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After partial hepatectomy (PH), regenerating liver accumulates unknown lipid species. Here, we analyzed
lipids in murine liver and adipose tissues following PH by thin-layer chromatography (TLC), imaging
mass spectrometry (IMS), and real-time RT-PCR. In liver, IMS revealed that a single TLC band comprised
major 19 TG species. Similarly, IMS showed a single phospholipid TLC band to be major 13 species. In adi-
pose tissues, PH induced changes to expression of genes regulating lipid metabolism. Finally, IMS of phos-
phatidylcholine species demonstrated distribution gradients in lobules that resembled hepatic zonation.
IMS is thus a novel and power tool for analyzing lipid species with high resolution.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The liver has a remarkable capacity to regenerate after injury
[1,2] and partial hepatectomy (PH) in rodents has been useful for
investigating the underlying mechanisms. Following PH, hepato-
cytes in the remaining liver tissue start proliferating such that nor-
mal liver mass is restored; the regenerative response is then
terminated. To support this hepatocyte proliferation, the liver rem-
nant transiently accumulates lipids that supply the energy and
membrane components needed for cell division [3-5]. However,
it is unclear what molecular species of lipids are involved and
whether PH affects other tissues.

Matrix-assisted laser desorptional/ionization (MALDI) mass
spectrometry is often used to analyze low molecular weight com-
pounds such as lipids. A recent refinement called “imaging mass
spectrometry” (IMS) allows visualization of the amount and distri-
bution of individual molecular species in tissue sections [6,7]. IMS
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has successfully revealed changes in lipid identity, amount and dis-
tribution in tissue sections of plants and animals [8-11]. In this
study, we used IMS to identify lipid species in murine liver regen-
erating after PH. We also carried out gene expression analysis to
define the effects of PH on adipose tissues, which are important
for lipid metabolism.

2. Materials and methods
2.1. Reagents

All chemicals used were of the highest purity, including trifluo-
roacetic acid (TFA) and methanol (Kanto Chemical, Japan) and 2,5-
dihydroxybenzoic acid (DHB) (Bruker Daltonics, Germany). Ultra-
pure water from a Milli-Q system (Millipore, USA) was used for
all buffers and solvents.

2.2. Animals

Female C57BL/6] mice (10 weeks old; CLEA Japan Inc.) were
kept in a temperature-controlled room with a 12 h dark/light cycle
and fed CE-2 diet (CLEA). PH or sham surgery was performed as de-
scribed [12] between 9 and 10 a.m. and animals were sacrificed at
0, 6, 12 or 24 h post-operation. All animal experiments were con-
ducted according to the guidelines of Tokyo Medical and Dental
University.
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Fig. 1. Dramatic changes of multiple triglyceride species in concentration during liver regeneration. (A) Oil red O-stained liver sections showing increased TG (red) globules in
hepatocytes at 24 h post-PH. Scale bar, 100 um. (B) TLC of neutral lipids in liver extracts from mice at 24 h post-PH or sham surgery. For all experiments, results shown are
representative of 3 mice/group. (C) MALDI-TOF average mass spectra of liver from mice at 24 h post-PH or sham surgery. A range from 875 m/z to 1000 was examined. (D)
MALDI-TOF-MS imaging of lipid ion species in liver sections from the mice in (C). Scale bar, 500 pm.

2.3. Oil red O staining

Frozen liver sections were prepared using O.C.T Compound
(Sakura Finetek, Japan) and a cryostat (CM 1950; Leica Microsys-
tems, Germany) set to 10 um. Oil red O staining was performed
as described [13].

2.4. Lipid extraction and thin-layer chromatography

Liver lipids were extracted using chloroform:methanol (2:1) as
described [14]. For TLC, Silica Gel 60 plates (Merck, USA) were run
in n-hexane:diethyl ether:acetic acid (80:30:1) to separate neutral
lipids, and in methyl acetate:propanol:chloroform:methanol:0.2%
KCI (25:25:25:10:9) to resolve phospholipids. Lipids were visual-
ized using primuline (Nakarai Tesque, Japan) and identified based
on migration compared to standards [15].

2.5. Quantitative real-time RT-PCR

Quantitative real-time RT-PCR was performed as described [16].
Primer sequences are listed in Supplementary Information
(Table S1).

2.6. IMS samples

IMS samples were prepared as previously described [10,17]
with a slight modification. Frozen liver cryostat sections (8 pm)
were mounted on indium-tin-oxide-coated glass slides (Bruker
Daltonics). DHB matrix solution (50 mg/ml DHB in 70% metha-
nol/0.1% TFA) was sprayed uniformly over mounted sections with
a 0.2 mm nozzle airbrush (Mr. Hobby, Japan).
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Fig. 2. mRNA levels of the indicated TG metabolism-related and B-oxidation-related genes in liver, visceral fat, subcutaneous fat and BAT. Data are mean fold induction + SD
relative to gapdh. n =3 *p <0.05, *p < 0.01 vs. value at 0 h.
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Fig. 3. The existence and dynamic distribution of clearly multiple phospholipids. (A) TLC of phospholipids in liver extracts from mice at 24 h post-PH or sham surgery. (B)
MALDI-TOF mass spectra of liver extracts from mice at 24 h post-PH or sham surgery. A range from 440 m/z to 875 was examined. (C) MALDI-TOF-MS imaging of lipid ion

species in liver sections from the mice in (B). Scale bar, 500 pm.

2.7. MALDI-TOF IMS

MALDI mass spectrometry was performed using an Ultraflex II
TOF/TOF instrument (Bruker Daltonics) equipped with a 355 nm
Nd:YAG laser with a 200 Hz repetition rate. The measurement pitch
was 50 um. Data were acquired in positive-ion mode using an
external calibration method. Mass spectrometer parameters were
set to obtain m/z values of 400-2000. All spectra were acquired
automatically with FlexImaging software (Bruker Daltonics). The
laser was irradiated 200 times per position. Peaks were normalized
to total ion current and compared. The Lipid Search (http://lipid-
search.jp) database were used to determine lipid molecular species.

3. Results
3.1. Multiple triglyceride species in regenerating liver

Oil red O staining of hepatocytes in regenerating liver at 24 h
post-PH revealed an accumulation of TG that did not appear in

sham-treated livers (Fig. 1A). TLC of extracted total lipids from
these livers revealed bands of CE, TG, FFA, Chol and DG that were
increased or unchanged in extracts from PH livers (Fig. 1B). IMS
analysis of liver sections at 24 h after sham treatment or PH re-
vealed increases in PH livers of several peaks in the mass range
from m/z 875 to m/z 1000 (Fig. 1C), 19 of which represented abun-
dant TG molecular species (Table S2). The visualization of these
data shown in Fig. 1D confirms that multiple TG species undergo
dramatic changes in concentration during liver regeneration.

3.2. Changes to expression of lipid-related genes in regenerating liver
and adipose tissues

Because adipose tissues are vital for lipid metabolism, we inves-
tigated whether PH affected these tissues as well as the liver. We
examined gene expression patterns in liver, visceral fat (VF), sub-
cutaneous fat (SCF) and brown adipose tissue (BAT) of animals sub-
jected to PH or sham surgery. Specifically, we monitored the
expression of fabp4, which encodes FFA binding protein and served
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as a positive control; dgat, encoding an enzyme catalyzing the final
stage of TG synthesis; pnpla2, encoding an enzyme catalyzing the
first step in TG hydrolysis; mttp, encoding a protein involved in
B-lipoprotein production; vidlr, important for the metabolism of
apoprotein-E-containing TG-rich lipoproteins; and acox, encoding
the first enzyme of the FA B-oxidation pathway. The mRNA levels
of these genes as determined by real-time RT-PCR were normalized
to the internal controls gapdh (Fig. 2) and tubb2b (data not shown),
yielding similar results. Consistent with a previous report [18],
fabp4 was upregulated in regenerating liver, showing its highest
induction at 6 h post-PH. The same pattern held true for upregula-
tion of dgat and pnpla2, with acox peaking at 12 h post-PH. In con-
trast, mttp was downregulated at 6 h post-PH but upregulated over
control levels by 12 h post-PH. The level of liver vidlr mRNA was
not altered by PH. For dgat1, pnpla2 and acox, mRNA levels had re-
turned to baseline by 24 h post-PH. Interestingly, different expres-
sion patterns were observed in adipose tissues. At 6 h post-PH,
dgat1 mRNA was upregulated only in BAT whereas pnpla2 tended
to be upregulated only after 12 h post-PH. Unlike its pattern in li-
ver, mttp mRNA was not downregulated in adipose tissues and
steadily rose after 12 h post-PH. Levels of vldlr, which were un-
changed in liver, were downregulated in VF. Acox mRNA was
upregulated over control levels in SCF and BAT by 24 h post-PH.
These results indicate that PH induces striking changes to lipid-re-
lated gene expression patterns in adipose tissues.

3.3. Phospholipids in regenerating liver

Phospholipids are a major component of all cell membranes and
are important for liver regeneration. TLC of liver extracts from our
PH- or sham-treated mice revealed equivalent bands of PE, PI, PS,
PC, SM and LPC (Fig. 3A). IMS performed at 24 h post-PH or sham
surgery showed several peaks in the mass range from m/z 440 to
m/z 875 that were present in both PH liver and sham-treated liver
(Fig. 3B). Of these, 11 were assigned by their masses to abundant
PC molecular species, one to LPC and one to sphingomyelin
(Table 1). Compared to sham-treated liver, levels of six putative
PC species such as PC (1-acyl 34:2) and PC (1-acyl 36:5) and one
sphingomyelin were increased in regenerating liver, whereas one
putative LPC and two putative PC species were decreased. The
IMS visualization of these molecular species shown in Fig. 3C
clearly demonstrates the differences in levels of liver phospholipid
species between PH- and sham-treated mice. In particular, the per-

Table 1
Changes to phospholipid species in post-PH liver sections as determined by MALDI-
TOF-MS.

m/z Change” Putative molecular species
496.3 l LPC(16:0)

780.5 T PC(1-acyl 34:2) + Na
782.6 T PC(1-acyl 34:1) + Na
796.5 1 PC(1-acyl 34:2)+K
798.5 1 PC(1-acyl 34:1)+K
802.5 T PC(1-acyl 36:5)
808.5 T PC(1-acyl 36:2) + Na
820.6 - PC(1-acyl 36:4)
824.6 T PC(1-acyl 36:2) +K
828.5 T PC(1-acyl 36:0)
843.6 1 SM(2-amido22:2)
844.6 T PC(1-acyl 38:6)
848.6 — PC(1-acyl 38:4)
868.5 ! PC(1-acyl 40:8)
870.6 - PC(1-acyl 40:7)
872.6 | PC(1-acyl 40:6)

1, increase; |, decrease; —, unchanged; SM, sphingomyelin.
" Change relative to sham surgery.

ivenous area of the sham-treated liver displayed lower levels of m/
z 848.6 but higher levels of m/z 796.5 compared to periportal area.
These results show that levels of phospholipid species change
dynamically following PH, and that several of these species show
a gradient in their intralobular distribution that is reminiscent of
hepatic zonation [19].

4. Discussion

In this study, we have demonstrated that IMS can uncover pre-
viously hidden lipid species in regenerating liver after PH. We have
also shown that PH not only affects liver lipids but also the expres-
sion of lipid-related genes in adipose tissues. The most common
method used to analyze lipids in post-PH liver is TLC, which in
our hands detected only a single band of TG that increased with
time, as well as a collection of single phospholipid bands that did
not change in intensity (Figs. 1B and 3A). In contrast, IMS revealed
the existence and dynamic distribution of clearly multiple TGs
(Fig. 1C and D, Table S2) and phospholipids (Fig. 3B and C, Table
1). Our results therefore demonstrate that IMS is a highly useful
tool for both analyzing lipid species with high resolution.

Our results also show that PH affects the expression of genes
that regulate TG synthesis, degradation and B-oxidation in adipose
tissues (Fig. 2). Although adipose tissues are not directly connected
to liver, they synthesize and release TGs that can travel in the blood
to this organ. We propose that the injured liver may send an
unidentified signal to the adipose tissues that regulates lipid
metabolism. One possible route for such a signal might be via
the blood. Indeed, it was recently reported that the serum total
TG concentration was decreased by 75% at 6 h post-PH in mice
[18]. The altered gene expression we observed in adipose tissues
post-PH could result from cellular sensing of a reduction in blood
TG. Another possibility may be signal transmission via the central
nervous system (CNS). Imai et al. recently reported that hepatic
ERK activation regulates pancreatic beta cell mass via the CNS
[20]. Thus, following PH, hepatocytes may transmit a neural signal
to adipose tissues that communicates their need to acquire more
lipids for regeneration. Because the liver is a central metabolic reg-
ulator, interactions between the liver and other tissues mediated
through the blood and/or CNS may be essential for whole body
homeostasis.

Moreover, IMS allowed the 2D-visualization of TG and phospho-
lipid distribution patterns in liver (Figs. 1D and 3C). Hepatic zona-
tion refers to a gradient of molecules that appears from the
perivenous region of a liver lobule to its periportal region [19].
We found that the perivenous area of the sham-treated liver dis-
played lower levels of m/z 848.6 but higher levels of m/z 796.5
compared to periportal area (Fig. 3C), consistent with hepatic zona-
tion. Although a few previous studies have provided evidence of
differential distribution of some mRNAs and proteins in liver lob-
ules as determined by in situ hybridization and immunostaining,
our IMS analysis is the first to show that small molecules such as
lipids also exhibit hepatic zonation.

Increased fat content (steatosis) is a common feature of a liver
under stress, be it due to regeneration after PH, or to altered func-
tion due to severe fasting. Prior to our study, it was not clear
whether these fatty livers differed in their lipid content. Zaima
et al. and van Ginneken et al. reported that PC (1-acyl 34:2) was
the dominant lipid species increasing in the pathologic fatty liver
induced in fasting mouse and rat models [21,22]. These groups
therefore proposed that PC (1-acyl 34:2) is important for the evo-
lution of fatty liver in this context. In our study, we too observed an
increase in PC (1-acyl 34:2) in regenerating liver post-PH (Table 1).
However, we also detected elevations in additional lipid species
such as PC (1-acyl 36:5), which was decreased in fasting liver
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[21,22]. PC (1-acyl 36:5) may therefore be a biomarker specific for
steatosis induced by PH. Thus, MS and IMS are powerful tools that
can assist in the detailed measurement of lipid metabolism.
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