalline proteins by
with the filter lengths commonly used in metabolomics MAS was recently published by Krushelnitsky et®alThe
(between 6Mmsand100ms)knowing that in our study, the filter  authors presenteitie MAS dependence of the relaxation rate
duration of 480 ms was applied and chosen by eye to eliminater, , which was modulated by correlation times aflow
all the broadsignals, including those of lipids, to process only motions (from 10 ps to 1 ms). In sesvlid samplesone can
the signals of the metabolites, we must point out the onlyeypect a contribution of both isotropic and anisotropic
drawbackconcerningthe lower resolution obtained with this jnteraction to the relaxation mechanis# order to know the
amplitude,which remainshoweversafeto use 6°°*/ as seen  penaviour of T, experimentswe measurethe R; vat the two
above, is charaetizedby a significant offset effect and should  spinning rates, 1000 Hz and 4000 Hz, commonly used in HR
be ruled out. MAS metabolomics, and for selected &nplitude values.
In HR-MAS studies of tissues, the possible degradation of the
samples is an important issue. Indeed, at a relatively high
spinning rate (4 kHz, for example), tissue degradatin lead
to the release of metabolites into the extracellular medium,
resulting in narrowing peaks over the experiments and therefore
bias the comparison. Recently, the impact of freezing and
prolonged HRMAS Analysis on the metabolic profile shows

Effect of B. amplitudes on statistical analysis



that after 1.5h with a spinning rate of 5000Hz, the levels of 1000Hz Jartefactswhich result in negative signals and an
certain metabolites chanffein this study, the total experiment intensity lossespecially between 1.53-ppm.
time, for the 6 experiments (two MAS rates), was about 1 hour
(10 min per experiment, CPMG / PROJECIT ), starting with Statistical analysis
the slow spinning rate (1000 Hz). The relaxation measuremenfThe spectra obtained with each pulse sequence (CPMG,
depicted in Figure 5 was done oaghly prepared samples from PROJECT and i) have the same filtration effect but the
pieces of liver stored a80°C, with a total experiment time of profiles show predictabléntensity differences due to the
about 2 hours, during which we did not observe significant different mechanisms involved in each relaxation ffltéfhe
changes in the spectra even after two hours. Moreover, tissuémpact of these differences on the statistical processing
degradation during the NMR experiments wamided by obviously depends on the reproducibility of #reefactof each
maintaining the sample at 4°C. sequence and on the modulations (due to exchange phenomena,
for example) resulting from the adaptation of the hpigise

We report inFigure 5the relaxation rates R @ i—5Aof some  delays to the rotation frequency@ Another important

- experimental consideration is to avoid the synchronization of
the spinning frequency@ with the spinlock frequency @.
) - o Indeed, this leads to a recoupling of the CSA, dipolar
nutation frequency@s = — Afor thetwo MAS spinning rates,  interactions, and magnetic susceptibility effects, which result
1000Hz(Figure 5a) and 4000HzKigure 5b). in a loss ofesolutiont®®’ To avoid these contributions, we used
a spirlock amplitude of 4.3 kHz for both used spinning rates (4
kHz and 1 kHz)Figure Sl.8.apresents an OPLBA of all
spectra obtained with a rotation rate of 4 kHz. It shows that
CPMG and PROJECT spectra are relatively similar and
significantly different from th&, filtered one. Interestingly, at
low spinning rate (1 kHz)rigure SI.8.b, the synchronization
of the interpulse delays (1 ms) leads to a significant
discrimination between CPMG and PROJECT filtered spectra
due to the J modulation effect, which is not pemsated with
the CPMG sequence. These differences can be assesaed
relevant way, directly on thgpectra, however, statistical tools
allow to evaluate the overdlinter-sequencetifferences and
the “intrasequence” reproducibility.

selected metabolitder one randomly chosen sample (Control
3) to assess its evoluticas a function oB; expressed by the

Figure 5. R, vas a function ofis for liver controlsample (C3)

relative to six different peaks of six metabolitesg)p= 1000  The OPLSDA multivariate analysis on the two groups (Control
Hz and (b)at @ = 4000 Hz Dotted lines are used to help vs. HFS) that enables evaluate the separation capability and
visually track the progress ofiR the steadiness of, TandT, filtered spectra obtained at the two
spinning rates, 1 kHz and 4 kHz are depicte&igure 7 and
The general observation concerns the MAS dependence of theigure 8, respectively. Whatever the spinning rate, the main
relaxation rates, which confirms the behaviour reported in theobservation is that the discrimination between the two groups is
literature in the solid stafélf we focus on @= 4000Hz, which clear and the score plots obtained with thefilter (Figure 7
was defined as optimal in the liquid study (as a better and 8)provide similar statistical parametersthose obtained
compromise for a moderated amplitude, sufficient spectralwith PROJECT and CPM@TableSI.9.).
coverage, and better resolutioaje can analyse quantitatively
these evolutions Table SI.6). For certain metabolites, The intragroup variation for the HFS group observed whatever
probably depending on the slow dynamic contribution, the experiment, can be explainby taking into account the
R vincreases with the MAS spinning rate (lactate doublet andinhomogeneity of response of complex organisms to an external
glycerophosphocholine singlefor example), for others, its  imbalanc&®®° (here a food imbalance). This effect is observed
remains substantially the same (creatsiaglet and -D- on several parameters (overall weight of animals, gain weight,
glucosedoublet), and fosome others, it decreases (i.e., choline normalized liver weights, HOMAR levels, serum glucose,
singlet). These expected results, due to the heterogeneity of theiglycerides,cholesterol and insulin levels). In the previous
tissues analyzed in HRIAS, do not constitute a drawback for article which dealt with these sampfésye clearly noted an
metabolomic applications since the behaviour of eachincrease of the standard deviation for all these parameters when
metabolite is reproducible througlifferent samples. However, we pass from controls to an increasing introduction of the
the stability of the relaxation values around the cho@$4000 number of external stimulbr imbalance (standard diet, HFS
Hz) is critical. For both MAS spinning rates, we found that diet, HFS diet plus medicationsee SI.10. Conversely, this
around this value the relaxation rates would notifzestically dispersion is usually lower or even absent for the control
affected by the expected slight variation afdile to eventual  groups* However, vhatever the sequence used, this intra-
different probe tuning from sample to sample. group reproducibility is not found a@=1 kHz (FigureSl.11)
To assess qualitatively the reproducibility, we recorded the T because of the nemeproducible sidebands present in the
andT -edited spectra for three samples taken from the samespectra, depending on sample preparatkin.@= 4 kHz, the
control liver §1.7.). The T, and PROJECT filtered spectra are absence of thesidebandsallows to retrieve the intrgroup
identical whatever the MAS spinning ratepE 1000Hz and reproducibility for the control groug-{gure 6).
4000Hz), while the CPMG filtered spectra present @t=



for wider spectral covers in metabolomics.urtRer
developments and adaptations to the metabolomics with an
evaluation of the impacts on statistical analyses will be expected
in the future As it was presented in the introduction, it is
important to reduce the amount of fireatment steps to handle
the samples as little as possible to avoid introducing errors. We
cantranspose this reflection to the relaxation filters, the CPMG
consists in maniputang the magnetization by palse train,
allowing the precession and introducing ‘“artificially”
modulations because of the scalar couplings that do not seem to
be completely refocused. With theTilter, magnetization is
“less handled”, it is locked on @ansverse axis (hence no
precession) during a time during which the signals of the
macromolecules disappear. Thus, the sequence that introduces
the least artefaotould bemost suitable fofields where the
guantitative aspect is very important as megbolomics.
Consideration of theT:, filter in metabolomics would
undoubtedly lead to developments for the implementatfon
Figure 6. Multivariate analysis using OPLBA performed on different spinlock schemesand the reduction of the powers
liver samples for the two groups: C and HFS obtained for eachusedwhile eliminating/minimizing the offset effects.

sequence: CPMG (a).7(b) and PROJECT (c), aP=4 kHz.

These results show that the artefacts inherent in each sequence

are reproducibly replicated over the samples and multivariateASSOCIATED CONTENT
analysis allows discrimination between the groups, including
the CPMG sequence ap= 1000Hz vhich present-artefacts o ) ) o
(negative signals and an intensity lespecially between 1-5 A listing of the contents supplied &sipporting Information is
ppm) due to the long intesulse delay (1ms) used for rotor included. ) _

synchronization $1.7). However, this sequence must TabIeSI:l. Number of independent samples in eac.h analyzed
obviously be excluded sintke quality of the speardoes not ~ 9roup.FigureSI.2. Pulse program and implementatidiable

allow an accurateletermination of thaliscriminant spectral ~ SI-3. Temperatures measured fréh spectra of methanal4
regions TheT , and PROJECT filtered spectra are identical for USing one pulse (zg), CPMG and, Bequences with the same
the twoMAS spinning rate( @= 1000Hz and 4000Hzand the delay of.480 ms, different number of dummy scans (DS) were
loading plots provide the same profiles with comparable used, with number of scans NS=1. Target sample temperature

Supporting Information

correlation coefficient¢SI.13.andSl.14.). was set to 277 K. The aetuT was calculated by TopSpin
“calctemp” command. The difference between the target and

Conclusions actual temperature is reportdbleSI.4. Width at half height

In this article, we have shown the application of Tagfilter in of the creatine singlet (3.03 ppm) [Average over five randomly

metabolomics on liquid samples and on tissues byMAS. It VHOHFWH Gauese.s Thel RRSDA R?y, Qv andp-

is characterized by the absence of modulations due to scalayalues for HFS vs. C serum samples. T&ilé. R , evolution
couplings, its simple implementation that needs no calculation®f Some chosen metabolites, from liver sample C3, as a function
for adjusting the duration of the filters, and no synchrditina RI VSLQQLIMQG Q XV iequemR Figure SI. T»-

is required whatever the HRIAS spinning rate. Despite these and T -edited spectra for three samples taken from the same
proven advantages, its generalization does not yet seem obviouf RQWURO OLYHU VDPSOH & $ &30* %
and remains “rejected”, probably by the fear of overheating that - Q UHG WKH VSHRWUD B|F TRLEGHEDIDW
would be caused by the sdiveking. For the filter duration ~ HZ. TableSI.8. The OPLSDA R?v, Q% andp-values for HFS
(hundreds of milliseconds) and also the powers used inVS: C samples of Iers without one outlier (with N = numberof
metabolomis (up to 5 kHz), the heating is not a drawback. Itis the samples and A = number of components to fit the model)
important to note that the work presented in this article relatesusing UV scaling. Tabl&1.9. Results of serum biochemical

to spectrometers operating at 400 MHz and 600 MHz. If @nalysis and body weight after 10 weeks of diet. Figure0.
metabolomic experiments with a [Tilter were to be carried ~ Multivariate analysis using OPEBA performed on liver

out with higher magnetic field, 800 MHz for example, the Samples for the two groups: C and HFS obtained for each
power of the spirleck may not be sufficient to cover the entire Sequence: CPMG (&) v(b) and PROJECT (c), a@=1 kHz.
spectrum. To avoid the offset effects, it will be necessary to use-igureSI.11. Multivariate analysis using OPEBA performed
higher powers (6 KHzro7 kHz), that, taking into account the ©On liver samples for #two groups: C and HFS obtained for
metabolomic duration of the filters, will have no deleterious €ach sequence: CPMG (a),c{b) and PROJECT (c), ap=4
effect. Moreover, we showethat if moderated offset effect is kHz. Figure SI.12. Stine plots of the OPLS3A models of
present, the analysis of the results leads to the samd-igure SI.10for CPMG, T, 352-(&7 rBWO00 Hz for
observations: the integroup discninination, and the extraction liver samples.Figure SI.13. Sline plots of the OPL®A

of the discriminant spectral regioriom the loading plots ~ models of Figure SI.1Tor CPMG, T, 352- (&7 rB ¥000
However, the developments and the implementation of theHz for liver samples.

offset methods used in solid state N enhance the total

effective field of the spifeck represent an interesting prospect
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Table SI.1. Number of independent samples in each analyzed group.

Control HFS group
group

Serum 6 12

Liver 6 12

Figure S1.2. Pulse program and implementation

Parameter P3thatconcerns the spiteck length, must be generally set at 10@mnd it can
be adjusted for more filtration depending on the type of sample

BRUKER pulse program for 1H pre-saturated T1 (filtered experiment

; avanceversion
; 1D sequence

#include {Avance.incl>
#include <Delay.incl>

"p2=p1*2"
"d12=20u"

1ze
2 30m
d12 pl9:f1
d1 cw:fl ph29
4u do:fl
di2 pl1:fl
pl phl
(p3 pl14 phl10):f1
go=2 ph31
30m mc #0 to 2 FO(zd)

S3



exit

ph1=00221133
ph10=13130202
ph29=0
ph31=00221133

;pl1 : f1 channel power level for pulse (default)
;pl14 : f1 channel power level for spidock

;pl : f1 channel 90 degree excitation pulse

;p3 : f1 channel spinlock duration

;d1l : relaxation delay;-5 * T1

;ns: multiples of 4

1 — Calculation of power level for the desired i5= -

a. Calibrate the hard pulse p1.
b. Use the command “pulseh the line command.
c. Enter the desireds (4000Hz or 5000 B for examplg
T Topspin will return the power level to be used as @atts) and pl (dB)
d. Enter this value in the power level pl14

2 — Filter duration:

Enter the filter duration directly on p3 pulse (i.e., use p3 on the line command and enter the
suitable duration) 3D\ DWWHQWLRQ WRIIWKH GHIDXOW XQLW \
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Table SB. Temperatures measured frdk spectra of methanal4 using one

pulse (zg), CPMG and T sequences with the sarfiker duration (480 mg,
different number of dummy scans (DS) were used, with number of scans NS=1.
Target sample temperature was set to 277 K. The actual T was calculated by
TopSpin “calctemp” command. The difference between the target and actual
temperature is reported.

Sequence used Number ofdummy Spinlockamplitude (Hz) OTemperature (K)
scans

2g . =
CPMG I +0.10
1 2000 +0.16
T1U 4000 +0.12
5000 +0.15

29 . =
CPMG I +0.10
7 2000 +0.07
T1U 4000 +0.14
5000 +0.15
29 I +0.02
CPMG 63 I +0.13
2000 +0.12
T1U 4000 +0.10
5000 +0.17
2g I +0.02
CPMG . +0.07
128 2000 +0.08
T1U 4000 +0.15
5000 +0.19

TableSI4. width at half height of the creatine singlet (3.03 ppAvydrage
over five randomly selected samples]

%21)i3k | w2/)eim | & | &P | g™
WHH 1.06 Hz 1.24 Hz 0.95 Hz 1.09 Hz 1.44 Hz
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Table SI.5.The OPLSDA R?y, Q%y andp-values for HFS vs. C serum samples.

A

N=18

R%y

Q%

p-value

1+1+0

CPMG

0,887

0,678

0,0034

1+1+0

656 PA i

0,898

0787

0,00027

1+1+0

658 PA i

0,854

0,645

0,0062

1+1+0

659 PA i

0,886

0,737

0,00098

Table S1.6. R; ((s?) evolutionof some chosen metabolites, from lisample C3,

randomly chosergs a function of spinnin@ r) and nutation (1) frequency

r = 1000 Hz R = 4000 Hz
1(Hz)
Metabolites 6000 Hz| 5000 Hz| 4000 Hz| 3000 Hz| 2000 Hz| 6000 Hz| 5000 Hz| 4000 Hz| 3000 Hz| 2000 Hz
-D-GlucoseDoublet 4,92 4,95 4,88 4,89 4,83 11,84 7,07 5,03 6,49 9,05
Creatine Singlet 5,38 5,54 5,81 5,89 6,22 5,66 5,95 6,19 6,85 6,45
Glycerophosphocholin8inglet 2,64 2,29 2,64 2,33 2,56 5,06 5,19 5,47 5,85 31,32
Choline Singlet 6,63 6,99 7,302 7,72 8,28 4,70 4,63 4,59 5,12 35,39
Alanine Doublet 6,11 6,07 6,15 6,28 6,98 7,35 7,66 8,56 9,32 27,91
Lactate Doublet 8,27 8,97 9,42 10,07 11,95 16,35 16,92 19,31 18,83 17,09

R1 vevolution of some chosen metabolites, from livexampleC3, as a

function of spinning rate ( r) for ( 1= 4 kH2)

r = 1000 Hz| r =4000 Hz| R1 Uevolution
-D-GlucoseDoublet 4,88 5,03 [
Creatine Singlet 5,81 6,19 [
Glycerophosphocholinginglet 2,64 5,47 [
Choline Singlet 7,302 4,59 ]
Alanine Doublet 6,15 8,56 [
Lactate Doublet 9,42 19,31 [
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Figure SI.7. T,- and T, zedited spectra for three samples taken from the same
control liver, sample C2. (A) CPMG, (Bx v (C) PROJECTIn red thespectra
acquired at r = 4000 Hz in blue at r = 1000 Hz.
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Figure SI.8. OPLSDA score plots performed on all liverrsples including the
two groups C and HSobtained for each sequence (CPMGRROJECT vsT; 9
at =4 kHz (a) and @=1kHz (b).
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Table S1.9.The OPLSDA R?y, @*y andp-values for HFS vs. C samples of livers
without one outlier (with N= number of the samples and A number of
components to fit the model) using UV scaling.

N |A R | Q% |p-value
@=1000 Hz
CPMG |17]1+1+0] 0,966/ 0,770| 0,00083
T, 17 | 1+1+0| 0,869| 0,673 0,0062
PROJECT 17| 1+1+0| 0,857/ 0,650| 0,0090
@= 4000 Hz
CPMG |17]1+1+0]0,947|0,798| 0,00039
T, 17| 1+1+0[ 0,923] 0,793[ 0,00045
PROJECT 17| 1+1+0| 0,943 0,797| 0,00041

Table SI.10. Results of serum biochemical analysis and body weight after 10

weeks of dietTable duplicate fronj*]. Data ofan additional group (HFS + C) are added to
illustrate the increase in standard deviation by the introduction of an externas.fatf&
dietary imbalance, then HFS + C supplementation (or medication). The heterogeneity of the
response to each stimuli results in an increase in the standard deviation.

HFS high fructose and saturated fatty acids, C curcuma (administration of hydroalcoholic
extract of tumeric 10@ng/kg/day). Relative liver weight is defined as liver weight divided by
body weight. Values are mean + S.HiM= 612 rats/group).

Group Controls HFS HFS+C

Body Weight (g) 435.17120.74 438.42131.85 444.75r50.78
Gain Weight (g) 245.16r8.47 248.42r9.19 254.75r 14.66
Relative liver weight 0.0262r 0.00078 0.0310r0.0010+ | 0.0334r0.0016+
HOMA -IR 1+0.33 10.79 + 1.8% 6.97 + 2.05
Insulin  J O 0.48r0.13 3.34 r 0.50~ 2.22 r0.69+
Glucose serum(g/l) 1.07 r0.185 1.82r0.41~ 1.80 r 0.44+
Total cholesterol serum(g/l) | 0.60 r0.02 0.68 r 0.04+ 0.66 r0.06
Triglycerides serum (g/l) 0.435r0.15 0.878r0.22+ 1.114r0.36¢

*P < 0.05 vs. the control
**P < 0.01 vs. the control.

HOMA -IR: Homeostasic Model Assessment of insulin resistance.
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Figure SI.11.Multivariate analysis using OPLBA performed on liver samples
for the two groups: C and HFS obtained for each sequence: CPMG (&) T
and PROJECT (c), aP=1 kHz.
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Figure SI.12. Sdine plots of the OPLSA models of FigureSI.10.for CPMG,
T, 352-(&7rBIW00 Hz for liver samples.
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Figure SI.13. Sline plots of the OPL®A models offFigure SI.11.for CPMG,
7 ! 352-(&7:BANO0 Hz for liversamples.
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