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a b s t r a c t

Absolute analyte quantification by nuclear magnetic resonance (NMR) spectroscopy is rarely pursued in
metabolomics, even though this would allow researchers to compare results obtained using different
techniques. Here we report on a new protocol that permits, after pH-controlled serum protein removal,
the sensitive quantification (limit of detection [LOD] ¼ 5�25 mM) of hydrophilic nutrients and metab-
olites in the extracellular medium of cells in cultures. The method does not require the use of databases
and uses PULCON (pulse length-based concentration determination) quantitative NMR to obtain results
that are significantly more accurate and reproducible than those obtained by CPMG (CarrePurcell
eMeiboomeGill) sequence or post-processing filtering approaches. Three practical applications of the
method highlight its flexibility under different cell culture conditions. We identified and quantified (i)
metabolic differences between genetically engineered human cell lines, (ii) alterations in cellular
metabolism induced by differentiation of mouse myoblasts into myotubes, and (iii) metabolic changes
caused by activation of neurotransmitter receptors in mouse myoblasts. Thus, the new protocol offers an
easily implementable, efficient, and versatile tool for the investigation of cellular metabolism and signal
transduction.

© 2016 Elsevier Inc. All rights reserved.
Interest in quantitative nuclear magnetic resonance (q-NMR)
analysis has steadily increased since the seminal works of Jung-
nickel and Forbes [1] and Hollis [2], owing to the unique ability of
this methodological approach to quantify, at the same time, a wide
agnetic resonance; LOD, limit
ation determination; CPMG,
de; DMS, dimethylsulfone;
, 3-(trimethylsilyl)propionic-
solution; DM, differentiation
ional; NOESY, nuclear Over-
, free induction decay; COSY,
pectroscopy; HSQC, hetero-
f variance; S/N, signal/noise;
AA, N-acylethanolamine acid
range of structurally diverse biological substances with high
throughput and automation [3]. Compared with other analytical
techniques, q-NMR does not require chromatographic separation,
generates signals that are directly proportional to the number of
NMR-active nuclei in the targeted analyte [4,5], and offers a high
degree of assay reproducibility [6] along with reduced uncertainty
[7,8]. Moreover, advances in hardware developmentdsuch as the
introduction of high-field magnets and cryogenic probesdhave
progressively lowered the limit of detection (LOD) for analytes,
thereby improving the overall sensitivity of the technique [4].

The PULCON (pulse length-based concentration determination)
procedure [9], one of the most promising methods for q-NMR [4],
finds its mathematical and physical foundation in the principle of
reciprocity [10e12]. This principle states that the strength of a signal
is inversely proportional to the 90� pulse length in the active volume
of the NMR tube. The PULCON method can be implemented in all
types of commercial NMR spectrometers and requires only one
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reference spectrum that, thanks to the stability of modern NMR in-
struments, can be used for several months [9]. Furthermore, using an
external standard, it allows virtually complete sample recovery.
PULCON has been recently validated for quantification of natural
product [13,14] in the millimolar range of concentrations. Despite its
potential, PULCON has yet to be validated for complex biological
matrices, such as media of cultured cells, in which NMR analysis is
hindered by the presence of interfering proteins. Strategies
commonly used to overcome such interference are applied in either
the data acquisition step, using the CarrePurcelleMeiboomeGill
(CPMG) sequence, or dedicated algorithms in the post-processing
step. A possible alternative is to physically remove proteins from
biological matrices, as was recently reported [15e17]. Unfortunately,
in cell cultures the efficiency of the methods commonly used for
protein removal is strongly limited by the variability of the medium
pH.

In the current article, we describe a new and efficient protocol
based on PULCON q-NMR that, after pH-controlled removal of
serum proteins, allows for the sensitive quantification
(LOD ¼ 5�25 mM) of the principal hydrophilic nutrients and me-
tabolites found in the extracellular medium of mammalian cells in
cultures without the use of commercial databases [18]. Using a
newly devised figure of merit, we show that the method is sub-
stantially more reproducible and accurate than the methods re-
ported previously. Furthermore, we provide three applications of
the method that illustrate its flexibility: (i) identification of meta-
bolic differences between genetically engineered human cells lines,
(ii) alteration in cellular metabolism induced by differentiation of
mouse myoblasts into myotubes, and (iii) metabolic changes
resulting from pharmacological interventions targeting cell surface
receptors. The new protocol offers an efficient, accurate, versatile,
and inexpensive tool for the investigation of cellular metabolism
and signal transduction.

Materials and methods

Methanol, acetonitrile, deuterium oxide (D2O), monobasic
(KH2PO4) and dibasic (K2HPO4) potassium phosphate, dime-
thylsulfone (DMS), Dulbecco's modified Eagle's medium (DMEM),
and 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (TSP)
were obtained from SigmaeAldrich (Milan, Italy).

Standard solutions of DMS for PULCON calibration (and for ac-
curacy and precision measurements) were freshly prepared from
powder dissolved in 100 mM potassium phosphate/D2O buffer (pH
7.15) containing TSP as reference. Independent weights of approx-
imately 5e10 mg each were made by an analytical balance (Mettler
Toledo XP205, certified uncertainty ¼ 0.013 mg) and brought to
volume in 5-ml volumetric flasks. DMEM solutions were obtained
by serial dilutions of a standard stock of 2� DMEM freshly prepared
from powder dissolved in MilliQ water.

Cell cultures

Wild-type human embryonic kidney cells (Hek293-WT) were
purchased from American Type Culture Collection (Manassas, VA,
USA). Heck293-WT cells, Hek293 cells overexpressing hAC1
(Hek293-hAC1) [19], and Hek293 cells overexpressing human NAAA
(Hek293-hNAAA) [20] were plated in 150-mm dishes (5 � 106 cells/
dish) and cultured in complete DMEM containing 10% fetal bovine
serum, 2 mM L-glutamine, and antibiotics (100 U/ml penicillin and
streptomycin) at 37 �C and 5% CO2. Cell media were collected 48 h
after incubation. Cells were washed with phosphate buffer solution
(PBS), detached with trypsin, and counted using a Scepter 2.0 Cell
Counter (Millipore, Milan, Italy). Absolute metabolite concentrations
were normalized to cell counts. Pharmacological treatment with 3-
bromopyruvic acid was performed for 18 h at 25 or 50 mM. Murine
C2C12 cells were a gift from Maria Pennuto (Istituto Italiano di Tec-
nologia, IIT) andwere grown in complete DMEM at 37 �C and 5% CO2.
Cells were differentiated intomyotubes as follows: they were seeded
in 35-mm dishes at 250 � 103 cells/dish, and normal medium was
substituted with DMEM containing 2% horse serum, 100 U/ml
penicillin, and streptomycin (differentiation medium, DM). To obtain
myotubes, cells were cultured for 9 days in DM. Samples of culture
medium were collected every 3 days for analysis. Absolute metabo-
lite concentrations were normalized to protein content. Carbachol
was dissolved in DMEM (2 mM) and added to culture medium at
different concentrations (50 or 100 mM). Cell medium was replaced
every 24 h for a total period of 72 h.

The freeze-drying process

First, 400 ml of the medium (DMEM, DMEMeserum, and
DMEMeserum after cell culture) were transferred to a 15-ml Falcon
tube. Solutions were frozen in liquid N2 and freeze-dried for at least
3 h until the formation of a fluffy solid. The powder was recon-
stituted in deuterated buffer for NMR analysis.

Protein serum removal methods

Various conditions for protein serum removal were tested (see
Table 1 in Ref. [21]), applying the following general scheme: an
appropriate volume of ice-cold precipitation solvent (methanol or
acetonitrile) was added to 400 ml of DMEMeserum on ice, and the
solution was stirred for 20 s, incubated for 20 min, and centrifuged
at 2100 rcf (relative centrifugal force) for 15 min at 4 �C. The su-
pernatants were collected, diluted with 3.4 ml of water, freeze-
dried for at least 12 h until the formation of a fluffy solid, and
reconstituted in 0.4 ml of deuterated buffer. The most efficient
serum protein removal for DMEMeserum solutionwas achieved by
adding trifluoroacetic acid (TFA) up to pH 6 and cold methanol
(1.2 ml) (3:1). After cell cultures, the pHwas adjusted to 6 by adding
sodium hydroxide (NaOH) or TFA.

NMR spectroscopy

NMR experiments were performed without spinning on a
Bruker Avance III 600-MHz spectrometer equipped with a 5-mm
QCI cryoprobe with z shielded pulsed-field gradient coil. In the
experiments, 3-mm tubes (Norell, SVCP-3-103.5-96PK) filled with
300 ml of the sample solutions were used. Before each acquisition,
automatic matching and tuning were run, the 90� pulse was opti-
mized by means of an automatic pulse calculation routine [22], and
the homogeneity was automatically adjusted on each sample tube.
Before data acquisition, the samples were equilibrated for 2 min
inside the probe and the temperature was actively controlled at
298 K. In all q-NMR experiments, 32 transients were accumulated,
at a fixed receiver gain, using 65,536 complex data points over a
spectral width of 20.6 ppm and with a relaxation delay of 30 s
(more than 5 times the longest T1 of the analytes; see Table S1 in
online supplementary material). A power level of 1.706 e�5 W was
employed for pre-saturation in one-dimensional (1D)eNOESY
(nuclear Overhauser effect spectroscopy) “presat” experiment,
whereas interpulse spacings and a duty cycles were 2.3 ms and 20
for 1DeCPMG or 0.12 ms and up to 1200 for T2 measurements
through 2D-CPMG. An exponential line broadening (0.1 Hz) was
applied to FIDs (free induction decays) before Fourier transform.
The spectra were manually phased and automatically baseline
corrected (as preferred in metabolomics [4]). A bias and slope
manual correction of the integrals was applied only when signals
were close or overlapped at the peak base. Typically, 2D



Table 1
Accuracy and precision of measurements at different theoretical concentrations.

Theoretical concentration (mM)a Mean measured concentration (mM)a Accuracy (%) Relative standard deviation (%)

7.3000 7.3400 0.55 0.59
5.0000 5.0141 0.28 0.17
0.7300 0.7306 0.09 1.52
0.5000 0.4970 0.61 0.72
0.0730 0.0722 1.10 0.86
0.0500 0.0494 1.21 1.71
0.0250 0.0245 1.87 1.01
0.0073 0.0074 0.91 0.79
0.0050 0.0051 2.00 4.00

a The decimal digits reported correspond to the precision of the analytical balance, which allows for a concentration precision greater than 2e�5 mM. The inter-sample
reproducibility is assessed by the percentage relative standard deviation reported in the fourth column.
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experiments were performed as follows. 1He1H COSY(correlation
spectroscopy): 64 FIDs, 1024 data points, 128 increments, spectral
width of 10 ppm for both dimensions with the transmitter fre-
quency offset at 4.6 ppm; the residual water signal was pre-
saturated with continuous wave pre-saturation during the 2-s
relaxation delay. 1He1H TOCSY (total correlation spectroscopy):
32 FIDs,1024 data points, 256 increments, spectrawidths of 10 ppm
for both dimensions with the transmitter offset at 4.6 ppm, mixing
time of 80 ms, and relaxation delay of 1.8 s. 1He13C HSQC (heter-
onuclear single quantum coherence) and edited 1He13C HSQC
(multiplicity edited HSQC that returns cross-peaks with opposite
phases for CH2 and CH/CH3): 96 FIDs, 1024 data points, 256 in-
crements, 1JCH ¼ 145 Hz, spectral width of 10 ppm for 1H and
165 ppm for 13C (transmitter frequency offsets at 4.6 and 75 ppm,
respectively).

Statistics

All statistical analyses were performedwith Prism software 5.03
(GraphPad Software, San Diego, CA, USA). Nutrient/catabolite con-
centrations are expressed as means ± standard errors. Differences
between cell types were analyzed using a Student's t test or one-
way analysis of variance (ANOVA) followed by pairwise Tukey's
multiple post hoc test. Two-way ANOVA followed by Bonferroni's
post hoc test was used to study drug treatments on different cell
types, whereas one-way ANOVA followed by Dunnett's multiple
comparison post hoc test was employed to study drug treatments
on a single cell type. The level of statistical significance was set at
P < 0.05 for Bonferroni's test. Differences between groups were
considered statistically significant for values of P < 0.05.

Results and discussion

Method validation

In a first set of experiments, we asked whether PULCON q-NMR
might be used accurately to quantify micromolar concentrations of
DMS, a standard for q-NMR. PULCON standard reference signal for
calibration was provided by a freshly prepared 10-mM DMS solu-
tion. Before each series of acquisitions, a system suitability test [23]
was performed on the calibration solution to assess specificity and
sensitivity of the spectrometer. Acceptance criteria were the
following: line width at half-height of a singlet DMS signal <1.5 Hz,
percentage relative standard deviation (STD %) �4 in the dynamic
range of 103, and difference in chemical shift <0.2 Hz. PULCON
calibration (see Eq. S1 in supplementary material) and system
suitability tests are compulsory at each cycle of warm-up and cool-
down of the cryoprobe, mainly owing to small variations in tem-
perature coil. The accuracy was evaluated by measuring the con-
centration of nine standard solutions obtained by serial dilutions
from 5- and 7.3-mM freshly prepared DMS solutions. The samples
were prepared and tested in triplicate for an estimate of mea-
surement precision. Results are reported in Table 1.

The greatest error (2%) and highest imprecision in the measure-
ments (4%) were observed at the lowest concentration of DMS
(0.005 mM). Even at that low concentration, however, the signal/
noise (S/N) ratio was larger than 7. We infer, therefore, that over a
dynamic range >103, the overall absolute relative error remains
lower than 2%, in agreement with the work of Burton and coworkers
[13,24]. Even though PULCON q-NMR is linear by definition (Eq. S1),
linearity was controlled by plotting the average measured concen-
tration (three replicates) versus the theoretical concentration. Fitting
the experimental data by least-squares linear regression resulted in
the following equation: y¼ 1.0049x� 0.0019 (R2¼ 0.99998, squared
correlation coefficient), indicating excellent data linearity.

In NMR spectroscopy, in principle, the S/N ratio (and therefore the
LOD and limit of quantification [LOQ]) [25] can be improved by
increasing the number of transients, but in the current case the number
of transientswas the same for all of the analyzed samples. The LOD and
LOQ can be calculated by the standard deviation of the response s and
the slope S of the linear regression using the lowest values of con-
centration, close to zero, assuming as confidence levels 3.3s for the LOD
and 10s for the LOQ, as described by the following formula [23]:

LOD ¼ 3:3s=S and LOQ ¼ 10s=S; (1)

where s is the standard deviation of the response (i.e., the square
root of the sum of the squared distance of each measurement point
from the linear regression line, divided for n � 1 points, used for
linear regression fitting) and S is the slope of the regression line.
The (not mediated) data obtained from the concentration range
5e70 mM, previously exploited for the linearity test, were subjected
to a new least-squares linear regression. The returned equationwas
y ¼ 0.9868x þ 0.0506 (R2 ¼ 0.9997). For the 1H quantitative
experiment, we found an LOD of 1.46 mM and an LOQ of 4.42 mM.

To address the issue of possible matrix effect, we selected
DMEM as a model (Fig. 1). PULCON q-NMR was validated through
the absolute quantification of DMEM components in five solutions
obtained by serial dilutions of a freshly prepared standard 2� so-
lution. 2D experiments (1He1H COSY, 1He1H TOCSY, 1He13C HSQC,
and edited 1He13C HSQC) provided preliminary identification of
DMEM components, an essential step to ensure the specificity of
the analytical procedure and allow quantification of the compo-
nents even in the presence of interfering factors (e.g., impurities,
decomposition product, matrix components) [26]. The unambigu-
ous assignment of every resonance in each analyte was achieved,
and the results were compared with 1H and 13C values reported for
each analyte in the Amix, Bruker database (Fig. 1).

Of the 15 components identified in DMEM, themajority (13)were
quantifiable. However, to guarantee selectivity, we quantified only



Fig.1. 1H q-NMR spectrum of 2� DMEM in the deuterated buffer: (1) histidine; (2) phenylalanine; (3) tyrosine; (4) a-glucose; (5) b-glucose; (6) glutamine; (7) valine; (8) isoleucine.
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nutrients showing at least one signal with low spin multiplicity, not
overlappingwith other resonances, measurable without interference
from other components of the mixture [26], and with
concentrations > LOQ (for at least four of the five solutions) (Table 2).

A freeze-drying step was introduced to avoid the use of solvent
suppression techniques, which may cause partial saturation of
exchangeable analyte protons as well as of signals that are close in
frequency to solvent signals (e.g., the anomeric b-glucose proton;
see Fig. S1 in supplementary material). After the freeze-drying step,
the powder was reconstituted in deuterated buffer for NMR anal-
ysis to avoid signals shift and peak broadening due to residual
acidity. The concentration of analytes obtained after lyophilization
was identical to theoretical values, within the inaccuracy of the
PULCON method. By contrast, as expected [4], inaccuracy was
higher, especially for the b-glucose signal, when solvent suppres-
sion was used (see Table S2 in supplementary material).

Response linearity was assessed plotting average analyte con-
centrations versus theoretical values. R2 values for most analytes
were> 0.9999 and never lower than 0.9998, (Table 2). Themaximum
deviation of the slope from the ideal value of 1 that accounts for the
inaccuracy of the PULCON method was 1.64% (valine). The method
reproducibility was further tested by measuring analyte concentra-
tions in new freshly prepared DMEM samples using, as external
standard reference, a DMS spectrum acquired 1 year earlier. R2 was
always >0.9986, with the largest discrepancy between the slopes (S)
within 0.88% (Table 2). These values are comparable to those re-
ported by Holzgrabe and coworkers for other q-NMR methods [27].

The serum issue in q-NMR

An additional challenge in metabolomics analysis of cells in cul-
tures is the presence of serum. Serum contains substantial amounts
of proteins that produce broad interfering signals (Fig. 2A). Such
Table 2
Range of concentrations measured of DMEM nutrients, square correlation coefficient (R2

Nutrient Concentration range (mM) R2 S

a-Glucose 17.9152e0.9084 1.0000 0.9
b-Glucose 30.7454e1.5684 1.0000 1.0
Histidine 0.3777e0.0464 0.9998 1.0
Phenylalanine 0.8398e0.1040 0.9999 1.0
Tyrosine 0.7516e0.0338 0.9999 1.0
Glutamine 7.5753e0.3932 1.0000 1.0
Isoleucine 1.5782e0.0766 1.0000 1.0
Valine 1.5610e0.0740 1.0000 0.9
signals can affect the baseline in 1H NMR spectra, resulting in an
overestimation of the concentrations of all the metabolites (see
Table 2 in Ref. [21]) except anomeric protons of a-glucose and b-
glucose, whose signals are in a spectral region with no interference
from protein signals (see Fig. S1). Model solutions were prepared by
the addition of bovine serum (10%) to DMEM solutions.

One of the strategies to overcome the problem of overestimation
is using a CPMG spineecho sequence, 90�[(t�180�t)n], for data
acquisition. An accurate choice of the parameters t (evolution time)
and n (echo repetitions) allows for the suppression of protein signals
exploiting the large difference between the very short T2 (transverse)
relaxation times of hydrogen atoms belonging to high molecular
weightmolecules and those (longer) of hydrogen atoms belonging to
small molecule such as nutrients andmetabolites [28]. However, this
procedure is neither straightforward nor flawless. First, proteins can
bind many small molecules such as citrate, lactate, aromatic amino
acid, and metabolites, shortening their relaxation time T2 to that of
the protein. Hence, the use of CPMG [29], optimized for the protein
signal filtering, leads (in the most favorable cases) to under-
estimating the concentrations of some small molecules or (in the
worst cases) to completely missing the analyte (e.g., seeing the
phenol red). Indeed, phenol red signal, a sharp doublet at 6.7 ppm in
DMEM without serum (Fig. 1), in the presence of serum, is so broad
(with the same T2 time of the protein) to be undetectable (Fig. 2A)
and lost by CPMG filtering (Fig. 2B). Second, to correlate the signal
intensities measured by the 1DeCPMG experiment to the concen-
tration of themolecules towhich they belong, the signal decay due to
its intrinsic T2 should be considered. Therefore, the 1DeCPMG signal
intensities should be corrected as follows:

I0 ¼ Ix expð2tn=T2Þ; (2)
), slope (S), and ordinate intercept (b) of least squares regression line.

b Reproducibility

R2 S b

994 þ0.0189 1.0000 0.9919 �0.0251
024 �0.0723 1.0000 0.9952 �0.0113
162 �0.0035 0.9988 0.9937 �0.0036
003 �0.0009 1.0000 0.9940 �0.0005
055 �0.0044 0.9999 0.9982 �0.0018
007 þ0.0037 1.0000 0.9927 þ0.0105
014 þ0.0044 0.9997 0.9912 �0.0077
836 �0.0046 0.9986 0.9977 �0.0163



Fig.2. 1H spectra of 2� DMEM with 10% of serum: (A) q-NMR; (B) q-NMR 1DeCPMG; (C) q-NMR after serum removal.
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where I0 is the signal intensity after the 90� pulse before evolution,
Ix is the measured intensity after t evolution, and T2 is the trans-
verse relaxation time. Thus, the knowledge of T2 is required for each
metabolite. Further T2 determination or the quantification of mul-
tiplets can be seriously affected by J-modulation. In spite of the
many strategies proposed to overcome these problems [30], the
CPMG method for absolute metabolites concentration measure-
ment is anything but straightforward and not readily applicable to
high-throughput analyses such as those conducted in metab-
olomics studies.

A possible alternative consists in acquiring the simple 1H q-NMR
of medium and subsequently removing the contribution of broad
protein signals to the integrated intensities of signals of interest
using a post-processing background removal method. We tested
two different software tools; the first one is completely automated,
whereas the second one allows the analyst to manually select the
fitting area and the integral adjustment of the peaks. The first
software we examined (Assure 1.5, Bruker) exploits a baseline-
filtering algorithm that eliminates all of the signals broader than
a given line width.We set such upper limit at 10e15 Hz, achieving a
satisfactory removal of the protein background without reduction
of the measured area of the sharp signals. Once tuned for each
spectral region, the baseline filtering routine works in automation
and has a relevant and reliable throughput irrespective of operator
experience (see Table 2 in Ref. [21]). The second software we
examined relies on a line-fitting algorithm (MestReNova 6.0). A
region of the NMR spectrum is deconvoluted into some of its
component peaks (using a suitable percentage of Lorentzian and
Gaussian characters), creating an artificial spectrum as a sum of
each component, where the protein signals are not added. The
software is easy to run, is interactive, and provides the fitting error
(see Table 2 in Ref. [21]).

A third option is to physically remove the serum from the bio-
logical matrix before measuring metabolite concentrations. We
pursued this option testing different serum removal conditions (see
Table 1 in Ref. [21]). The best condition in terms of minimization of
protein signals, reproducibility, and recovery was found by using
cold methanol (methanol/DMEMeserum, 3:1, v/v) (see Figs.1 and 2
in Ref. [21]) in combination with pH adjustment by the addition of
TFA. pH control was essential because no protein precipitation was
observed at pH values above 8 or below 3, only partial precipitation
occurred at pH values of 7 and 4, whereas optimal precipitation
conditions were found at pH 6 (see Fig. 3 in Ref. [21]). Even though
deproteinization methods are widely described in the literature
[16,29], to the best of our knowledge, the impact of pH control has
never been examined before. This issue is extremely relevant in cell
cultures where the pH of the medium ranges from 8.5 of fresh
DMEMeserum down to acidic (pH 3e4) after cell culture, mainly
due to the release of lactic acid in the medium. Furthermore, the
pH-controlled serum removal causes the release of analytes bound
to proteins, as can be inferred from the signal of the phenol red at
6.7 ppm (Fig. 2C), which returns to be a sharp doublet, after serum
removal, as it was in DMEMwithout serum (Fig.1). This is likely due
to unfolding and precipitation of serum proteins. Measured analyte
concentrations were then compared with theoretical values (see
Table 2 in Ref. [21]). Such single point differences (e.g., for a-glucose
maximum of ~7%) might not be the most appropriate for the esti-
mation of nutrients loss because they are affected by multiple and
intermingled error sources, including the measurement process
error. Therefore, for each analyte we performed a linear least-
squares fitting of the concentrations measured in the five
DMEMeserum solutions after serum removal (average of three
replicates) versus their respective theoretical concentrations. The
deviations of the obtained slopes from the ideal value of 1 provide a
better estimate of the overall inaccuracy for each analyte. As re-
ported in Table 3, the maximum deviation of the obtained slopes
was found to be less than 5.7% (a-glucose, b-glucose, and isoleu-
cine), whereas R2 values were never lower than 0.9993. The PUL-
CON inaccuracy, independently estimated, is 1.64%. Then, for each
analyte, an estimate of the nutrient loss due to the removal process
can be inferred accordingly.

Moreover, separate measurements on freshly prepared solu-
tions confirmed the high reproducibility of the overall process,
R2 > 0.9993 and a deviation of S � 6.1% (a-glucose).

The ability of methanol to precipitate proteins and pH precipi-
tation dependence was also tested in the presence of greater
amounts of serum (up to 80%). Optimal protein removal was
confirmed to occur at pH 6 irrespective of serum levels (see Fig. 4 in
Ref. [21]).

Method comparison

The quantitative results obtained on the five model solutions
after protein removal were compared with those obtained without
protein removal (i) directly on the rough freeze-dried/reconstituted
solutions, (ii) using the CPMG acquisition scheme, and (iii) applying
post-processing filtering procedures. The acquisition and process-
ing of all the spectrawere performed by a single operator and in the
most standardized way (one laboratory, many methods [31]).
Although R2 accounts for the precision of themeasurement process,
a different criterion should be adopted to assess the accuracy of the
methods previously considered for removing the signal of the



Fig.3. (A) HeK293eWT, HeK293ehAC1, and HeK293ehNAAA absolute concentration of nutrient uptake and catabolites (mM) normalized to cell number (millions of cells). For
nutrients (glucose, histidine, phenylalanine, tyrosine, valine, isoleucine, and glutamine), the absolute value of the difference between the amount measured in cell culture medium
and the amount of same nutrient in DMEM without cells is reported. The concentrations of catabolites (lactate, alanine, and 3-methyl-2-oxovaleric acid [3-Me-2-oxoval. acid]) are
reported as measured in cell culture medium. One-way ANOVA followed by all pairwise Tukey's multiple comparison test: ***P < 0.001, **P < 0.01, and *P < 0.05 versus Hek293-WT;
#P < 0.05 versus HekehAC1. Effect of 3-bromopyruvic acid treatment at doses of 25 and 50 mM analyzed by two-way ANOVA. (B) Total glucose uptake: cell type, F(2, 27) ¼ 9.346,
P ¼ 0.0008; treatment, F(2, 27) ¼ 41.59, P < 0.0001. (C) Lactate release: treatment, F(2, 27) ¼ 3.692, P ¼ 0.0383. (D) Glutamine uptake: cell type, F(2, 27) ¼ 31.46, P < 0.0001. (E)
Alanine release: cell type, F(2, 27) ¼ 55.52, P < 0.0001; treatment, F(2, 27) ¼ 75.65, P < 0.0001. Bonferroni post hoc test versus control group (ctrl): ***P < 0.001, **P < 0.01, and
*P < 0.05. Bonferroni post hoc test versus Hek293eWT: ���P < 0.001 and ��P < 0.01. The level of statistical significance was set at P < 0.05. Results are expressed as means ± standard
errors (n ¼ 3�4). Experiments were repeated twice with similar results.
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proteins present in the serum. For this purpose, we used the
following figure of merit:

a ¼ ðS� 1Þ2 þ ðb=MTCVÞ2: (3)

Because our purposewas to evaluate the performance of various
protocols, we considered in our figure of merit not only the slope S
of the regression line but also the ordinate intercept b. This value
was normalized by the minimum theoretical concentration value
(MTCV) considered on each analyte in order to compensate for the
high sensitivity of b to the different concentration ranges for the
various analytes and, in particular, to the distance from the origin.



Table 3
Range of concentrations measured of DMEM nutrients, square correlation coefficient (R2), slope (S), and ordinate intercept (b) of least squares regression line.

Nutrient Range of concentration (mM) R2 S b Independent solutions

R2 S b

a-Glucose 15.3975e0.8087 0.9999 0.9432 �0.0030 0.9993 0.9389 þ0.0170
b-Glucose 26.5280e1.4403 0.9999 0.9438 þ0.0964 0.9994 0.9616 þ0.0255
Histidine 0.3294e0.0422 0.9997 0.9626 �0.0015 0.9990 0.9607 þ0.0021
Phenylalanine 0.7456e0.0926 0.9993 0.9852 �0.0041 0.9996 0.9457 þ0.0061
Tyrosine 0.6692e0.0378 0.9998 0.9792 �0.0002 0.9998 0.9511 þ0.0008
Glutamine 6.6608e0.3432 1.0000 0.9668 �0.0032 0.9998 0.9455 þ0.0046
Isoleucine 1.3293e0.0715 0.9997 0.9492 þ0.0029 0.9997 0.9450 �0.0001
Valine 1.3681e0.0740 0.9997 0.9781 �0.0001 0.9998 0.9405 þ0.0082

Fig.4. 1H q-NMR spectrum of the medium after cell culture (Hek293eWT at 48 h): (A)
with serum; (B) with serum removed. The following metabolites released in the me-
dium have been identified: (1) lactate; (2) alanine; (3) 3-methyl-2-oxovaleric acid.

L. Goldoni et al. / Analytical Biochemistry 501 (2016) 26e3432
In ideal conditions, the measured and theoretical concentrations
are equal; thus, S ¼ 1 and b ¼ 0. Therefore, the lower the value of a
is, the closer to real values the measurements are. The pH-
controlled protein removal method, in addition to providing a
greater precision than all other methods (R2 > 0.9993, mean value
of 0.9998 vs. 0.9979e0.9988; Table 4) also provides significantly
improved accuracy considering both each individual analyte and
the overall components. Indeed, the mean value of the parameter a
is two orders of magnitude lower than the best of the other
methods. Even normalizing the b value by the average theoretical
concentration (see Table S3 in supplementary material), the mean
value of the a parameter for protein removal method still remains
more than 5 times smaller than the best value obtained for all of the
other methods.

This is in agreement with the result previously obtained using
different normalization criteria for b. Overall, the pH-controlled
protein removal method shows a good level of accuracy and is
Table 4
Comparison of methods for removal of protein signals, square correlation coefficient (R2

Nutrient Serum removal 1DeCPMG

a R2 a R2

a-Glucose 0.0032 0.9999 0.0937 0.
b-Glucose 0.0062 0.9999 0.2854 0.
Histidine 0.0018 0.9997 4.6512 0.
Phenylalanine 0.0010 0.9993 0.2912 0.
Tyrosine 0.0004 0.9998 0.6122 0.
Glutamine 0.0012 1.0000 0.0710 0.
Isoleucine 0.0035 0.9997 0.4167 0.
Valine 0.0005 0.9997 0.8238 0.
Mean 0.0022 0.9998 0.9057 0.
Max 0.0062 4.6512
uniform and homogeneous for all of the metabolites, as can be
inferred by the small “max” value of a throughout the analytes.
Indeed, post-processing approaches that try to extract the peak
fingerprint from the measured intensity and the CPMG are inher-
ently affected by the low S/N ratio characterizing the subtler details
of individual spectra (shoulders) at low concentrations. In contrast,
methods that are based on the physical removal of the serum
significantly increase the concentration range that is not affected by
accuracy degradation, as can also be deduced from the comparison
of the percentage errors returned by different approaches
measured at every concentration and for every metabolite (see
Fig. 5 in Ref. [21]).
Biological applications

The absolute q-NMR method was tested in three distinct ex-
periments where we (i) compared the phenotype of wild-type and
genetically modified cells in cultures, (ii) examined the effect of
pharmacological interventions on such cells, and (iii) determined
the impact of cell differentiation on the metabolic profile of cells. In
the first experiment, the medium of wild-type Hek293 cells was
compared with that of cells overexpressing two human cysteine
amidases, acid ceramidase (AC) and N-acylethanolamine acid
amidase (NAAA). These enzymes were selected because they are
structurally related but exert different effects on the replication of
Hek293 cells in which they are transfected; AC expression mark-
edly enhances replication, whereas NAAA expression does not [32].

The results reported in Fig. 3A show that both mutant cell lines
display substantially elevated glucose uptake and amino acid con-
sumption than do wild-type cells. This effect is likely to reflect the
increased metabolic demand imposed by promoter-driven
expression of exogenous proteins. In addition, we found that AC-
expressing Hek293 cells consumed larger amounts of glutamine
and valine compared with either NAAA-expressing or wild-type
cells (Fig. 3A). Such a high rate of glutamine metabolism is
), and figure of merit a.

Assure Bruker baseline
filtering

MestReNova “fitting”
algorithm

a R2 a R2

9997 0.2214 0.9994 0.1744 0.9994
9995 0.2642 0.9993 0.1271 0.9991
9985 1.4114 0.9992 1.3461 0.9959
9991 1.3648 0.9999 0.5190 0.9996
9983 1.1929 0.9992 0.4243 0.9949
9997 2.3420 0.9998 0.2939 0.9997
9889 0.1005 0.9975 0.5777 0.9980
9995 0.0015 0.9959 0.3014 0.9995
9979 0.8635 0.9988 0.4705 0.9983

2.3420 1.3461



Fig.5. (AeC) Absolute concentration of nutrient uptake and catabolites (mM) in C2C12 cells normalized to the total protein content of the undifferentiated dish sample at each time
point. For nutrients (glucose), the absolute value of the difference between the amount measured in cell culture medium and the amount of same nutrient in DMEM without cells is
reported. The concentrations of catabolites (lactate and citrate) are reported as measured in cell culture medium. (A) Total glucose uptake. (B) Lactate release. (C) Citrate release.
One-way ANOVA followed by all pairwise Tukey's multiple comparison test: ***P < 0.001, **P < 0.01, and *P < 0.05 significant versus undifferentiated cells. (D) Treatment with
carbachol at doses of 25 and 50 mM analyzed by one-way ANOVA followed by Dunnett's multiple comparison post hoc test versus control (ctrl): ���P < 0.001 and ��P < 0.01. Results
are expressed as means ± standard errors (n ¼ 3�4). Experiments were repeated twice with similar results.
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consistent with recent findings suggesting that highly replicating
cancer cells can use glutamine as a source of carbon for Krebs cycle
intermediates [33].

Compared with nutrients, products of cell metabolism (i.e., ca-
tabolites) are generally released in the medium at low concentra-
tion (lactate is an exception). The peaks of these analytes (e.g., 3-
methyl-2-oxovaleric acid) are partially covered by protein signals,
but they became clearly observable, and thus quantifiable, after
serum removal (Fig. 4). Although an improved S/N ratio facilitated
the identification of these products via 2D experiments, their
identity was confirmed using authentic standards.

Catabolite concentrations appear to depend on the cellular
phenotype. Indeed, NAAA-expressing Hek293 cells released in the
medium a significantly greater amount of lactate, whereas AC-
expressing cells released more alanine and wild-type cells
released more 3-methyl-2-oxovaleric acid (Fig. 3A). The signifi-
cance of these differences was not explored further, but increased
alanine excretion in AC-expressing cells might be related to
heightened glutamine catabolism [33].

Next, we blocked glycolysis in wild-type and mutant Hek293
cells using the hexokinase inhibitor 3-bromopyruvic acid [34]. We
analyzed the cell culture medium 18 h after the addition of the
inhibitor (Fig. 3BeE). Treatment with 3-bromopyruvic acid (50 mM)
was accompanied by significant decreases in glucose uptake in the
three cell lines. By contrast, decreases in lactate release were
observed only in wild-type Hek293 cells, confirming the possibility
that transfected cells might use another source of carbon for lactate
biosynthesis in addition to glucose.

In a second experiment, we differentiated the myoblast cell line
C2C12 into myotubes by exposing them to low concentrations of
horse serum (2%) [35] (see Fig. S2A and S2B in supplementary
material). Nutrient uptake and extracellular metabolite levels were
compared with those of undifferentiated C2C12 in the presence of
20% fetal bovine serum (Fig. S2A). Thus, a serum removal step was
unavoidable for a meaningful comparison of metabolites between
differentiated and undifferentiated cells due to the different serum
concentrations in media. Differentiated cells showed a significant
time-dependent increase in glucose uptake, and lactate and citrate
release (Fig. 5AeC).

By contrast, metabolite concentrations remained substantially
constant in undifferentiated cells. After 3 days, proliferating cells
consumed significantly higher amounts of glucose (Fig. 5A), but
glucose uptake was significantly higher in fully differentiated cells
(after 6 days). Correspondingly, lactate release from differentiated
cells after 6 days (Fig. 5B) was significantly higher compared with
undifferentiated cells. Citrate was always higher in differentiated
cells (Fig. 5C).

In a third experiment, we treated differentiated C2C12 myo-
tubes, which express nicotinic cholinergic receptors [36], with the
cholinergic agonist carbachol (50 or 100 mM). Agonist exposure
resulted in a significant increase in glucose uptake and lactate
release (Fig. 5D).

Conclusions

We have developed and validated a new protocol that, after pH-
controlled serum protein removal, allows for the absolute quanti-
fication of hydrophilic metabolites in cell culture media, using
PULCON q-NMR, without the employment of any commercial da-
tabases or dedicated software. The method, which is simple, inex-
pensive, and implementable on any type of NMR spectrometer, is
highly reliable and, compared with others previously described in
the literature, shows the lowest discrepancy from true values,
allowing for the quantification of nutrient uptake and release of
multiple metabolites irrespective of serum amount, peak shape,
and degree of overlap with protein signals. The protocol, applied to
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different biological examples, allowed us to quantify with high
accuracy several key metabolites released from cells into the me-
dium, even at low concentrations. Considering that protein pre-
cipitation is a step widely employed also in high-performance
liquid chromatography (HPLC), the same sample may be processed
both by NMR and, thanks to the complete sample recovery, by other
analytical techniques (e.g., mass spectrometry). The new protocol,
therefore, may offer a common analytical platform for the direct
comparison of results obtained with different techniques [16,17]
and may provide a useful tool for diagnostic and biomarker
discovery.
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