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NMR HRMAS Spectroscopy of Lung Biopsy Samples:
Comparison Study Between Human, Pig, Rat,
and Mouse Metabolomics

Malika A. Benahmed,1,2 Karim Elbayed,2 François Daubeuf,3

Nicola Santelmo,4 Nelly Frossard,3 and Izzie J. Namer1,5*

Purpose: Using the metabolomics by NMR high-resolution

magic angle spinning spectroscopy, we assessed the lung
metabolome of various animal species in order to identify the

animal model that could be substituted to human lung in stud-
ies on fresh lung biopsies.
Methods: The experiments were conducted on intact lung bi-

opsy samples of pig, rat, mouse, and human using a Bruker
Advance III 500 spectrometer. Thirty-five to 39 metabolites

were identified and 23 metabolites were quantified. Principal
component analysis, partial least-squares discriminant analy-
sis, and analysis of variance tests were performed in order to

compare the metabolic profiles of each animal lung biopsies
to those of the human lung.
Results: The metabolic composition between human and pig

lung was similar. However, human lung was distinguishable
from mouse and rat regarding: Trimethylamine N-oxide and

beta€ıne which were present in rodents but not in human lung,
carnitine, and glycerophosphocholine which were present in
mouse but not in human lung. Conversely, succinic acid was

undetected in rat lung. Furthermore, fatty acids concentration
was significantly higher in rodent lungs compared to human

lung.
Conclusion: Using the metabolomics by NMR high-resolution
magic angle spinning spectroscopy on lung biopsy, samples

allowed to highlight that pig lung seems to be close to human
lung as regarding its metabolite composition with more similar-

ities than dissimilarities. Magn Reson Med 71:35–43, 2014.
VC 2013 Wiley Periodicals, Inc.

Key words: lung; metabolomics; NMR HRMAS

Metabolomics 1H high-resolution magic angle spinning
(HRMAS) NMR spectroscopy is a technique used for the
measurement of low metabolite levels directly on intact tis-
sues in both normal and pathological conditions, influenced
by the environment or drug exposure (1,2). This is an origi-
nal technique for the identification of potential biomarkers
for diagnosis or prognosis that has become increasingly use-
ful for the study of several diseases (3–8). Metabolomics has
also become applicable in the monitoring of the quality of
organ transplants, because metabolic changes occur very
quickly in nonvascularized tissue (9). Metabolomics offers a
rapid and inexpensive tool to monitor organ viability or to
detect organ rejection (10,11). However, very few papers in
the literature combine the use of the metabolomics by
HRMAS NMR spectroscopy directly on intact tissue for
lung transplantation (12) and most publications assess the
metabolome of the lung using biofluids (13–15).

The translation from basic biomedical knowledge to
prevention and treatment of human diseases requires use
of animal models, as for developments that cannot be
tested in humans for practical or evident ethical reasons.
In this regard, there is a growing interest in the use of
metabolomics NMR techniques to explore lung biopsy
samples of animal models for transplantation (9,16),
inflammation, and lung injury (17–19).

This study compares the metabolic profiles of fresh
lung biopsy samples obtained from humans to those of
the lung from the most useful animal models for lung ex-
ploration, i.e., pigs, mice, and rats, using metabolomics
HRMAS NMR spectroscopy with the purpose of identify-
ing the most suitable animal model for the exploration of
respiratory diseases.

METHODS

Tissue Collection

Patient Population

This study involves use of human lung biopsy samples
obtained from the University Hospital of Strasbourg
(Centre de Ressources Biologiques, Hôpitaux Universi-
taires de Strasbourg) between July 2009 and August 2011
in accordance with French legislation. Eleven samples
collected from six patients were used in this study (six
males; mean age, 68 6 12 years; range, 55–80 years). All
patients underwent a surgical procedure with no chemo-
therapy or radiotherapy treatment. During lung cancer
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surgery, a total lobectomy was performed; the healthy bi-
opsy tissues were collected within the lobectomy and
then were examined by histopathology. The lung biop-
sies were collected rapidly, reducing the ischemic delay
as much as possible after resection (less than 2 min).
Biopsies were immediately frozen on dry ice and kept at
�80

�
C until NMR measurements.

Animal Handling and Experimental Protocol

The experimental protocol was conducted in accordance
with our research committee guidelines based on the
French ethics regulations and was granted authorization
by the CREMEAS (Regional Committee for Ethics in
Experimentation Using Animals).

Pigs. Seven large White pigs (mean weight, 27 6 4 kg)
were used, housed in the animal facility at Institut de Re-
cherche contre les Cancers de l’Appareil Digestif (Hôpitaux
Universitaires de Strasbourg, France). Premedication was
intramuscular ketamine (50 mg/kg) and azaperone (2 mg/
kg), followed by intravenous induction of general anesthe-
sia with propofol (3 mg/kg). Tracheal intubation was facili-
tated with pancuronium (0.2 mg/kg). Anesthesia was
maintained with isoflurane and nitrous oxide (Abbott, Run-
gis, France) in 50% oxygen. Lung samples at baseline were
taken in heart-beating animals before induction of cardiac
arrest. Samples were snap frozen on dry ice and kept at
�80

�
C until the measurements were taken.

Mice. Eleven BALB/c mice with a mean weight of 28 6 5
g were used. They were housed in the animal facility at
the Pharmacy Faculty (Universit�e de Strasbourg, Illkirch,
France) and maintained at room temperature (22

�
C) under

a 12 h/12 h normal light/dark cycle, with food and water
ad libitum. The general anesthesia was given using intra-
peritoneal induction of ketamine (154 mg/kg) (Imalgene
1000, MERIAL, Lyon, France) and xylasine (10 mg/kg)
(Rompun, Bayer HealthCare) with a 6 mL/kg flow rate.

Rats. Eleven adult male Wistar rats were selected at 8
weeks of age (mean weight, 250 g). The animals were
housed at the animal facility at the Pharmacy Faculty
(Universit�e de Strasbourg, Illkirch, France) and main-
tained at room temperature (22

�
C) under a 12 h/12 h nor-

mal light/dark cycle, with food and water ad libitum.
The rats were anesthetized using an intraperitoneal
injection of ketamine (80 mg/kg) and xylasine (4 mg/kg).

For mouse and rat, the baseline left and right lungs
were collected from surgical specimens directly at sur-
gery, immediately snap-frozen in liquid nitrogen, and
stored at �80

�
C until NMR analysis.

Sample Preparation for NMR Spectroscopy Analysis

Each lung biopsy sample was prepared at �20
�
C as pre-

viously described (9,20) by placing a 15–20 mg biopsy
into a disposable 30 mL KelF insert. To provide a lock
frequency for the NMR spectrometer, 10 mL of D2O was
also added to the insert. The insert was then sealed
tightly and stored at �80

�
C until the HRMAS analysis.

Shortly before the HRMAS analysis, the insert was
placed in a standard 4 mm ZrO2 rotor and closed with a
cap. The ensemble was then introduced into a HRMAS
probe precooled at 4

�
C.

NMR HRMAS Spectroscopy

All NMR experiments were conducted on intact biopsy
samples spinning at 3502 Hz recorded on a Bruker
Advance III 500 spectrometer operating at a proton fre-
quency of 500.13 MHz fitted with Bruker TopSpin soft-
ware (Bruker Biospin). The spectrometer is equipped
with a 4-mm double-resonance (1H, 13C) gradient
HRMAS probe. A Bruker cooling unit maintains the tem-
perature at 4

�
C. The major advantage of conducting

experiments at low temperature is to limit the degrada-
tion of the sample during the short acquisition time (20
min) (21,22).

For each biopsy sample, a 1D 1H spectrum using a
one-pulse experiment followed by a Carr-Purcell-Mei-
boom-Gill (CPMG) pulse sequence was acquired as
reported elsewhere (9,23). The CPMG sequence is
adequate to reduce the intensity of lipid signals and
macromolecules to the level of the metabolites in tissues
(20,24). The inter-pulse delay between the 180

�
pulses of

the CPMG pulse train was synchronized with the sample
rotation and set to 285 ms (1/x¼1/3502¼ 285 ms) in
order to eliminate signal losses due to B1 inhomogene-
ities. The number of loops was set to 328, giving the
CPMG pulse train a total length of 93 ms. The parame-
ters for the CPMG experiment were: sweep width, 14.2
ppm; number of points, 32k; relaxation delay, 2 s; and
acquisition time, 2.3 s. A total of 128 free induction
decays were acquired resulting in an acquisition time of
10 min. The free induction decay was multiplied by an
exponential weighing function corresponding to a line
broadening of 0.3 Hz before Fourier transformation. All
spectra were referenced by setting the lactate doublet
chemical shift to 1.33 ppm.

Two-dimensional (2D) heteronuclear spectra were
acquired to aid the identification of metabolites. 1H-13C
phase-sensitive detection (echo/antiecho) heteronuclear
single quantum correlation was performed using a 73-ms
acquisition time with globally optimized alternating
phase rectangular pulse 13C decoupling and a 1.5 s relax-
ation delay. A total of 116 transients were averaged for
each of the 256-t1 increments (for a total acquisition time
of 15 h) (9,23). However, 2D experiments of such a long
duration may lead to tissue degradation, resulting in an
increased concentration for some metabolites (e.g., crea-
tine, choline, phosphocholine, etc.) (21,22). For this rea-
son, 2D experiments are only used for signal assignment.
For each sample, we used the above-described parame-
ters according to the following sequence of acquisition:
1D one-pulse acquisition for 10 min followed by a CPMG
sequence for 10 min (11 spectra per animal species) and
2D (heteronuclear single quantum correlation) acquisi-
tion for 15 h (a total of 18 spectra).

A total of 35 metabolites were identified from the
spectra obtained for the human and pig lung samples, 36
metabolites for rat lung samples, and 39 metabolites for
the mouse lung samples (Table 1; Figs. 1 and 2).

Quantitative NMR Metabolomics

Metabolites were quantified using the 1D CPMG spectra
except for fatty acid quantification for which a one-pulse
sequence was used.
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The quantification procedure used here has been
described by our team (20). This method is based on a
pulse length measurement (pulse length-based concen-
tration). Spectra were normalized according to each sam-
ple weight (20). Calibration used the signal intensity of a
reference solution containing a known amount of lactate
(19.3 nmol), acquired under exactly the same conditions
used to measure the biopsy samples. Peak area integra-
tion was used to calculate the concentration. For our
experiments, only peaks that were well resolved in 1D
CPMG spectra were quantified. Chemical shifts for
regions of interest were adapted to those of the literature
(9,20,22) (Table 2. Fatty acids (a–c) were assigned as
described in the literature (25).

Quantification was assessed for 22 metabolites (23
with glycerophosphocholine [GPC] for mice) (Tables 1
and 2). For the remaining metabolites, quantification was
compromised due to low signals and/or overlapping.

For some samples, we identified two foreign signals
corresponding to ethanol and methanol; this is related to
an external contamination from the surgery materials
and they were excluded from the quantification.

Statistics

A principal component analysis (PCA) was performed
corresponding to an unsupervised multivariate data

reduction routine, which serves to evaluate the quality
of the data quickly and to identify possible outliers (26).
After the PCA analysis, a partial least-squares discrimi-
nant analysis (PLS-DA) (27) is usually used to build a
statistical model that optimizes the separation between
the two groups using the AMIX 3.8 software (Bruker
GmBH, Germany) and SIMCA P (Umetrics AB, Umea,
Sweden) (9). The spectral regions between 4.7 ppm and
0.5 ppm of each 1D CMPG NMR were used to define the
spectral buckets of 0.01 ppm. An analysis of variance
(ANOVA) for repeated measures followed by a Dunnett
multicomparison test were performed comparing each
metabolite from lung biopsy samples obtained from each
animal species to those of human lung biopsy samples.

RESULTS

According to statistical analysis, PCA (three components;
R2X¼ 0.625, Q2¼ 0.478) (data not shown) and PLS-DA
(three components; R2X¼ 0.502, Q2¼0.743) (Fig. 3)
human lung was distinguishable from the other groups.
The main difference between human and pig tissue is
related to component 2 (Fig. 3a), which is due to the var-
iability of metabolite concentrations as will be described
below. The composition of the metabolome between
human and pig lungs is similar as shown in Figure 3b.
This figure also shows that the human metabolome is

FIG. 1. Representative 1D 1H CPMG NMR HRMAS spectra performed on lung biopsy samples obtained from humans (a), pigs (b), rats
(c), and mice (d). The numbers corresponding to the metabolite assignments are identified in Table 1.
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clearly separated from rats and mice. On the other hand,
the metabolic variability between rats and mice is essen-
tially due to the presence of GPC and carnitine only in
mouse lung and to the concentration of glucose, gluta-
mine, and phosphocholine found to be higher in rat
lungs. This difference is shown in Figure 3b according to
the third component.

Comparison Between Human (Six Humans, n¼11) and
Mouse (11 Mice, n¼11) Tissue

Concerning the mouse lung, the number of identified
metabolites reached 39 compared with human lung tis-
sue in which 35 metabolites could be identified. The
main differences in metabolite composition consist in:
beta€ıne, carnitine, GPC, and trimethylamine N-oxide
(Figs. 1 and 2 and Table 2), which are present in mouse
and not in human lung. Even if GPC was identified in
human lung tissues in the publication of Rocha et al.
(12), it could not be identified in our lung samples,
which may be related to the fact that Rocha’s publication
focuses on lung cancer tissue. On the other hand, the
concentration of total fatty acids (total CH3) largely
exceeds that of human lung (Fig. 1d). Moreover, the PCA
analyses (three components; R2X¼ 0.644, Q2¼0.404) and
PLS-DA (three components; R2X¼0.556, Q2¼ 0.971)
(data not shown) performed on the total spectra show a

separation between human and mouse lung. In addition,
according to the ANOVA followed by the Dunnett test,
the significant difference in concentration of metabolites
concerns 13 metabolites out of the 22 quantified (Table
1). These 13 metabolites are ascorbic acid, fatty acids,
glutathione, phosphocholine, and taurine, whose con-
centrations increase from twice to three times compared
with concentrations in human lung tissue, and acetate,
asparagine, glutamate, lactate, lysine, myo-inositol, syllo-
inositol, and valine, whose concentrations are much
lower in mouse lung samples than in human lung
samples.

Comparison Between Human (Six Humans, n¼11) and
Rat (11 Rats, n¼ 11) Tissue

The NMR HRMAS experiments identified 36 metabolites
from rat lung samples (Table 2) including trimethyl-
amine N-oxide and beta€ıne as discriminating metabolites
because they are present in rat lung but not in human
lung. Conversely, succinic acid was undetected in the rat
lung samples. The statistical analysis using PCA (four
components; R2X¼ 0.746, Q2¼0.466) and PLS-DA (two
components; R2X¼0.511, Q2¼0.921) (data not shown)
performed on the total spectra without discrimination
show a clear cleavage between human and rat tissues,
indicating a difference in the composition of their

FIG. 2. Representative 2D 1H-13C heteronuclear single quantum correlation NMR HRMAS spectra performed on lung biopsy samples

obtained from humans (a), pigs (b), rats (c), and mice (d). The numbers corresponding to the metabolite assignments are identified in Ta-
ble 1. The region selected of 1H (2.5 ppm–5 ppm) and 13C (30 ppm–85 ppm) being considered the most discriminating region for the

metabolite composition. Ethanol and methanol are considered as exogenous contaminants.
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Table 2
Resonance Assignments Using 1D 1H CPMG Spectra and the Integration Range for Each Metabolite Quantified

Compound Assignment

1H chemical

shift (ppm)

Integration

range (ppm)

1 Acetate CH3 1.92 [1.914–1.928]

2 Alanine beta CH3 1.48 [1.460–1.490]
4 Ascorbate CH2(OH) 4.02 [4.514–4.532]

C4H 4.52

5 Asparagine CH 4 [3.944–4.002]
CH2 2.94

CH2 2.84
8 Choline N(CH3)3 3.21 [3.187–3.211]

CH2 3.52

CH2 4.06
10 Creatine CH3 3.03 [3.023–3.037]

CH2 3.93

11 Ethanolamine CH2 3.83 [3.103–3.156]
CH2 3.13

12 Fatty acid (a) CH2-1 1.29 [0.800–0.962]
CH2-2 1.31

Fatty acids (a), (b),

and (c)a
CH3 0.90

(n) CH2 1.29
Fatty acid (b) CH2-2 2.03

@ACH2A@ 2.8
@CH 5.33

Fatty acids (a)

and (b)

(n) CH2 1.29

Fatty acid (c) CH2-1 2.25

CH2-2 1.6
13 Glucose [4.630–4.674]

Alpha glucose C4H 3.43

C1H 5.23
C5H 3.84

Beta glucose C3H,C5H 3.47
C6H 3.75
C6H 3.89

C1H 4.65
14 Glutamate CH2 2.05 [2.315–2.377]

CH2 2.34

CH 3.76
15 Glutamine CH2 2.14 [2.410–2.474]

CH2 2.44
CH 3.77

16 Glutathione CH2ACONH 2.54 [2.934–2.974]

CHANH2 3.78
CHANH 4.57

CH2ASH 2.95
18 Glycerophosphocholine N(CH3)3 3.23 [3.228–3.238]

CH2 4.32

CH2 3.69
CHOH 3.91

19 Glycine CH2 3.55 [3.552–3.570]
20 Glycogen CH 5.44 [5.411–5.452]

CH2 3.85

CH2 3.79
CH 3.43
CH 3.60

22 Lactate CH3 1.33 [4.097–4.155]
CH 4.13

24 Lysine CH2 1.43 [1.679–1.750]
CH2 1.71
CH2 1.89

26 Myo-inositol C5H 3.27 [4.035–4.073]
C1H�C3H 3.54

C4H�C6H 3.61
C2H 4.06
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TABLE 2. Continued

Compound Assignment

1H chemical
shift (ppm)

Integration
range (ppm)

29 Phosphocholine N(CH3)3 3.22 [3.211–3.228]
CH2 3.60

CH2 4.16
32 Syllo-inositol all HS 3.35
35 Taurine CH2ANH3 3.26 [3.388–3.441]

CH2ASO3 3.42
38 Tyrosine CH 3.92 [6.863–6.898]

CH 3,5 6.87

CH 2,6 7.16
39 Valine CH3 0.98 [1.027–1.055]

CH3 1.04
CH 2.30

a(a), A(n)CH2A(2)CH2A(1)CH2ACH3; (b), ACH@CHACH2ACH@CHA(2)CH2A(1)CH2A(n)CH2; (c) A(n)CH2A(2)CH2A(1)CH2ACOOH.

FIG. 3. Three component PLS-

DA model obtained when classi-
fying the entire experiments per-

formed on lung biopsies
obtained from humans, pigs,
mice, and rats (n¼55) using the

4.7–0.5 ppm spectral region
(R2X¼0.502, Q2¼0.743). a: The

PLS-DA according to the princi-
pal component 1 and the princi-
pal component 2 and (b)

represents the PLS-DA accord-
ing the principal component 1

and the principal component 3.
Full box: human; Full circle: pig;
Full triangle: rat; Open triangle:

mouse.
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metabolome. Furthermore, we noted a number of differ-
ences in the concentration of the major metabolites,
which is confirmed by the ANOVA test (Table 1) because
16 metabolites of the 22 quantified show a significant
difference. In addition, the fatty acids are highly elevated
in rat lung as compared with human lung (Table 1)
(Fig. 1c).

Comparison Between Human (Six Humans, n¼11) and
Pig (Seven Pigs, n¼ 11) Tissue

The NMR-based metabolomics experiments performed
on lung from pigs and humans identified 35 metabolites
(Table 2) in both human and pig tissues, indicating their
similar metabolome (Figs. 1 and 2). However, regarding
the statistical analysis of the PLS-DA (two components;
R2X¼ 0.522, Q2¼0.896) (data not shown), a clear separa-
tion between the two groups (human and pig samples)
appears. Moreover, following the quantification of 23
metabolites and performing the ANOVA followed by the
Dunnett test, we noted a significant difference in concen-
trations of 14 discriminating metabolites among the 22
quantified metabolites (Table 2), indicating that the main
differences concern the concentration of some metabo-
lites and not the composition of the metabolome. Indeed,
for ascorbic acid, creatine, glutamate, glutathione, lysine,
myo-inositol, phosphocholine, and syllo-inositol, we
noted that their concentration in pig lung is almost twice
that of the human lung and fourfold for glycine. Con-
versely, the concentration of other metabolites such as
glucose, glutamine, and valine is higher in human than
in pig lung.

DISCUSSION

The metabolomics by NMR HRMAS spectroscopy allows
the study of intact biopsy samples in order to identify
biomarkers. It has become increasingly useful in the
study of several diseases. However, very few papers in
the literature combine the use of metabolomics and the
assessment of the metabolic content of lung tissue (9,12).
We here assessed the metabolome of lung biopsy sam-
ples of various animal species, i.e., pig, mouse, and rat
as compared with human.

The NMR HRMAS spectra were acquired with a short
duration of 20 min and under moderate sample spinning
(3 kHz), enabling us to obtain a reliable quantification.
Because it was shown that the rotation of the sample to
5 kHz during a short period of time does not lead to sig-
nificant deterioration of the tissue (28).

According to statistical data described above, human
lung was distinguishable from the other animal species.
However, the main difference observed between human
and pig tissues concern the concentration of some metab-
olites and not the composition of the metabolome. This
may explain the differences noticed between Figure
2A,B; this is only due to the spectral resolution related
to the concentration of certain metabolites, which differs
from one species to another. Nonetheless, even when the
ANOVA test shows a significant difference between
human and pig lung, we noted that concentrations were
very similar indicating their close metabolic composi-
tion. These results are in agreement with the choice of

pig as an animal model in lung transplantation studies.
Indeed, typically pig is used as the optimal animal
model for surgery experimentations and functional lung
measurements (9,29–31); this is related to the pulmonary
physiological characteristics close to humans.

Concerning the rodents, human lung was distinguish-
able from mouse and rat regarding: trimethylamine N-ox-
ide and beta€ıne (18,32), which were present in rodents
but not in human lung, carnitine, and GPC (19) which
were present in mouse but not in human lung. Con-
versely, succinic acid was undetected in rat lung (32). In
addition to the differences in the metabolic composition,
there is an important difference in metabolite concentra-
tions. Indeed, fatty acids concentration was significantly
higher in rodent lungs compared with human lung.
Nevertheless, even if the number of discriminating
metabolites (13 metabolites) appears lower in mice, the
difference in concentration is greater with respect to the
comparison with the other species. These results clearly
indicate a large difference in the lung metabolome of
rodent tissues compared with that of human tissue.

CONCLUSIONS

This comparative study aimed at identifying the closest
animal species to human with regards to lung tissue.
Using the metabolomics, NMR HRMAS directly on lung
biopsy samples allowed to highlight that pig lung seems
close to human lung as regarding its metabolite composi-
tion with more similarities than dissimilarities.
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