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ARTICLE INFO ABSTRACT

Handling Editor: Prof. L.H. Lash No method of monitoring drug-induced hepatic steatosis has been established, which is a concern in drug
development. Hepatic steatosis is divided into diffuse and non-diffuse forms according to the pattern of fat

Keywords: deposition. Diffuse hepatic steatosis was reported as evaluable by 'H-magnetic resonance spectroscopy (*H-

Non-diffuse hepatic steatosis MRS), which is used as an adjunct to the MRI examination. Blood biomarkers for hepatic steatosis have been also

Monitor

actively investigated. However, there are few reports to conduct 'H-MRS or blood test in human or animal non-
diffuse hepatic steatosis with reference to histopathology. Therefore, to investigate whether non-diffuse hepatic
steatosis can be monitored by "H-MRS and/or blood samples, we compared histopathology to "H-MRS and blood
biochemistry in a non-diffuse hepatic steatosis rat model. Non-diffuse hepatic steatosis was induced by feeding
rats the methionine choline deficient diet (MCDD) for 15 days. The evaluation sites of TH-MRS and histopath-
ological examination were three hepatic lobes in each animal. The hepatic fat fraction (HFF) and the hepatic fat
area ratio (HFAR) were calculated from 'H-MRS spectra and digital histopathological images, respectively. Blood
biochemistry analyses included triglycerides, total cholesterol, alanine aminotransferase, and aspartate amino-
transferase. A strong correlation was found between HFFs and HFARs in each hepatic lobe (r = 0.78, p < 0.0001)
in rats fed the MCDD. On the other hand, no correlation was found between blood biochemistry values and
HFARs. This study showed that 'H-MRS parameters correlated with histopathological changes but blood
biochemistry parameters didn’t, so that it is suggested that 'H-MRS has the potential to be a monitoring method
for non-diffuse hepatic steatosis in rats fed the MCDD. Given that *H-MRS is commonly used in preclinical and
clinical studies, 'H-MRS should be considered a candidate method for monitoring drug-induced hepatic steatosis.

Magnetic resonance imaging
'H-magnetic resonance spectroscopy
Methionine choline deficient diet
Blood biochemistry

1. Introduction deposition in parts of the liver. The diffuse pattern is the most common,
and non-diffuse patterns include geographic, focal, subcapsular, multi-

Hepatic steatosis, defined as lipid accumulation in hepatocytes focal, and perivascular patterns [17,4]. When developing drug candi-
without other morphological findings, can be induced by drug candi- dates that potentially induce hepatic steatosis especially with limited
dates. Two types of fat deposition patterns have been reported in clinical safety margin, there is a need for methods that can be used to monitor
studies: diffuse fat deposition in the entire liver and non-diffuse fat the occurrence and severity of hepatic steatosis in preclinical and
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fraction; SI, saturated fatty acid index; ALT, alanine aminotransferase; AST, aspartate aminotransferase; HE, hematoxylin and eosin; HFAR, hepatic fat area ratio;
TBARS, thiobarbituric acid reactive substances; ROS, reactive oxygen species; MRI-PDFF, MRI-based proton-density-fat-fraction; SFAs, saturated fatty acids; NASH,
non-alcoholic steatohepatitis.
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clinical studies. The gold standard for diagnosing hepatic steatosis is
liver biopsy. However, it has some limitations such as hemorrhage and
morbidity due to invasiveness, and sampling error due to slight het-
erogeneity of fat distribution in the liver [3]. Therefore, biopsy is not a
suitable monitoring method and there is no established monitoring
method for drug-induced hepatic steatosis.

To monitor drug-induced hepatic steatosis, blood biomarkers have
been actively investigated [1], but the investigations have not focused
on fat deposition pattern. On the other hand, although not safety
biomarker applications, imaging modalities can depict both diffuse and
non-diffuse hepatic steatosis [16]. Clinical meta-analysis suggested a
preference among imaging modalities for magnetic resonance imaging
(MRI) and 1H-magnetic resonance spectroscopy (lH-MRS) over ultra-
sound and computerized tomography (CT) for accurate assessment of
hepatic steatosis [2]. 11{-MRS is an adjunct to MRI examination, iden-
tifies signals from protons associated with triglycerides by their reso-
nance frequencies [8], and has been widely reported to be accurately
quantify hepatic steatosis [16,9]. In addition, H-MRS allows
site-specific quantification and we considered this site-specific quanti-
fication to be important and useful in non-diffuse hepatic steatosis
because the evaluation in the whole liver might underestimate
non-diffuse hepatic steatosis. However, there are few reports to conduct
'H-MRS in human or animal non-diffuse hepatic steatosis with the
reference to histopathology.

As reported in this paper, we induced non-diffuse hepatic steatosis in
rats using the methionine choline deficient diet (MCDD). To our
knowledge, this is the first report to establish a non-diffuse hepatic
steatosis model in preclinical studies. The MCDD can be used to induce
hepatic steatosis in experimental animals. Fat deposition patterns of
hepatic steatosis induced by the MCDD have been rarely reported, but
unlike this paper, another paper reported fat deposition throughout the
hepatic lobe [12]. Rats fed the MCDD have shown decreased levels of
serum cholesterol and triglycerides with diet duration, and those blood
biochemistries significantly correlated with total intrahepatic tri-
glycerides [10], suggesting that serum cholesterol and triglycerides
could be used to monitor MCDD-induced hepatic steatosis. However, it
was unclear whether those blood biochemistries can monitor
non-diffuse hepatic steatosis induced by the MCDD.

In this study, to verify whether non-diffuse hepatic steatosis can be
monitored by 'H-MRS and/or blood samples, we used the MCDD-
induced non-diffuse hepatic steatosis model to compare histopatholog-
ical changes to changes in 'H-MRS and blood biochemistry parameters.

2. Material and methods
2.1. Study design

All animal studies were approved by the Committee for the Ethical
Usage of Experimental Animals of Sumitomo Pharma Co., Ltd., and the
Animal Welfare Committee of Osaka University.

Fifteen female Slc:Wistar rats (five-week-old) were purchased from
Japan SLC, Inc. (Shizuoka, Japan) and were allowed an acclimation
period of 1 week with standard diet (CE-2, CLEA Japan, Ltd.). The rats
were housed individually in a barrier-sustained room under controlled
temperature of 24 + 2 °C with relative humidity of 55 &+ 10% and a 12-h
light (8 a.m. to 8 p.m.)/dark cycle. The rats had free access to diet and
water.

For 15 days, eleven rats in the MCDD group were fed the MCDD
(Oriental Yeast Co., Ltd.) and the other four rats in the control group
were fed a standard diet (CE-2, CLEA Japan, Ltd.). After fasting more
than 12 h, eight rats in the MCDD group and all rats in the control group
were subjected to a series of examinations including 'H-MRS, histopa-
thology, and blood biochemistry. In the remaining three animals in the
MCDD group, histopathological examination and blood biochemistry
were conducted after fasting.
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2.2. In vivo MRI and 'H-MRS

All MRI and 'H-MRS examinations were performed using an 11.7 T
vertical-bore Bruker Avance II imaging system (Bruker BioSpin, Ettlin-
gen, Germany) and a 33 mm volume radiofrequency coil for trans-
mission and reception (Bruker BioSpin, Ettlingen, Germany). The rats
were anesthetized with 1-2% isoflurane (Wako, Osaka, Japan). The
respiration rate was monitored using a physiological monitoring system
(SA Instruments, Stony Brook, NY, USA), and body temperature was
kept at 36.0 £ 0.5 °C by circulating water through heating pads
throughout the MRI and 'H-MRS examinations. To position the spec-
troscopic voxel for 'H-MRS, coronal, axial, and sagittal T2-weighted
images through the liver were acquired using a rapid acquisition with
relaxation enhancement (RARE) sequence with the following scanning
parameters: Rare Factor 16, repetition time/echo time (TR/TE) 5000
msec/51 msec, field of view 30 x 30 mm, matrix of 256 x 256 pixels, 20
slices with thickness = 1.0 mm, and 4 NEX. The voxels were confirmed
to be located within the liver by coronal, axial, and sagittal T2-weighted
images and placed avoiding major hepatic blood vessels in the left
lateral, right lateral, and caudate hepatic lobes. Single-voxel MR spec-
troscopic data were acquired with a point-resolved spectroscopy
(PRESS) sequence with the following parameters: TR/TE 5000 msec/11
msec, voxel dimensions 2 x 2 x 2 mm3, spectral width = 4000 Hz, 8 K
data points, 8 NEX, and no water suppression.

The 'H-MRS data were analyzed using the LCModel software
(version 6.3-1 L; Stephen Provencher, Oakville, Ontario, Canada) with
SPTYPE ‘liver-11’ [14] to automatically quantify the area under the
peak. The resonance area we used in calculation was only those with the
estimated standard deviation of less than 5%. The hepatic fat fraction
(HFF) in 'H-MRS was calculated as the area under the methylene
-(CHg)y- peak at 1.3 ppm divided by the sum of the area under the
methylene -(CH3),- peak at 1.3 ppm and the area under the water peak
at 4.7 ppm. In addition, saturated fatty acid index (SI) was calculated
according to the previous report [7].

2.3. Blood biochemistry

After 'H-MRS or fasting, the rats were euthanized by exsanguination
under anesthesia using isoflurane. Blood samples from the MCDD group
were placed in Capiject II blood collection tubes (with heparin lithium;
Terumo Co., Ltd., Tokyo, Japan) and then centrifuged to obtain plasma.
Triglycerides, total cholesterol, alanine aminotransferase (ALT), and
aspartate aminotransferase (AST) in plasma were determined by using
an automated analyzer JCA-ZS050 (JEOL Ltd., Tokyo, Japan).

2.4. Histopathological examination

After the blood sampling, the livers were dissected, and fixed in 10%
neutral-buffered formalin. The left lateral, right lateral, and caudate
hepatic lobes were embedded in paraffin, sectioned, and stained with
hematoxylin and eosin (HE), and examined by light microscopy. Each
liver was dissected in the approximate plane of maximum cross-
sectional area. In addition, to calculate the hepatic fat area ratio
(HFAR) in each hepatic lobe in the MCDD group, the entire histopa-
thology slides were scanned using an Aperio AT2 whole digital slide
scanner. We adjusted the parameters of the Aperio Imagescope nuclear
algorithm (Leica Biosystems Imaging Inc., Vista, CA, USA) to detect the
vacuoles and to quantify the fat area. In addition, we adjusted the pa-
rameters of the positive pixel count algorithm from Aperio Imagescope
to detect the HE stained positive tissue area and to quantify the area
without vacuoles. The HFAR was calculated as the vacuole area divided
by the sum of the vacuole area and the area of HE-stained positive tissue
in each hepatic lobe.
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2.5. Statistics

Correlations between HFAR and HFF, HFAR and triglycerides, HFAR
and total cholesterol, HFAR and ALT, HFAR and AST, and HFF and SI
were evaluated with the Spearman coefficient (r). P value < 0.05 was
considered to indicate a significant difference. All statistical analyses
were performed by using GraphPad Prism 9.3.1 (GraphPad Software
Inc., San Diego, CA, USA).

3. Results
3.1. Gross pathological and histopathological examination

Grossly, the livers were partially pale in 8/11 animals in the MCDD
group and not abnormal in the rest of the animals. A typical image
showed pale left lateral, left medial, and caudate hepatic lobes and no
abnormalities in other lobes (Fig. 1A and B).

Histologically, the left lateral and caudate hepatic lobes showed mild
to severe steatosis and the right lateral hepatic lobe showed no or
minimal to mild steatosis in the MCDD group. In some animals, histo-
pathology showed obvious heterogeneity in hepatic fat deposition in one
hepatic lobe (Fig. 1C). Fat deposition was characterized by macro-
vesicular droplets predominantly in the centrilobular zone (Fig. 1D, E,
and F). No steatosis was observed in the liver in the control group.

The HFARs were higher in the left lateral and caudate hepatic lobes
than in the right lateral lobes in all animals in the MCDD group. The
mean HFARs in the left lateral, caudate, and right lateral hepatic lobes
were 0.14 £+ 0.11, 0.09 £ 0.09 and 0.01 + 0.01, respectively (Fig. 2).
Correlations of HFARs with HFFs, and the values of triglycerides, total
cholesterol, ALT, or AST described below were calculated using these
individual HFARs.

Typical gross image of the anterior aspect (A) and visceral surface (B)
of liver in the MCDD group. The left lateral (white arrow), left medial
(black arrow), and caudate (green arrow) hepatic lobes were pale and
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Fig. 2. Hepatic fat area ratios (HFARs) calculated from histopathological im-
ages of the left lateral, caudate, and right lateral hepatic lobes in the methionine
choline deficient diet (MCDD) group.

the other lobes had no abnormality. Bar, 1 cm. Representative HE
stained sections at lower magnification (C) and higher magnification (D-
F) in one representative animal in the MCDD group. At lower magnifi-
cation, the upper left, lower left, and right hepatic lobes correspond to
the left lateral, right lateral, and caudate hepatic lobes, respectively.
More vacuoles were observed in the area indicated by white arrowheads
than in the area indicated by black arrowheads in the same hepatic lobe,
demonstrating the heterogeneity of fat deposition in one hepatic lobe.
Bar, 4 mm. At higher magnification, severe, mild, and no macrovesicular
steatosis predominantly in the centrilobular zone were observed in the
left lateral (D), caudate (E), and right lateral (F) hepatic lobes, respec-
tively. Bar, 200 pm.

Dots of one color indicate data from the same animal and the bars
indicate the mean values.

Fig. 1. Gross and histopathological images in the methionine choline deficient diet (MCDD) group.
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3.2. In vivo MRI and 'H-MRS

In the liver of all animals in the MCDD group, non-diffuse high in-
tensity signals in T2-weighted images were observed. This signal in-
tensity was higher in the left lateral and caudate hepatic lobes and lower
or not observed in the right lateral hepatic lobe (Fig. 3A, B, and C). No
abnormal finding was observed in T2-weighted images in the control
group.

In the MCDD group, up to nine distinct fat peaks at from 0.9 to
5.3 ppm and the water peak at 4.7 ppm were resolved in the hepatic lobe
with hyperintense signal in T2-weighted images (Fig. 4). In the control
group, only the water peak at 4.7 ppm was detected (data not shown)
with the estimated standard deviation of less than 5%, suggesting that
little fat was deposited in the liver.

The mean HFFs calculated from 'H-MRS in the left lateral, caudate,
and right lateral lobes in the MCDD group were 0.40 £+ 0.17, 0.26
+0.19, and 0.01 + 0.03, respectively. A strong correlation was found
between HFFs and HFARs in each hepatic lobe (r = 0.78, p < 0.0001)
(Fig. 5). The mean SIs in the left lateral and caudate hepatic lobes in the
MCDD group were 0.72 + 0.11, and 0.73 + 0.11, respectively. The SIs
in the right lateral hepatic lobes in the MCDD groups were not calculated
because the resonance area needed for calculation was not observed
with the estimated standard deviation of less than 5%. No correlation
was found between HFF and SI (r = 0.20, p = 0.61).

Typical axial T2-weighted images in the liver in the MCDD group
show hyperintensity in the left lateral and caudate hepatic lobes, but not
in the right lateral hepatic lobe. Square shows the MRS voxel positions in
the left lateral (A), caudate (B), and right lateral (C) hepatic lobes.
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Fig. 4. Representative example of "H-MRS spectra in the methionine choline
deficient diet (MCDD) group.

Lipid resonances were associated with following functional groups:
Acyl: -CH3 at 0.9 ppm, Acyl: -(CHg),- at 1.3 ppm, Acyl: -CO-C-CHy- at
1.6 ppm, Acyl: =C-CH,-C- at 2.1 ppm, Acyl: -CO-CH,- at 2.3 ppm, Acyl:
=C-CH,-C= at 2.8 ppm, Glyceryl: -CH,- at 4.1 ppm and 4.3 ppm, and
Acyl: -CH=CH- at 5.3 ppm. Water peak was observed at 4.7 ppm. He-
patic fat fraction (HFF) was calculated as the area under the peak at
1.3 ppm divided by the sum of the area under the peak at 1.3 ppm and
the area under the water peak at 4.7 ppm.

A strong correlation was found between HFFs and HFARs (Spearman
coefficient, r = 0.78, p < 0.0001).

Fig. 3. Axial T2-weighted images and 'H-MRS voxel positions in the liver in one representative animal in the methionine choline deficient diet (MCDD) group.
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Fig. 5. Graph showing a correlation between hepatic fat fractions (HFFs)
calculated from'H-MRS and hepatic fat area ratios (HFARs) calculated from
histopathological images of each hepatic lobe in the methionine choline defi-
cient diet (MCDD) group.

3.3. Blood biochemistry

In the MCDD group, the mean values of triglycerides, total choles-
terol, ALT, and AST were 19.55 + 5.88 mg/dL, 65.73 + 9.05 mg/dL,
75.09 + 49.94 U/L, and 144.73 + 72.33 U/L, respectively. No correla-
tion was found between the values of triglycerides, total cholesterol,
ALT, or AST and individual mean HFAR. No correlation was also found
between the values of triglycerides, total cholesterol, ALT, or AST and
HFAR in the highest fat deposits in each animal (Table 1).

4. Discussion

To our knowledge, this is the first report to assess non-diffuse hepatic
steatosis by using an imaging modality, histopathological examination,
and blood samples. Furthermore, this is also the first report to show that
HFFs, but not blood biochemistry values, significantly correlated with
HFARs in rats with non-diffuse hepatic steatosis.

In the present study, non-diffuse hepatic steatosis was observed in
the MCDD group. The cause of non-diffuse hepatic steatosis in the MCDD
group is unknown, but functional heterogeneity among hepatic lobes
may be involved [13]. For example, after Wistar rats were fed the MCDD
for 8 weeks, the levels of thiobarbituric acid reactive substances
(TBARS), a marker of lipid peroxidation, were significantly higher in the
left hepatic lobes than in the median and right hepatic lobes. In addition,
in Wistar rats fed a standard diet, reactive oxygen species (ROS) content
and the level of TBARS were significantly higher in the left hepatic lobes
than in the right hepatic lobes [13]. Given that excessive ROS could
induce hepatic steatosis [18], high ROS in the left hepatic lobes may
have been involved in high fat deposition in the left lateral hepatic lobe
in the present study.

HFFs were significantly correlated with HFARs in the present study,
suggesting that 'H-MRS is useful for monitoring non-diffuse hepatic
steatosis. Marsman et al. have already shown that 'H-MRS was signifi-
cantly correlated with histopathological evaluation in a rat hepatic
steatosis model induced by the MCDD [11]. However, Marsman et al.

Table 1
Correlation between blood biochemistry and HFAR in the MCDD group.

vs mean HFAR vs highest HFAR

r p r p
Triglycerides 0.12 0.73 0.14 0.69
Total cholesterol 0.29 0.38 0.34 0.30
ALT 0.39 0.24 0.36 0.27
AST 0.06 0.86 0.08 0.82

MCDD: methionine choline deficient diet, HFAR: hepatic fat area ratio, r:
Spearman coefficient, ALT: alanine aminotransferase, AST: asparate
aminotransferase
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studied diffuse hepatic steatosis on MRI, not non-diffuse hepatic stea-
tosis, thus this is the first report to show that evaluation by 'H-MRS in
multiple hepatic lobes significantly correlated with histopathological
evaluation in the corresponding hepatic lobes in non-diffuse hepatic
steatosis. In addition, this study and Marsman et al.’s study showed that
'H-MRS can accurately quantify hepatic steatosis regardless of the fat
deposition pattern. Drug-induced hepatic steatosis can be either diffuse
or non-diffuse. Therefore, 'H-MRS is considered to be a useful method
for monitoring drug-induced hepatic steatosis.

Non-diffuse hepatic steatosis could be evaluated using H-MRS
because the ROIs were drawn small enough to fit in one hepatic lobe by
using high-field MRI. Small ROIs made it possible to conduct *H-MRS at
multiple sites without duplication. Since the ROI is generally in one
hepatic lobe in clinical settings, it is important to use high-field MRI in
nonclinical settings and a 'H-MRS technique similar to that used clini-
cally. In addition, the operator can choose where to place the ROIs in the
liver in 'H-MRS. This is considered to be advantage especially when
evaluating non-diffuse hepatic steatosis. By placing the voxel in the
higher intensity sites in T2-weighted image, we may be able to quantify
the highest fat deposition in the individual. Increase in some lipids
including saturated fatty acids (SFAs) may lead the induction of non-
alcoholic steatohepatitis (NASH) as discussed below [5,6]. Therefore,
the ability to assess the highest fat deposition in the individual, that
'H-MRS may have, was considered to be important for monitoring
non-diffuse hepatic steatosis.

In the graphs showing the correlation between HFF and HFAR, some
plots deviated from a linear relationship. A possible reason for this de-
viation was that the sites used for histopathological and H-MRS eval-
uation did not perfectly match, even within the same hepatic lobe. In
this rat model, heterogeneity in hepatic fat deposition was obvious not
only between hepatic lobes, but also within one hepatic lobe. Therefore,
evaluation site inconsistencies may have affected the evaluation of non-
diffuse hepatic steatosis more than the evaluation of non-diffuse hepatic
steatosis. In addition, limitations exist that are due to differences in the
principles used to measure HFFs and HFARs: the lipid index used in HFF
was the ratio of mobile water to mobile triglycerides in a specified tissue
volume, whereas the lipid index used in HFAR was the ratio of liver
tissue to vacuoles in a specified tissue area.

The values of blood biochemistries were not correlated with HFARs
under the conditions of the present study. However, Leiber et al. re-
ported that the values of blood triglycerides and total cholesterol were
significantly and negatively correlated with those of total intrahepatic
triglycerides, which were measured by biochemical analysis using a part
of the homogenized liver tissue. In addition, total intrahepatic tri-
glycerides were significantly correlated with HFFs calculated from his-
topathological images [10]. The difference between Leiber et al. and us
in the correlation between blood biochemistry and HFAR might be
related to the pattern of fat deposition.

Although fat deposition patterns have not been clearly differentiated,
the MRI results reported by Leiber et al. indicate that diffuse hepatic
steatosis has been observed. Also small differences in fat content be-
tween hepatic lobes have been reported in patients with diffuse hepatic
steatosis [3], but it is obvious that these differences are smaller than
those observed in non-diffuse hepatic steatosis. Therefore, given that the
values of blood parameters reflect the overall condition of the liver, it is
considered that no correlation between blood biochemistry and HFAR in
the present study might be due to the non-diffuse pattern of fat depo-
sition. Further studies with additional number of animals are warranted
to confirm the reproducibility.

As well as 'H-MRS used in the present study, MRI-based proton
density fat fraction (MRI-PDFF) can also be used to quantify the HFFs
through analysis of chemical shifts between water and fat proton signals.
HFFs in MRI-PDFF analysis were calculated from the fat and water
component images. Not only HFFs in 'H-MRS but also in MRI-PDFF
analysis showed a strong correlation with the histopathologic parame-
ters in the evaluation of hepatic steatosis [9]. An advantage of 1H-MRS
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over MRI-PDFF is the ability to depict distinct fat peaks. Up to nine and
six distinct fat peaks can be observed in high-resolution spectroscopy
and in clinical field-resolution spectroscopy, respectively. Since the fat
peaks blend together in clinical field-resolution, the number of fat peaks
is reduced compared to that in high-resolution spectroscopy [15]. By
using these peaks, saturated, unsaturated, and polyunsaturated fatty
acid indices could be measured [7]. In the present study, SI was calcu-
lated and didn’t correlate with HFF, suggesting that SI might not
necessarily increase proportionally as total fat deposition increases. Not
all but some lipids including SFAs are considered to be toxic and could
be involved in the progression of hepatic steatosis to NASH [6]. Hepatic
SFAs were increased in NASH patients compared with control and he-
patic steatosis patients, and high concentration of SFAs were hepato-
toxic in vitro [5]. These findings suggest that increases in SFAs in
specific parts of the liver may lead to induction of NASH at the same site.
Therefore, the ability to depict distinct fat peaks, which is an advantage
of 'H-MRS over MRI-PDFF, may be used not only for monitoring hepatic
steatosis but also as a biomarker of NASH. Further studies are required
to show that 'H-MRS can detect the progression of hepatic steatosis to
NASH.

In conclusion, this study showed that 'H-MRS parameters, but not
blood biochemistry parameters, correlated with the histopathological
changes in rats fed the MCDD. 'H-MRS is considered to have the po-
tential to accurately quantify both diffuse and non-diffuse hepatic
steatosis, which can be observed in drug-induced hepatic steatosis, and
can be commonly used in preclinical and clinical studies. Therefore, 'H-
MRS is considered to be a candidate method for monitoring drug-
induced hepatic steatosis.
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