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In vivo hepatic lipid quantification using MRS at 7 Tesla
in @ mouse model of glycogen storage disease type 1a
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Frank Pilleul,*’**’JrJr Fabienne Rajas,ér Olivier Beuf,* and Sophie Cavassila*

Université de Lyon,* CREATIS, CNRS UMR 5220, Inserm U1044, INSA-Lyon, Université Lyon 1,
Villeurbanne, France; Université de Lyon,T Université Lyon 1, Institut National de la Santé et de la
Recherche Médicale, U855, Lyon, France; UMR]BSI,§ INP, UPS, TOXALIM, INRA, Toulouse, France;
Hospices Civils de Lyon,** Département d’imagerie digestive, CHU Edouard Herriot,

Lyon, France; and Centre Léon Bérard-Centre de Lutte contre le Camcer,ﬁ Lyon, France

Abstract The assessment of liver lipid content and compo-
sition is needed in preclinical research to investigate steato-
sis and steatosis-related disorders. The purpose of this study
was to quantify in vivo hepatic fatty acid content and compo-
sition using a method based on short echo time proton mag-
netic resonance spectroscopy (MRS) at 7 Tesla. A mouse
model of glycogen storage disease type la with inducible
liver-specific deletion of the glucose-6-phosphatase gene
(L—G6pc_/ ~) mice and control mice were fed a standard diet
or a high-fat/high-sucrose (HF/HS) diet for 9 months. In
control mice, hepatic lipid content was found significantly
higher with the HF/HS diet than with the standard diet. As
expected, hepatic lipid content was already elevated in
L-G6pc”’~ mice fed a standard diet compared with control
mice. L-G6pc”’~ mice rapidly developed steatosis which
was not modified by the HF /HS diet. On the standard diet,
estimated amplitudes from olefinic protons were found
significantly higher in L-G6pc~’~ mice compared with that
in control mice. L-G6pc”/~ mice showed no noticeable
polyunsaturation from diallylic protons. Total unsaturated
fatty acid indexes measured by gas chromatography were
in agreement with MRS measurements.H These results
showed the great potential of high magnetic field MRS
to follow the diet impact and lipid alterations in mouse
liver.—Ramamonjisoa, N., H. Ratiney, E. Mutel, H. Guillou,
G. Mithieux, F. Pilleul, F. Rajas, O. Beuf, and S. Cavassila. In
vivo hepatic lipid quantification using MRS at 7 Tesla in a
mouse model of glycogen storage disease type la. J. Lipid
Res. 2013. 54: 2010-2022.
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Glycogen storage disease type 1 (GSD 1) is an autosomal
recessive metabolic disorder resulting in severe impair-
ment of glucose production and large accumulation of
lipids within hepatocytes (steatosis) (1, 2). The phenotype
of GSD 1 results from a defect in the glucose-6 phosphatase
(G6Pase) complex, leading to severe hypoglycemia due to
the loss of endogenous glucose production. Despite a strict
diet, patients with GSD 1 develop hepatomegaly and ste-
atosis and may develop, with age, hepatocellular adenoma
that can ultimately evolve into hepatocellular carcinoma
(3, 4). Recently, a viable mouse model of GSD 1a with a liver-
specific deletion of G6Pase catalytic subunit (L-G6pc /")
has been generated and validated (5). GSD 1a mice ex-
hibit hepatic pathological features very similar to those
observed in GSD la patients.

The accumulation of lipids in the liver relates to the
buildup of neutral lipids, such as triglycerides (TGs) and
cholesterol esters, stored as lipid droplets in hepatocytes
and leading to hepatic steatosis. This fat accumulation
may originate from «) peripheral fat stored in adipose tis-
sue that flows to the liver as plasma nonesterified fatty ac-
ids, b) fatty acids newly made within the liver through de
novo lipogenesis, and ¢) dietary fatty acids (6, 7).

Steatosis is highly linked to the development of meta-
bolic diseases such as obesity or type 2 diabetes, but it can
also result from genetic disorders impacting lipid and glu-
cose metabolism such as in GSD la, al-antitrypsin deficiency,

Abbreviations: ChREBP, carbohydrate response element binding
protein; CRB, Cramér Rao bound; FAME, fatty acid methyl ester; FU,
fraction of unsaturation; GC, gas chromatography; G6Pase, glucose-6
phosphatase; GSD 1, glycogen storage disease type 1; HF/HS, high-fat/
high-sucrose; L-G6pc ", liver-specific knockout of glucose-6 phosphatase
catalytic subunit; MRS, magnetic resonance spectroscopy; PRESS,
point-resolved spectroscopy; rTUFA, relative total unsaturated fatty
acid; SC, saturated component; SFA, saturated fatty acid; SNR, signal-to-
noise ratio; TE, echo time; TG, triglyceride; TL, total lipid; TR, repeti-
tion time; TUBI, total unsaturated bond index; TUFA, total unsaturated
fatty acid; TUFI, total unsaturated fatty acid index.
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or tyrosinemia type 1. Recent studies suggest a crucial im-
portance of hepatic fatty acid composition in the meta-
bolic consequences of steatosis. Indeed, the harmful
effects of several fatty acids, and particularly, of palmitate
on insulin signaling are well documented (8, 9). In rats,
the enrichment of oleate in the diet is associated with im-
proved insulin sensitivity (10). Interestingly, the overex-
pression of a constitutively active form of the lipogenic
factor, carbohydrate response element binding protein
(ChREBP), improves glycemic control and restores he-
patic insulin sensitivity in obese and diabetic mice despite
an exacerbation of hepatic lipid accumulation. These im-
provements are associated with an increased oleate/palmi-
tate ratio in the livers of mice overexpressing ChREBP
(11). These studies illustrate that it is important to detect
lipids accumulating in steatosis but also to profile fatty ac-
ids in order to predict damages to the organ.

To date, a liver biopsy is necessary to analyze the fatty acid
composition, commonly performed by gas chromatography
(GC), a technique requiring the extraction and prepara-
tion of tissue samples (12). However, a liver biopsy is an in-
vasive and painful technique that can lead to false negative
results (13), and is not suitable for longitudinal studies.

While 1H—magnetic resonance spectroscopy (MRS) has
extensively been used as a noninvasive reference method
to assess total fat content, recent studies have demon-
strated its ability to assess in vivo TG composition (14).

In animal studies, MRS has been used to assess diet im-
pact on lipid composition in the liver (15) and adipose tis-
sue (16, 17) as well as in the muscle of a diabetic mouse
model (18). Many other animal models are available to
investigate steatosis, such as the genetic model 0b/0b mouse.
The ob/ob mouse model develops steatosis spontaneously
and has been well studied by 'H-MRS (19-22). Mice fed a
high-fat or a high-fructose diet were also reported with
steatosis (23, 24).

At high magnetic fields [=3 Tesla (T)], which allows a
better spectral dispersion, "H-MRS has also been used to
characterize lipid accumulation and lipid composition in
a rat model of liver fibrosis (25), or to evaluate fat content
in diabetic obese rats (26) and mice (22). Recently, this
technique was correlated with histology and TG level (21)
in order to compare these techniques for fat quantifica-
tion in mice. At clinical fields (<3 T), the TG composition
of subcutaneous human adipose tissue has been estimated
and validated with GC (27).

In this paper, localized short echo time (TE) in vivo
MRS and GC analysis was used to evaluate the content and
composition of fatty liver in L—G6pcf/ " mice as well as in
control C57BL/ 6] mice. L—G6pcf/ "~ and control mice were fed
either a standard diet or a high-fat/high-sucrose (HF/HS)
diet to compare genetically induced steatosis and diet-in-
duced steatosis. In vitro validation of the proposed method
was first conducted before its application. The method was
based on respiratory-gated localized short TE and an auto-
mated time-domain quantification method employing a
nonlinear least-squares algorithm that fits the time-domain
signal to a Voigt model function and uses multiple ran-
dom starting values and bounds.

In this study, a whole MRS-based procedure was de-
scribed and validated to quantify noninvasively the hepatic
fat content and composition, and determine the possible
impact of the diet on the hepatic lipid composition in
L—G6pcf/7 and control mice.

METHOD

Animal groups

The induction of the G6pc exon 3 was performed at adult age
(7-8 weeks of age) by treating female B6.SAcr°ERT2.G6pcl°X/ % mice
with tamoxifen (5). After G6pe deletion, mice were fed either a
standard diet (3.1% lipids, 60% carbohydrates, 16.1% proteins)
(n=15) ora HF/HS diet (36.1% lipids, 35% carbohydrates, 19.8%
proteins) (n = 12) during 9 months. The detailed composition of
the diet was previously described by Moraes et al. (28). Two groups
of control mice (C57Bl6/]; Charles Rivers Laboratories, France)
fed astandard (n=5) ora HF/HS (n = 12) diet were also analyzed.
All animals were housed in the animal facility of Université Lyon 1
(Animaleries Lyon Est Conventionnelle et SPF), under controlled
temperature (22°C), with a 12 h light-12 h dark cycle. Mice had free
access to food and water. The experiments were conducted accord-
ing to the procedures approved by the Institutional Animal Care
and Ethical Committee of Lyon 1 University. Following MR exami-
nations, a subset of mice was killed by dislocation of the cervical
vertebrae and liver tissue samples were rapidly removed and frozen
using tongs previously chilled in liquid N, to analyze lipids by GC
and to quantify TG levels using a Biomérieux colorimetric Kit.

MR experimental conditions

Magnetic resonance imaging and magnetic resonance spectro-
scopic data were collected on a 7 Tesla Biospec 70/20 system
(Bruker, Ettlingen, Germany) equipped with a shielded gradient
set (400 mT-m~ ' maximum gradient amplitude and 120 mm inner
diameter) and a 'H transmit-receive quadrature coil (Rapid Bio-
medical, Wirzburg, Germany) with 32 mm inner diameter. Ani-
mals were anesthetized by inhalation of 2% isoflurane. The body
temperature was maintained inside the magnet at 37°C by warm
water circulation. A pressure sensor was used to monitor the respi-
ratory cycle. A point-resolved spectroscopy (PRESS) sequence was
used for localized "H-MRS with a short TE (16 ms). The effective
repetition time (TR), which had to be a multiple of the respiratory
period of the mouse, was set to be greater than 3 s to minimize T1
relaxation effects. The prescription of the voxel (3 x 3 x 3 mmg)
localization within the right lobe of the liver in an area free of large
hepatic vessels and surrounding fat, was done on the T2-weighted
RARE (Rapid Acquisition with Relaxation Enhancement) images
that were previously acquired with the following parameters: TE,
40.4 ms; field of view, 30 x 30 me; matrix, 256 x 192; 36 or 48
slices; slice thickness, 0.5 mm; RARE factor, 8. The sequence was
synchronized with respiration using balanced acquisitions over sev-
eral respiratory periods with an effective TR of about 6 s (29).

Localized first- and second-order shim terms were adjusted
manually to reach a line width for the water resonance inferior to
60 Hz. For each mouse, the MRS signals were acquired without
water suppression (8 accumulations, 1 min scan time) and with
VAPOR (Variable Pulse Power and Optimized Relaxation delays)
water suppression (128 accumulations, 7 min scan time).

Spectra without water suppression were also collected over a
range of TEs from 21 to 100 ms (TE: 21,/26/31/36,/100 ms) in
order to calculate the different spin-spin relaxation times (T2) of
the resonances of both in vitro and in vivo spectra.

In vivo MRS of hepatic lipids in models of steatosis 2011
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For validation purposes, in vitro MRS measurements were also
collected from one sample filled with sunflower oil, with known
composition (6% methyl palmitate, 3% methyl stearate, 35%
methyl oleate, 50% methyl linoleate, 3% methyl linolenate, and 3%
methyl arachidate) using a unique TE PRESS sequence (TE/TR:
16/5,000 ms).

MRS data processing

The MRS signals were processed in the time domain after be-
ing corrected for zero- and first-order phase. The quantification
procedure, called the Multiple Starting Value method, imple-
mented in Matlab R2011b, is based on a nonlinear least-squares
algorithm that fits the time-domain signal to a combination of
Voigt model functions (30). Each Voigt function is characterized
by the combination of Lorentzian and Gaussian functions. The
model function used in the fitting procedure is a weighted sum
of damped sinusoids which are Voigt lines after Fourier trans-
form. The weighting factors involved in the linear combination
of the different damped sinusoids are called the amplitude pa-
rameters in the time domain which is, in the frequency domain,
the usual peak area. Thus, the free model parameters are the
amplitudes, Lorentzian and Gaussian damping factors, and fre-
quencies of each Voigt lineshape and the zero-order phase. The
algorithm uses multiple random starting values and bounds for
the frequency and damping factor parameters. The frequency
parameters were constrained within an interval of +10 Hz around
their starting values. The Lorentzian and Gaussian damping fac-
tors were constrained to be lower than 200 Hz in vitro and 350 Hz
in vivo, the zero-order phase was constrained within an interval
of +3° around 0°. In this manuscript, the estimated amplitude
parameter of the Voigt lineshape resonating at the frequency fis
written “f” and refers also, in the interests of simplifying notation,
to intensity of the resonance arising at the frequency f.

For the in vitro measurements, 10 resonances were identi-
fied and quantified: methyl group (0.9 ppm), methylene group
(1.3 ppm), B-methylene to carboxylic group (1.6 ppm), allylic
group (2 ppm), a-methylene to carboxylic group (2.25 ppm), dial-
lylic group (2.8 ppm), glycerol backbone (4.07 ppm, 4.23 ppm,
5.2 ppm), and olefinic group (5.3 ppm).

For in vivo measurements, no contribution to the resonances
other than lipid was assumed, since lipid resonances are predom-
inant in MR liver spectra. Nine resonances were then identified,
5.3 ppm and 5.2 ppm being considered as a single broad reso-
nance (Table 1). Each resonance was modeled with one compo-
nent in the model-function except for 1.3 ppm, which was fitted
with one or two components in vivo and in vitro and for the water
at 4.7 ppm which was fitted with one or two components in vivo.
Water amplitude was used as internal reference. Reliability of the

TABLE 1. Assignment of the nine chemical groups and their
corresponding chemical shift from in vivo "H-MRS spectra

Chemical Group Chemical Shift (ppm) Description

CH; 0.9 Methyl

(CHy)n 1.3 Methylene

CH,CH,CO 1.6 B-Methylene to
carboxyl group

CH,CH=CHCH,CH, 2.00 Allylic

CH,CH,CO 2.25 a-Methylene to

carboxyl group

CH=CHCH,CH=CH 2.8 Diallylic (polyunsaturated)
CH,-COO 4.07 Glycerol backbone
CH,COO 4.23 Glycerol backbone
CH=CH 5.3 Olefinic

Acquired in a mouse liver at 7 T (Fig. 3) with a shortTE PRESS
sequence (TE/TR:16/3,000 ms).

2012 Journal of Lipid Research Volume 54, 2013

parameter estimates was assessed using Cramér Rao theory.
Amplitude estimates with Cramér Rao lower bounds above 20%
were discarded from the subsequent analysis.

Relaxation time measurements

Spectra were quantified with the same algorithm as described
previously. Then, T2 decay of each resonance according to the
TE was modeled with a mono-exponential decay and T2 correc-
tion was performed as described by (15). Each resonance was
corrected in intensity with the corresponding estimated T2 relax-
ation time.

No T1 relaxation times were estimated for additional correc-
tion because for TR > 3,000 ms (in vivo) and TR = 5,000 ms (in
vitro), all resonances were considered fully relaxed.

Calculation of lipid composition

The total lipid (TL) index reflects the hepatic fat content and
was calculated as the relative ratio of resonance intensities from
methylene and methyl chemical groups to water. Indexes of satu-
ration and unsaturation were evaluated according to (14, 31, 32)
as described in Table 2. The ratio of methylene resonance inten-
sity to methyl resonance intensity described the saturated compo-
nent (SC) of hepatic fatty acids. The fraction of unsaturation
(FU) is expressed with the ratio of allylic to a-methylene to car-
boxylic group resonance intensities.

The amount of total unsaturation was estimated using two in-
dexes: the total unsaturated fatty acids (TUFAs) and the total un-
saturated fatty acid index (TUFI). On the one hand, TUFA was
calculated as the ratio of olefinic (methine) resonance contribu-
tion to water and methylene resonance contributions. This index
reflects the amount of total (poly and mono) unsaturated fatty
acids relative to the water content and TL. A subsidiary index is
the relative TUFA (rTUFA) which gives the TUFA relative to the
amount of total fatty acids. On the other hand, TUFI was defined
as the ratio of allylic to methylene resonance intensities. While
TUFA is directly proportional to the number of double bonds
found in the lipids presents in the volume of interest, TUFI will be
directly proportional to the number of unsaturated chains, whether
they are mono or poly unsaturated fatty acid chains. The ratio of
olefinic resonance intensity to methyl resonance intensity is called
the total unsaturated bond index (TUBI) and approximates the
average number of double bonds for the unsaturated fatty acids.

GC analysis

Fatty acid assay was performed as described in (33). Following
homogenization of liver samples in methanol/5 mM EGTA (2:1,
v/v), lipids corresponding to an equivalent of 1 mg of liver were
extracted in the presence of glyceryl triheptadecanoate (0.5 g) as
an internal standard. The lipid extract was transmethylated with
1 ml of boron trifluoride in methanol (1:20, v/v) for 150 min at
100°C, evaporated to dryness, and the fatty acid methyl esters
(FAMEs) were extracted with hexane/water (3:1). The organic
phase was evaporated to dryness and dissolved in 50 pl ethyl
acetate. One microliter of FAME was analyzed by gas-liquid chro-
matography on a 5890 Hewlett-Packard system using a Famewax
fused-silica capillary column (30 m, 0.32 mm internal diameter,
0.25 mm film thickness; Restek, Belfast, UK). Oven temperature
was programmed from 110 to 220°C at a rate of 2°C/min, and
the carrier gas was hydrogen (0.5 bar). The injector and the de-
tector were at 225 and 245°C, respectively. Identification of the
FAMESs was based upon retention times obtained for methyl ester
standards. In order to obtain comparable results between the GC
and MRS methodologies, the proportions of the chemically
equivalent groups of protons were calculated from the GC fatty
acid data according to (27), with normalization with each mass of
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TABLE 2. Indexes of fatty acid composition evaluated from analysis
of proton MRS spectra.

Index of Fatty Acid Fatty Acid Component

TL (“1.8” +40.97) / (“1.8” + “0.9” + “4.77)
e (8/2) x (“1.87/40.9”)
FU (1/2) x (427/%2.257)
TUFA “5.87/(“1.3” + “4.77)
TUFI (8/4) x (“27/0.9”)
TUBI (8/2) x (“5.87/40.9”)

The estimated amplitude of the time-domain function resonating
at the frequency fis written “f”.

each fatty acid respectively, and then fatty acid indexes were
derived.

Statistics analysis

Wilcoxon rank tests were performed to determine the statisti-
cal difference between the groups and P = 0.05 was considered
to be significant. Correlation between MRS and GC estimated
parameters were evaluated with Pearson coefficient correlation.
Tukey box plots (34) were chosen for plotting data. On each box,
the central mark is the median, the edges of the box are the 25th
and 75th percentiles, the whiskers extend to the most extreme
data points not considered outliers, and outliers are depicted
with crosses. Outliers are data points that fall more than 2 SDs
from the mean. All statistical analysis was performed with the sta-
tistical Toolbox of MATLAB 7.4.

RESULTS

In vitro T2 relaxation times

Table 3 shows in vitro T2 relaxation times estimated for
the chemical groups of sunflower oil. T2 relaxation times
vary from 18 ms at 4.07 ppm and 4.23 ppm to 49 ms at
1.3 ppm.

In vivo T2 relaxation times

In vivo T2 estimated values for each resonance and for
each group of mice are reported in Table 4. Note that the
number of mice (n) is different for each group of mice
and each resonance because of the quantification reliability
tests based on the Cramér Rao bounds (CRBs). Indeed,
estimates were excluded when CRBs were found greater
than the defined threshold value (20%). Several quantita-
tive results were excluded from the study, especially from
spectra acquired in mice of the standard control group.

TABLE 3. Estimated T2 relaxation times for the functional groups
of sunflower oil MRS spectrum at 7 T

Chemical Shift (ppm) Estimated T2 Relaxation Times (ms)

5.3 40.8+0.1
4.23 17.5+0.1
4.07 17.7£0.1
2.8 48.6+0.4
2.25 27.7 £ 0.6
2 34.0+0.1
1.6 17.6 £ 0.3
1.3 49+ 2

0.9 37.9+0.9

Data are presented as mean + SE.

Statistical T2 value comparisons between groups were only
performed with n = 5.

T2 relaxation times varied from 12 to 32 ms for 5.3 ppm,
from 6 to 31 ms for 2.25 ppm, from 20 to 25 ms for 2 ppm,
from 5 to 95 ms for 1.6 ppm, from 24 to 39 ms for 1.3 ppm,
and from 24 to 29 ms to 0.9 ppm for all groups of mice. No
significant difference was found for the water resonance at
4.7 ppm between all groups because estimated T2 relax-
ation times were around 13 ms for all mice.

T2 relaxation times of 2.25 ppm resonance were found
significantly lower for L-G6pc * mice fed a HF/HS diet
than for control mice fed a HF/HS diet. At 1.3 ppm, T2
relaxation times were found significantly higher for L-G6pcf/ N
mice fed a standard diet than control mice fed a standard
diet. Significantly higher T2 values were also measured for
control mice fed a HF/HS diet compared with control
mice fed a standard diet.

In vitro MRS index validation

Figure 1 shows a typical MRS spectrum acquired from a
sunflower oil sample. Ten resonances were identified. Theo-
retical and estimated values for fatty acid indexes and relative
resonance intensities are reported in Table 5 and show good
correlation (R2 = 0.97). However, ratios in which the inten-
sity of the resonance arising at 0.9 ppm is involved (SC, TUFI,
TUBI) show the highest differences between theoretical and
estimated values (relative error of estimation: 24.2 + 16.0%,
mean + SD) compared with the ratios without any 0.9 ppm
contribution (relative error of estimation: 7.1 + 4.3%).

In vivo lipid profiles estimated by MRS

Figure 2 shows typical spectra from each group of mice.
On standard diet, the “1.3” ppm was higher for L—G6pcf/7
mice than for control mice. The control mice fed a HF/
HS diet showed also a higher ppm than the control mice
fed a standard diet. For the L—G6pcf/7 mice fed a HF/HS
diet, the L—G6pcf/ " mice fed a standard diet, and the con-
trol mice fed a HF/HS diet, the resonance intensities 1.3
ppm tend to have the same level. As shown in Fig. 2 and in
Fig. 3, the 2.8 ppm was very low from L-G6pc /~ and con-
trol mice. An example of a MRS spectrum quantifica-
tion using the multiple starting value method is given in
Fig. 3.

The lipid profiles estimated from MRS experiments are
shown in Fig. 4. On standard diet, L—G6])cf/ ~ mice showed
higher amplitude than control mice for all resonances ex-
cept 2.25 ppm. In the same way, L-G6pc /~ mice fed a HF/
HS diet showed significantly higher amplitudes than
control mice fed a HF/HS diet for 2.25 and 2 ppm. No sta-
tistically significant difference was found for the other reso-
nances. Concerning the control groups, mice fed a HF/HS
diet showed statistically significant higher amplitudes than
control group fed a standard diet for 5.3, 2, 1.6, 1.3, and
0.9 ppm. Besides, no statistically significant difference in
any of the resonance amplitude estimates was found between
a HF/HS diet and a standard diet for the L—G6pcf/ " group.
Using the CRBs reliability criterion, estimated amplitudes
for 2.8, 4.07, and 4.23 ppm were found mostly unreliable
and were rejected from the statistical analysis.

In vivo MRS of hepatic lipids in models of steatosis 2013
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TABLE 4. Estimated T2 relaxation time values for the four groups of mice

Estimated T2 Relaxation

Group Diet Chemical Shift (ppm) Time (ms)
L-G6pe’~ HF/HS 5.3 25+ 8 (n=12)
Standard 5.3 20 + 18 (n = 15)
Control HF/HS 5.3 32+ 17 (n=11)
, Standard 5.3 12 (n=1)
L-G6pe " HF/HS 4.7 13+1 (n=12)
Standard 4.7 14+ 2 (n=15)
Control HF/HS 4.7 13+2 (n=12)
, Standard 4.7 14+2 (n=5)
L-G6pe " HF/HS 2.25 19 £ 10"* (n =12)
Standard 2.25 19+7 (n=14)
Control HF/HS 2.25 31+11 (n=11)
, Standard 2.25 6 (n=1)
L-G6pe " HF/HS 2 22+6 (n=12)
Standard 2 20+ 7 (n=14)
Control HF/HS 2 25+6 (n=12)
, Standard 2 21 +5 (n=2)
L-G6pe " HF/HS 1.6 26+ 16 (n=4)
Standard 1.6 23+10 (n=4)
Control HF/HS 1.6 95+ 61 (n=4)
, Standard 1.6 5(n=1)
L-G6pe " HF/HS 1.3 39+5 (n=12)
Standard 1.3 35 + 8“#* (n = 15)
Control HF/HS 1.3 39 + 6”** (n =12)
, Standard 1.3 24+ 3 (n=5)
L-G6pe " HF/HS 0.9 29+9 (n=12)
Standard 0.9 26+ 8 (n=15)
Control HF/HS 0.9 24+8 (n=12)
Standard 0.9 26 £ 18 (n=D5)

Data are presented as mean + SD. Number of mice per group (n) are in parentheses. Statistical comparisons
for T2 values between groups proceeded only if n = 5. *P< 0.05,%%P< 0.01.

“Significantly different from the control group.
"Significantly different from the standard diet.

In vivo TL estimation using MRS

The percentages of TL to the water estimated from MRS
experiments for each group of mice are shown in Fig. 5A.
On standard diet, the percentage of TL was statistically
higher in L—G6pcf/ ~ mice than in control mice. No statisti-
cally significant difference was observed between L-G6pc /™
mice fed a HF/HS diet and control mice fed a HF/HS
diet. As expected, lipid quantity was significantly higher in
control mice fed a HF/HS diet than in control mice fed a
standard diet. Interestingly, no statistically significant dif-
ference between estimated lipid quantities was observed
between L—G6pc_/ " mice fed a HF /HS diet versus a standard

Proton MRS spectrum of sunflower oil+fit

/i A

Fitting residual

diet. Moreover, these former TL quantities were in the
same range as the one estimated for the control mice fed
a HF/HS diet.

Hepatic TG measurements

Colorimetric measurements of TGs are provided in
Table 6. TG was found significantly higher (P < 0.001)
in L-G6pc”’~ mice fed a standard diet compared with con-
trol mice. These results are in accordance with the devel-
opment of a marked steatosis in L-G6pc_/_ mice after
9 months of G6pcdeletion. Interestingly, there was no effect
of a HF/HS diet on hepatic TG contentin L—G6pc_/_ mice.

Fig. 1. "H-MRS spectrum of sunflower oil acquired
with PRESS sequence (TE/TR: 16/5,000 ms) allow-
ing quantification of 10 chemical groups with CRB
<20%. From top to bottom: the "H-MRS spectrum

(real spectrum and fit), the fitting residual and the

Individual spectra of each chemical group
I

individual spectra attributed to each chemical group:

methyl group (0.9 ppm), methylene group (1.3

ppm), B-methylene to carboxylic group (1.6 ppm),

allylic group (2 ppm), a-methylene to carboxylic

group (2.25 ppm), diallylic group (2.8 ppm), glycerol

backbone (5.2 ppm, 4.23 ppm, 4.07 ppm), and olefinic

group (5.3 ppm). Note that the methylene resonance

at 1.3 ppm was fitted with two components.

A

|
6 5 4 3 2 1
Chemical shift (ppm)
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TABLE 5. Estimated index of fatty acid of sunflower oil obtained from experimentally measured ratios from
MRS experiments and theoretical ratios

1.3/1.6 2.8/2.25

225/1.6  1/2x2/1.6 SC FU TUFI TUBI

Experimentally 8.03 +0.29 0.55+0.02 0.87+0.03 0.88+0.05 8.74+0.11 0.88+0.04 0.88+0.08 1.35+0.01

measured
ratios

Theoretical 8.74 0.56 1
ratios

0.81 6.38 0.92 0.63 1.44

Confidence intervals were estimated using the Cramér Rao theory.

On the contrary, TG was found significantly higher in con-
trol mice fed a HF/HS diet compared with control mice
fed a standard diet. Surprisin;ly, TG content was found
significantly lower in L-G6pc © mice fed a HF/HS diet
compared with control mice fed a HF/HS diet.

GC results

Fatty acid compositions of liver TLs in the four groups
of mice are presented in Table 7. A significant decrease
(P<0.01) in 14:0 (myristic acid) and 16:0 (palmitic acid)
was determined in the L—G6pc_/_ mice fed a HF/HS diet
compared with controls fed a HF/HS diet. A significantly
(P<0.05) lower proportion of 16:0 and 18:0 (stearic acid)
was also determined in the L—G6pcf/ " mice fed a standard
diet compared with controls fed a standard diet. In con-
trast, the content of 16:0 in the control mice fed a HF/HS

>

’Tllw |
-

8t X 10 1

Arbitrary unit (A.
S

12 J

X10

Arbitrary unit (A.U.) ©

6 5 4 3 2 1 0
Chemical shift (ppm)

diet was significantly higher compared with controls fed
a standard diet. This change represents a significant de-
crease of total saturated fatty acids (SFAs) (Table 7) in
L-G6pc”’~ mice compared with the corresponding con-
trols fed the same diet (9% decrease for mice fed a stan-
dard diet and 27% decrease for mice fed a HF/HS diet).
For control mice, the ones fed a HF/HS diet showed a
significant increase (27%) of SFA compared with the ones
fed a standard diet. In relation to the significant increase
in 16:1n-9 (cis-7 hexadecanoic acid), 16:1n-7 (palmitoleic
acid), and especially 18:1n-9 (oleic acid) observed in the
L—G6pc_/_ mice compared with their respective controls,
the total monounsaturated fatty acids (MUFAs) were sig-
nificantly increased (P < 0.01) in the L—G6pc_/_ mice
compared with their respective controls (32% increase
for standard diet, 34% increase for HF/HS diet). On the

lz-w |
gl X 10 |
i i
0 /‘/\_/T

6 5 4 3 2 1 0
12+ -
8 L

| X 10
4 L
0

6 5 4 3 2 1 0

Chemical shift (ppm)

Fig. 2. Typical "H-MRS spectra (PRESS sequence; TE/TR: 16/3,000 ms) acquired in the liver of a mouse belonging to the: standard
control group (A), standard L-G6pc /~ group (B), HF/HS control group (C), and HF/HS L-G6épc '~ group (D).
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In vivo MRS spectrum + fit § g .
5 48 ¢4
+ 88 5§ 2% 1% ;N
Q 29 0 95 £, VS
L N It B\

Fitting residual

Fig. 3. In vivo proton watersuppressed spectrum
acquired at 7 T within the right hepatic lobe of a con-
trol mouse fed a HF/HS diet. Nine resonances were
quantified. From top to bottom: the 'H spectrum
(real spectrum and fit), the fitting residual, and the
individual spectra attributed to each chemical group:

Individual spectra of each chemical group A

methyl group (0.9 ppm), methylene group (1.3
ppm), B-methylene to carboxylic group (1.6 ppm),

allylic group (2 ppm), a-methylene to carboxylic

group (2.25 ppm), diallylic group (2.8 ppm), glycerol

backbone (4.23 ppm, 4.07 ppm), and olefinic grougp

(5.3 ppm). Inset: location of the voxel (3 x 3 x 3 mm”)

in the right lobe of the mouse fed a HF/HS diet

1 1 1 1 1

4 3
Chemical shift (ppm)

contrary, the long-chain polyunsaturated fatty acids
20:4n-6 (arachidonic acid; 22% decrease), 20:5n-3 (ei-
cosapentaenoic acid; 52% decrease), and 22:6n-3 (doco-
sahexaenoic acid; 27% decrease) were significantly
decreased (P< 0.05) in L-G6pcf/7 mice fed a standard diet
compared with control mice fed a standard diet. The latter
changes represented significant, 18% (P < 0.01) and 29%
(P < 0.05), decreases in total liver PUFA contents for
L-G6pc’~ mice compared with the corresponding con-
trols fed the same diet. Total PUFA content was also found
significantly lower in control mice fed a HF/HS diet com-
pared with control mice fed a standard diet (P<0.01, 26%
decrease).

In vivo SC estimation using MRS

On a standard or HF/HS diet, no significant difference
of the SC was observed between L—G6pc_/ " and control
mice (Fig. 5B). Control mice fed a standard diet showed a
higher level of saturated lipid compared with the estimated
values for the other groups of mice.

In vivo FU estimation using MRS

FUs are shown in Fig. 5C for each group of mice. On a
standard diet, the FU was significantly higher in L-G6pc7/ -
mice than in control mice (P<0.01). On a HF/HS diet, no

0.12 e
[Istandard control
[Mlstandard L-G6pc -/

0.1 [CJHF/HS control
M HF/HS L-G6pc -~ =
=) 0.08
<
2>
£0.06
[ =
b
=

0.04 :I:

002 —™ - o

2 16
Chemical shift (ppm)
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significant difference was found between L—G6pcf/ ~and
control mice. Control mice fed a HF/HS diet had a FU
higher than control mice fed a standard diet. No difference
was measured between L- G6pc mice fed a HF/HS diet
and L- G6pc mice fed a standard diet.

In vivo TUFA estimation using MRS

TUFAs are shown in Fig. 5D. On a standard diet, TUFAs
were higher in L—G6pcf/7 mice than in control mice (P =
0.06). No significant difference was observed on a HF/HS
diet. Control mice fed a HF/HS diet showed a higher
TUFA than control mice fed a standard diet (P = 0.06).
Nevertheless, no difference was found between L—G6pc_/ B
mice fed a HF/HS diet versus a standard diet.

In vivo TUFI estimation using MRS

TUFIs are shown in Fig. 5E for each group of mlce On
a standard diet, TUFI was similar between L- G6pc ~and
control mice. On a HF/HS diet, TUFI was significantly in-
creased for L—G6pcf/7 mice compared with control mice.
In control mice, TUFI was higher on a standard diet than
on a HF/HS diet. However, no significant difference was
observed between L-G6pc /™ mice fed a standard diet
versus a HF/HS diet.

Fig. 4. MRS esumated lipid profiles for all groups
(mean + SD) L- (’(p( mice fed a HF /HS diet (HF/
HS L- G6/Jc ,n= 12) L-G6pec ’~ fed a standard diet
(standard L- Gépc ,n =15), control mice fed a HF/

—_ HS diet (control HF/HS, n = 12), and control mice
* fed a standard diet (standard control, n = 5). *P <

0.05, **¥P < 0.01.
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Fig. 5. Tukey box plots of the indexes derived from "H-MRS spectra for all groups: control mice fed a standard diet (standard control,
n =>5), L-G6;bcf/7 mice fed a standard diet (standard L-G6pcf/7, n = 15), control mice fed a HF/HS diet (control HF/HS, n = 12), and
L—G6pcf/7 mice fed a HF/HS diet (HF/HS L—G6pcf/7, n =12). Percentage of TL to water (A), SC (B), FU (C), percentage of TUFAs (D),
TUFI (E), and TUBI (F). On each box the central mark is the median, the edges of the box are the 25th and 75th percentiles, the whiskers
extend to the most extreme data points not considered outliers, and outliers are depicted as crosses. Outliers are data points that fall more

than 2 SDs from the mean.

In vivo TUBI estimation using MRS

TUBIs are shown in Fig. 5F for each group of mice.
On a standard diet, TUBI was significantly lower in
L-G6p67/7 mice than in control mice. On a HF/HS diet,
no significant difference was found between L-G6pcf/7
and control mice. Control mice fed a HF/HS diet had
a TUBI lower than control mice fed a standard diet.
However, no difference was marked between L—G6pcf/7
mice fed a HF/HS diet and L-G6pcf/7 mice fed a stan-
dard diet.

Correlation between 'H-MRS and GC lipid
index estimates

A correlation coefficient of 0.52 (P < 0.05) was estab-
lished for TUFI estimated values from MRS and GC data
in mice which underwent both techniques (n = 19) with-
out taking into consideration the groups to which they be-
long (Fig. 6). The MRS derived rTUFA was correlated with
GC derived rTUFA (r = 0.8) without reaching statistical
significance (P> 0.05). The MRS derived TUBI had a posi-
tive correlation with GC derived TUBI (r= 0.45, P=0.06).

In vivo MRS of hepatic lipids in models of steatosis 2017

8T0Z ‘TT aun( uo ‘enbiwouocliby aydiayday e| ap [euoieN NIsu| YHN| ¥e Bio Jjmmm woly papeojumoq


http://www.jlr.org/

SASBMB

JOURNAL OF LIPID RESEARCH

TABLE 6. Hepatic TG content in L-G6pc”’~ or control mice fed a
standard diet or a HF/HS diet during 9 months

Group Standard Diet HF/HS Diet

116.7 + 16.8"* (n = 12)
64.6 = 7.2°% (n = 12)

17.0+ 1.5 (n = 5)
59.7 + 4.2+ (n = 15)

Control mice
L-G6pe™’ ™ mice

Data are expressed in mg/g tissue + SEM. The number (n) of
studied mice is indicated in parentheses. *P< 0.01, **P< 0.001.

“Significantly different from control mice.

"Significantly different from standard diet.

The GC and MRS measurements of the other indexes (SC
and FU) did not correlate.

DISCUSSION

The aim of this study was to quantify the hepatic fat
content and to determine hepatic fat composition with
"H-MRS of mice with genetically induced steatosis (L—Gé[)c_/ N
mice) and with diet-induced steatosis by feeding a HF/HS
diet for 9 months. Such an MRS study requires some meth-
odological choices on the MRS acquisition protocol which
impact the signal to quantify. The accuracy of the quantifi-
cation results primarily depends on the quality of the ac-
quired spectra in terms of signal-to-noise ratio (SNR) and
the separation of the resonating groups. The MRS quanti-
fication algorithm uses Voigt lineshape as function model.
The Voigt model is appropriate for lipid quantification
and yields to a better fit quality than invoking a pure
Lorentzian or a pure Gaussian model (30). Moreover, the
use of the Voigt model function has already proved to be
suitable for quantitative in vivo spectroscopy in the brain
(35, 36) and in the breast (37). As already demonstrated,
the pure Lorentzian model function leads systematically to

an over-estimation of the water contribution compared
with the pure Gaussian or Voigt fitting (30). Then, ampli-
tude estimates of the time-domain functions modeling
the experimentally measured MRS signals have to be cor-
rected for transverse relaxation as the absence of correc-
tion of T2 relaxation time leads to increased lipid error
estimation (38).

Working at 7 T provides a spectral dispersion that allows
good 'H lipid resonance identification and quantification.
For the in vitro study, the estimated lipid profiles showed
a good correlation with the theoretical values. Conse-
quently, the proposed method was validated although the
estimated relative errors for the indexes involving 0.9 ppm
(SC, TUFI, and TUBI) showed moderate values. We attri-
bute this effect to errors in the estimation of its T2 value
due to signal variation with | coupling.

For in vivo experiments, respiratory gated acquisitions
were set up to obtain optimal spectral resolution allowing
improved quantification reliability (15). Short TE was cho-
sen over long TE so as to minimize signal losses caused by
T2 relaxation leading therefore to higher SNR. Further-
more, PRESS rather than STEAM (STimulated Echo Acquisi-
tion Mode) sequences were used so as to obtain better SNR.
Nevertheless, the use of PRESS has some drawbacks. It
overestimates fat and the acquired signal is more impacted
by J-coupling effects (39). As a result, T2 estimation using
the PRESS sequence may be influenced by the chosen TE
range (40). In our case, at 7 T, the TEs were chosen to fit
the expected range of T2s of all resonances. Our in vivo T2
relaxation time estimates for methyl and methylene reso-
nances were in agreement with values reported in the lit-
erature at higher field strength (22).

In the present study, hepatic lipid content and composi-
tion were studied in mice with genetically induced steatosis

TABLE 7. Fatty acid composition of liver TLs for all groups

Fatty Acid Standard Control (n = 8) Standard L-G6pc”~ (n = 7) HF/HS Control (n =9) HF/HS L-G6pc”™ (n=11)
C14:0 0.33 + 0.04 0,45 + 0,08 1.22+0.11° 0.66 + 0.04"
C16:0 21.61 + 0.45 19.50 + 0.85° 27.12 0.2 16.82 + 0.58"
C16:1n-9 0.52 + 0.03 1.23 +0.15" 0.76 + 0.08° 1.58 + 0.09”
C16:1n-7 3.18+0.16 3.02 +0.19 4.53 +0.38° 1.55 + 0.07"
C18:0 0.84 + (.37 8.76 + 0.73" 8.56 +1.07 8.59 + (.48
C18:1n9 27.59 + 1.36 36.83 + 3.76" 30.93 £ 2.73 48.51 + 1.54"°
C18:1n-7 4.61 +0.35 5.00 + 0.29 3.51 +0.37 3.51 +0.12¢
C18:2n-6 13.39 + 0.53 9.70 + 1.59" 8.20 + 0.45" 4.99 £ 0.26"
C18:3n-3 0.25 + 0.02 0.25 + 0.04 0.29 +0.02 0.24 +0.01°
€20:0 0.23 £ 0.06 0.38+0.16 0.25+0.11 1.38 £ 0.31°
20:1n-9 0.50 + 0.07 0.80 + 0.14 0.44 +0.07 1.00 + 0.26
€20:2n-6 0.57 £ 0.09 0.74 + 0.08 0.39 + 0.04° 0.61 +0.03"
20:3n-6 1.07 + 0.08 1.08+0.13 0.75 + 0.08° 1.01 + 0.06
€20:4n-6 9.22 £ 0.69 7.13 £ 1.02" 6.65 £ 1.02 5.26 + 0.48
©20:5n-3 0.38 + 0.06 0.18 + 0.04" 0.33 £ 0.05 0.11 +0.02"
(22:6n-3 6.49 £ 0.29 4.71 + 0.59" 6.01 + 0.83 4.06 + 0.39
SFA 32.05 + 2.85 99.16 + 2.56" 37.26 + 3.48" 27.00 + 2.12"
MUFA 37.79 = 2.99 50.78 + 3.97 43.00 + 3.33 57.79 + 5.36""
PUFA 32.81+£1.35 26.60 + 0.97" 94.95 + 0.91° 17.13 + 0.62°

Data are expressed as mean + SEM. Control mice fed a standard diet (standard control, n = 8), L-G6f)€7/ " mice fed a standard diet (standard
L-G6pc’~, n = 7), control mice fed a HF/HS diet (control HE/HS, n = 9), and L-G6épc /™ mice fed a HF/HS diet (HF/HS L-G6pc ', n = 11).

“Significantly different from control mice, P< 0.05.
"Significantly different from control mice, P< 0.01.
“Significantly different from standard diet, P< 0.05.
“Significantly different from standard diet, P< 0.01.
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(L—G6j)¢‘_/_ mice) and in mice with dietinduced steatosis
by feeding a HF/HS diet for 9 months. Steatosis is de-
scribed as an accumulation of TG in liver and is associated
with nonalcoholic fatty liver disease (41). In clinical diag-
nosis, the degree of steatosis is, up to now, generally de-
fined by histological analyses, according to the amount of
hepatocytes showing fat vacuoles as mild steatosis (<30%),
moderate steatosis (<60%), and severe steatosis (>60%).
"H-MRS allows the estimation of the percentage of TL and
discrimination between the stages of steatosis. A TL con-
tent greater than 5% defines steatosis according to (42)
and the different grades of steatosis are well correlated
with TLs (r=0.93, P<0.0001) (43). In this study, the per-
centage of lipid content measured by MRS was found to be
higher than 5% but below 30% for the control mice fed a
HF/HS diet (10.11% mean value) as well as for the two
groups of L-Gépc '~ mice fed the standard diet (8.42%
mean value) and the HF/HS diet (10.34% mean value).
Thus the studied steatosis is graded as mild steatosis, mak-
ing a specificity of this study. The liver TG levels obtained
using biochemical assay, although similarly revealing
marked steatosis for the three mentioned groups of mice,
do not correlate with lipid content obtained by MRS. In-
deed, we observed very different variabilities of the TG
measurements with the colorimetric assay compared with
MRS measurements. While the L—Gépc_/ " mice fed a stan-
dard diet showed SEM at 7% of the mean value for the TG
measurement, SEM was at 24% of the mean value for the
MRS measurement. Reversely, in the control mice fed a
HF/HS diet, SEM was at 10% of the mean value for the
MRS measurement and was at 22% of the mean value for
the TG measurement. This variability is attributed to sam-
pling error (part of the liver retained for the TG measure-
ments and voxel position for the MRS measurement) due
to inhomogeneity in the distribution of TG in the liver. As
expected, control mice fed a HF/HS diet developed liver
steatosis. L-G6pc~ mice also developed steatosis but inde-
pendently of the diet. The lipid content estimated in
L-G6pc '~ mice fed a standard diet was already high and
similar to that measured in control mice fed a HF/HS diet.
These results were expected as previous histological find-
ings revealed that the 1-G6pc ’~ mouse model showed

70 I
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0 4

HF/HS L-G6pc -+

Fig. 6. TUFI (mean + SEM) estimated from MRS
experiments (gray bars) and GC experiments (black
bars) for all groups of mice without taking into con-
sideration the groups to which they belong: control
mice fed a standard diet (standard control, n = 3),
L-G6pc /~ mice fed a standard diet (standard
L-G6[767/7, n = 6), control mice fed a HF/HS diet
(control HF/HS, n = 5), and L-G6pc '~ mice fed a
HF/HS diet (HF/HS L-G6pc ™, n = 5).

marked steatosis with no fibrosis marker (5). An in-depth
description of the metabolic effects encountered in this
model is provided by Mutel et al. (5). The hepatic steatosis
encountered in L—G6pc_/_ mice is periportal whereas it is
known that steatosis associated with obesity is rather local-
ized around the central vein. In this model, the major
modifications concern the hepatic lipid and carbohydrate
metabolism because of the strong accumulation of glu-
cose-6-phosphate in the liver. This induces the activation
of the ChREBP factor and activation of the glycolysis, gly-
cogen synthesis, and de novo lipogenesis that resulted in
hepatomegaly and steatosis for this mouse model fed a
standard diet (5). Unexpectedly, our results suggested
that a HF/HS diet did not aggravate steatosis of L-G6pc /™
mice because they did not accumulate more hepatic lipids.
This observation has to be linked to the specific lipid com-
position obtained from GC of the liver of these mice, in-
crease of the oleic acid (protective effect) and decrease of
the palmitate (cellular toxicity). A similar lipid profile has
been observed in mice overexpressing ChREBP that in-
creased accumulation of MUFAs (11).

From the T2 relaxation times estimation, it was observed
that, the spin-spin relaxation times of the different func-
tional groups of the lipid chains tend to increase with ste-
atosis and were found higher for groups of mice developing
steatosis (L—G6pcf/ " mice fed the two diets and control)
than in control mice, with a significant difference for the
methylene resonance (1.3 ppm). In contrast, no signifi-
cant difference in T2 was found for the water resonance.
Correction for T2 effects of the water and methylene con-
tributions is highly required not to overestimate the lipid
content (38, 44). To our knowledge, very few works have
studied or reported whether T2 values vary with steatosis
level (45, 46), as most of the studies assume a constant T2
value for lipid and water. In (22), a significant increase of
the T2 value was found for the methyl group rather than
for the methylene group. For the other lipid resonance,
whether or not the peak area estimates should be cor-
rected for T2 is more debatable. In this study we chose to
correct all the compounds for T2, with mean values esti-
mated for each group. Indeed the systematic accurate esti-
mation of T2 for each resonance, at each TE, and for each
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mouse was not always possible. We used the Cramér Rao
theory to evaluate the reliability of each estimation with a
more restrictive threshold (20%) than suggested by Kreis
(47) (50%), several amplitude estimates were rejected and
not used for the subsequent estimation of T2 relaxation
times (requiring at least 5 reliable data points for fitting).
As the result, most of the rejected estimates were evaluated
from spectra of control mice fed a standard diet leading to
very few reliable T2 relaxation time estimates for this
group. The T2 estimations were particularly difficult for
the control mice as their spectra showed very low SNRs
due to their low fat content. Also, for this group, some es-
timated T2 values were inordinately short. For these con-
trol mice, we maintained the assumption that there is no
contribution to the spectrum resonances from compo-
nents other than lipids, as no particular modifications
were required in the model function used to fit these data.
Nonetheless, some metabolite contributions might be non-
negligible and this specific problem would require further
investigations.

From very recent studies, "H-MRS has proved to be able
to provide interesting insight into the lipid composition.
Several indexes, calculated as ratio of the contribution of
the individual spectral component, have been proposed in
the literature, and this work proposes to determine most
of them to study their performance and the difficulties to
assess them. Nonetheless, the direct analysis of the lipid
profiles already provides substantial information. Higher
estimated contribution for olefinic protons (5.3 ppm) in
L—G6pcf/7 mice fed a standard diet than in control mice
fed a standard diet was found. Similar observations were
also found in a hepatocarcinogenesis in a rat model (48),
as well in an animal model of gliomas (49). As this mouse
model develops adenomas as reported in (5), this increase
is coherent. It is also consistent with GC measurements.
These results reconfirm that the L—G6pc_/ " mouse model
is a well-suited model for studying both steatosis and tu-
mor developments. The allylic protons (2 ppm), also
linked to unsaturation of fatty acids, showed a significant
increase in L—G6pcf/ ~ mice compared with their respective
controls. The methylene protons (1.3 ppm), for their part,
and as already well-known, appropriately reflect the TG
levels. In this study, the resonance intensity of diallylic pro-
tons (2.8 ppm) was shown to be at a very low level (Fig. 2),
making their quantification almost systematically unreli-
able in accordance with the CRBs threshold. The diallyllic
protons are directly linked to the polyunsaturation of fatty
acids, which has been reported to be related to lobular
inflammation (31). From GC measurements, the PUFAs
significantly decreased in the mouse model compared
with the control, and in the control mice fed a HF /HS diet
compared with the control mice fed a standard diet. Thus,
consistently with GC results, the 2.8 ppm resonance was
fairly undetectable in the studied fatty livers.

When analyzing MRS quantitative profiles, it is advis-
able, as much as possible, to make thorough checks and
take precautions not to misinterpret changes. In this work,
the water contribution was used as internal reference.
Some studies have suggested that water content may depend
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on steatosis degree, as it decreased with mild and moder-
ate steatosis (43). In the present study, the T2 values of the
water resonance between the different groups of mice did
not differ significantly. As a result, it is a reasonable as-
sumption that no alteration of the liver tissue due, for ex-
ample, to fibrosis has occurred, and that the water content
has not been affected in the observed grade of steatosis.
Moreover, in our experiments the VAPOR module for wa-
ter suppression was used to get a more accurate fitting of
the lipid components than when using water-unsuppressed
spectra. This was particularly true when studying control
mice fed a standard diet.

Most of the MRS indexes characterizing the unsatura-
tion of the liver fatty acids (TUFI, TUFA, and TUBI) in the
mouse model, and for the two diets, were consistent with
GC. Indeed, the average number of double bonds per
chain given by TUBI was found significantly lower in
L—G6pc_/ "~ mice fed a standard diet compared with control
mice fed a standard diet. This is in accordance with GC as
both decrease of PUFAs and increase of MUFAs contrib-
ute to reduce this index to around one (1.05 mean value).
Note that an increase of the SFAs also would result in a
TUBI reduction. The two groups fed a HF/HS diet showed
a TUBI below one. This could be interpreted as a greater
amount of SFA compared with the group of mice fed a
standard diet although GC reports an increase of SFA only
for the control mice fed a HF/HS diet and rather a de-
crease for the mouse model. In other studies, the TUBI
was reported to be higher in animal models of fibrosis
(25) or steatohepatitis (14) than baseline controls. Here
L-G6pcf/7 mice did not show any fibrosis marker (5). In
this study, TUBI was significantly lower in the mice devel-
oping steatosis compared with control mice fed a standard
diet. The SC also is indirectly an indicator of the propor-
tion of unsaturated chains relative to saturated chains. In-
deed the ratios of the methylene group contribution over
the methyl group contribution range from 10 to 16 for a
saturated chain, from 8 to 12 for a monounsaturated
chain, and from 0 to 9 for a polyunsaturated chain. A sig-
nificant decrease of SC was found here for control mice
fed a HF/HS diet compared with control mice fed a stan-
dard diet. SC and TUBI are two indexes that have to be
examined together in order to assess the modification in
content of SFAs. In our case, we hypothesize that these
indexes are slightly underestimated for the three groups
developing steatosis due to an underestimation of the
T2 value of the methyl resonance leading to an overesti-
mation of its contribution. The decrease in SC is seen
as resulting from an increase of the MUFAs compared
with SFAs.

TUFA, directly related to the number of double bonds
and reflecting the TUFAs relative to the water and lipid
content, was found higher in L—Gépt_/_ mice fed a stan-
dard diet compared with control mice fed a standard
diet, and also in control mice fed a HF/HS diet com-
pared with control mice fed a standard diet, but without
being significant (P=0.06). This index was also estimated
in a study of steatosis induced by choline- or methionine-
choline-deficient diets in a rat model (31), and was found
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to significantly increase according to the diet follow-up.
In the present study, the proportion of TUFAs relative to the
amount of total fatty acids [rTUFA, “56.4”/“1.3” ppm (31)]
measured with '"H-MRS was correlated with GC-derived
index (r= 0.8) without reaching statistical significance (P>
0.05). TUFI, directly related to the number of unsaturated
fatty acid chains, was significantly higher in L-G6pc '~ mice
fed a HF/HS diet compared with control mice fed a HF/
HS diet, consistent with GC in which the TUFAs (sum of
PUFAs and MUFAs) increased significantly in the mouse
model groups compared with their respective control
groups. A moderate but statistically significant correlation
(r=0.52) for TUFI has been estimated between GC and
MRS measurements. In (14), a hepatic necroinflammatory re-
sponse was described as inducing an increase in TUFI which
might explain the increase of this index in this study. No histo-
pathological examinations were performed to confirm this
hypothesis. FU calculated as the ratio of allylic to a-methylene
to carboxylic group did not show any difference between the
groups of mice. When correcting contributions with measured
T2 values, the control mice presented an unrealistic estimated
FU, encouraging to consider for this index the estimate ob-
tained from the contributions without T2 correction.

As opposed to GC, the interpretation of MRS indexes is
not always straightforward. Indeed for some resonance
contributions and/or indexes, the observed changes are
due to the cumulative effect of changes in saturated,
monounsaturated, and polyunsaturated fatty acids. This is
the case for indexes involving the olefinic resonance at 5.3
ppm (TUBI, TUFA, rTUFA) and the methylene resonance
at 1.3 ppm (SC index). The MRS technique is sensitive
only to molecules with a high degree of rotational molecu-
lar motion. The lipid resonances arise only from TGs in
intracellular fat droplets and lipids in membrane bilayer
conformation (mainly phospholipids) are not detectable
using NMR techniques (14). It should be noticed that, the
GC analysis was performed without any selective analysis of
major classes of lipids (TG, phospholipid, cholesterol). As
the result, in this study dealing with mild steatosis, the two
technique measurements were not highly correlated while
the trends were in agreement.

CONCLUSION

In vivo '"H-MRS is a powerful technique to noninvasively
assess lipid composition and lipid content in mouse liver.
The estimation of hepatic lipid indexes related to fatty
acid unsaturation fractions was performed to follow ge-
netically induced and diet-induced steatosis. The per-
centage of TL to water measured by MRS enabled the
encountered steatosis to be graded as mild steatosis, and
the TUFI, directly related to the number of unsaturated
fatty acids chains, enabled to discriminate between the ge-
netically induced steatosis and dietinduced steatosis. il
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