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Abstract

How tissue injuries progress among organs during LPS-induced fulminant hepatic failure remains to be
elucidated, especially during the very acute phase of small animal models. We have addressed this problem in
LPS/D-galactosamine-induced fulminant hepatitis by using sequential micro-MRI scanning. Analysis of T2-weighted
MRI signal intensities detected tissue injury in the liver during the early phase (as early as the 3 h timepoint), at
which point histological examination revealed only minor morphological changes in hepatic tissues. In the pancreas,
increases in the T2-weighted signals were made readily apparent by the pancreatic edema formation that was
determined by histological examination. Only minimal pathologies were observed in the renal cortex based on micro-
MRI and histological examination. The results of this study have demonstrated the distinct temporal changes that
occur in the liver and injured pancreatic acinar cells during the very acute phase of LPS-induced hepatitis.
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Introduction

Micro-magnetic resonance imaging (micro-MRI) represents a
non-invasive preclinical imaging technique for the research of small
animals. T2-weighted MRI signal intensities measured by micro-MRI,
which are sensitive to an increase in the tissue water content associated
with inflammation, have been used for studying murine inflammation-
related pathologies and tissue edema formation in the gut [1,2], muscle
[3], lung [4], brain [4], liver [5,6], and kidney [7]. A major strength of
micro-MRI lies in its capability to study tissue injuries such as edema
and congestion in small animals longitudinally. Taking advantages of
this strength, here we aim to investigate the acute phase of fulminant
hepatitis in mice by micro-MRIL

Fulminant hepatitis is a life-threatening liver failure syndrome
characterized by rapidly progressing hepatic inflammation and cellular
damage, which is caused by hepatitis viruses as well as toxic chemicals
and some prescription drugs [8]. It can also result from sepsis [8].
Fulminant hepatitis is often associated with multiorgan failure (MOF),
resulting in severe dysfunctions affecting several organs that can prove
lethal [9]. A mouse model of fulminant hepatitis has been developed
based on the co-administration of LPS and D-galactosamine (D-GalN),
which induces an acute liver injury accompanied by MOF [10,11].
While the underlying pathogenic mechanisms that cause LPS- and
D-GalN-induced liver injury have been extensively studied [12,13],
exactly how tissue damage spreads across vital organs during the acute
phase remains less well characterized. Investigation of the temporal
changes that occur throughout the body is of great importance to
understanding the pathogenesis underlying the multi-organ failure
caused by fulminant hepatitis. To study the dynamic temporal changes
of tissue injury, we have performed sequential MRI scanning of T2-
weighted images in order to readily detect any increase in tissue water
content, which is associated with the early phases of the disease [14,15].
Simultaneously, we have performed a series of pathohistological
analyses during the course of the disease’s progression, thereby gaining
a better understanding and interpretation of the MRI findings.

In this study, while sequential MRI scanning allowed us to

understand the time course of liver injury during the very early phase of
LPS- and D-GalN-induced hepatitis, we also investigated concomitant
acute pathologic changes in the pancreas and kidney. Here, we have
shown the distinct patterns underlying the dynamic temporal changes
of MRI T2 signal intensities in the liver, pancreas, and kidney in an
LPS- and D-GalN-induced hepatitis mouse model. These results have
provided deeper insights into how fulminant hepatitis-induced organ
damage can progress in the visceral organs during the very acute phase.

Materials and Methods

Animal model

The protocol for this study was reviewed and approved by the
Institutional Animal Care & Use Committee (IACUC) at the Mie
University Graduate School of Medicine (28-3-revl). All animal
experiments in this study were carried out in accordance with the
Helsinki Convention and in compliance with both the Mie University
Animal Experimental Guidelines and the Faculty of Medicine Animal
Experimental Guidelines.

Sixteen-week-old male Balb/c mice were purchased from Japan
SLC, Inc. (Hamamatsu, Japan) and were used for all experiments.
Mice were housed for 6 days under a 12 h light/dark cycle under
specific pathogen-free conditions at the Central Animal Facility of
Mie University Life Science Research Center. On the day before MRI
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imaging, mice were transferred and maintained for 1 day under a 12-
hour light/dark cycle at the satellite animal facility in the MRI facility
building next to the Central Animal Facility for adaptation. During
feeding, food and drinking water were freely provided.

Mice were administered with 50 ug of LPS (Sigma, Cat# L 3880)
and 20 mg of D-GalN (Sigma Cat # G 0500) via tail vain injection. As a
control, a vehicle (i.e., 50 ul saline) was similarly administered.

Micro-magetic resonance imaging (MRI) measurements

MRI scans were performed with 3 T Preclinical Imaging System™
equipment (MR Solutions Ltd, UK) located at Mie University (Tsu,
Japan) using a Fast Spin Echo (FSE) method. The equipment was
tuned via calibration of the central frequency, 90 degrees pulse, auto
shim, and positioning (scout: slice thickness 1.0 mm, FOV 40 x 40
mm, two averages). The imaging protocol used in this study included
a T1-weighted FSE sequence; T2-weighted FSE sequences were used
to generate axial (transverse) images. In the T1-weighted protocol, 36
slices with a thickness of 1.2 mm were acquired using a repetition time
(TR) of 720 ms, an effective echo time (TE) of 11 ms, and four averages.
In the T2-weighted protocol, 36 slices with a thickness of 1.2 mm were
acquired using a repetition time (TR) of 5400 ms, an effective echo time
(TE) of 68 ms, and three averages. A field of view of 40 x 40 mm was
chosen and sampled into a matrix sized to 256 x 256, resulting in a
spatial resolution 0.156 mm.

Mice were anaesthetized with 3% isoflurane in an anesthesia
induction box, and then laced in an animal bed in a prone position.
During imaging, anesthetized mice were monitored for their
respiration rate. An isoflurane level of 0.5 to 1.5% was used to maintain
the respiration rate at approximately 80 to 100 cycles/min. The imaging
schedule was scanned in order of T1-weighted images and then T2-
weighted images, and each image set was then acquired a glass tube
(OD, 6 mm; ID, 5 mm; length 100 mm) filled with water was placed
beside each mouse and was used as a reference to normalize MR signals.

We acquired a series of 10 MRI scans every 30 to 60 min after
administering LPS and D-GalN. In order to maintain, as much as
possible, the same scanning positions, mice were kept anesthetized via
isoflurane inhalation and immobilized throughout the MRI scanning
procedures. Consistent with previous reports [10,11], LPS (50 ug) and
D-GalN (20 mg) treatment of awake mice resulted in severe hepatic
damage and abdominal inflammation, resulting in a ~ 60% survival
at 8 h (Figure 1A). By contrast, mice similarly treated with LPS/D-
GalN under constant anesthesia with 0.5 to 1.0% isoflurane inhalation
showed severe hepatic damage and abdominal inflammation. Thus,
their 8 h survival rate measured ~ 30% (Figure 1B). All mice given the
same 8 h anesthesia treatment without LPS/D-GalN were still living.
Thus, although continuous isoflurane anesthesia was obligatory for
immobilization and stabilization during sequential MRI scanning in
this study, it hastened mortality. This was possibly due to the general
effects of anesthesia, which can cause vasodilatation and hypotension,
as discussed in greater detail in the Discussion section. Considering
that the survival rate of LPS/D-GalN-mice at 480 min was ~ 30%,
we focused our MRI analysis only on the 300-min period after the
injection of LPS/D-GalN, up to which time point all mice were still
living. This experimental setting allowed us to investigate the very acute
phase of LPS/D-GalN-induced fulminant hepatic injury, as well as any
concomitant pathologies present in the pancreas and the kidney.
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Figure 1: Survival rate of mice after administration of LPS (50 ug) and D-
galactosamine (20 mg) in the absence (A) or presence (B) of continuous
isoflurane anesthesia inhalation used for immobilization during MRI scanning.

The acquired image data were exported to DICOM format and
analyzed using Osirix software (Osirix Imaging software, Pixmeo,
Geneva, Switzerland) as previously described [16]. The T1- and T2-
weighted images were used as a guide for each other in order not only
to clearly observe the anatomical structures, but also to determine
the region of interest (ROI) for the parenchyma part, as previously
described by Miquel et al. [16]. ROI analysis was performed using
circular ROIs (area 3.0 or 1.0 mm? for the liver; 1.0 or 0.46 mm? for the
renal cortex; 0.32 or 0.14 mm? for the pancreas). Six ROIs per slice were
placed in both the liver and pancreas. Four and two slices were used for
analyzing MRI signal intensities in the liver and pancreas, respectively.
The signal intensities of mouse organs were normalized with those of
the water-containing glass tubes.

Histopathological analysis

To conduct histopathological analysis, 4 additional cohorts of mice
were prepared, each containing 3 mice treated with LPS/D-GalN and
3 mice treated with vehicle; all were subjected to MRI scanning under
isoflurane anesthesia. The cohorts were sacrificed at 3, 4, 5, or 8 hours
after administration of LPS/D-GalN or vehicle. Then, the liver, pancreas
and kidney were harvested and fixed with 10% neutral buffered formalin
for 24 hours, and embedded in paraffin. Using a microtome, a series
of 2-pum thick sections was made from the paraffin-embedded tissue
blocks. The sections were placed on poly-L-lysine-coated glass slides,
and stained with hematoxylin eosin (HE). Histopathological evaluation
of the HE-stained tissue sections was performed by an independent
pathologist (MY). Histological changes in liver inflammation and
congestion were graded on a 5-degree severity scale based on the
current literature [17]. Results for kidney and pancreatic samples were
semi-quantitatively graded as previously described [18,19].

Measurements of plasma levels of liver transaminase, amylase, and
TNF

Plasma levels of AST and ALT were measured with a commercial
kit Transaminase CII Test™ (Wako, Osaka, Japan). Plasma levels of
amylases were measured with a commercial Amylase Activity Assay
Kit™ (Sigma-Aldrich, St. Louis. MO). Plasma levels of TNF-a were
measured with a commercial mouse TNF-alpha Quantikine ELISA
Kit” (R&D Systems, Minneapolis, MN).

Statistical analysis

SPSS statistics software (IBM) was used to perform statistical
analysis. Signal intensity values were expressed as means + S.E.M.
Friedman test and Mann-Whitney U test were also used. A p value less
than 0.05 was considered statistically significant.
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Results
Dynamic temporal changes in MRI T2-weighted signal intensity

Using sequential MRI scanning, we investigated how a fulminant liver
injury progressed and spread to the pancreas and kidney during the very
early phase of LPS/D-GalN-induced hepatitis. We examined T2-weighted
signal intensities reflecting the presence of tissue i njury that resulted in
cellular edema formation and organ congestion.

By this means we discovered that compared with saline-treated control
mice, LPS/D-GalN-treated mice showed a significant increase in
signal intensities in the liver (Figures 2A and 3A). This increase began
to rise at 120 min, continued to increase, and peaked at 180 min
following injection of LPS/D-GalN. The signal subsequently decreased to
baseline at 300 min, at which time the signal intensities in both control
and LPS/D-GalN-treated mice proved similar.

By contrast, although T1-weighted signal intensities also gradually
increased in the LPS/D-GalN-treated mice, the T1 signal showed no peak
corresponding to the T2 peak. No significant d ifferences in T1 si gnal
intensities were observed between the LPS/D-GalN-treated and
control mice (Figures 2B and 3B).
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Figure 2: The time course of T1 (top)-and T2 (bottom)-weighted MRI signal
intensity changes of the liver in mice after administration of LPS (50 ug) and
D-galactosamine (20 mg) or saline. *p<0.05 vs. the pre-value (t=-30) in the
LPS/D-GalN group, **p<0.01 vs. the pre-value (t=-30) in the LPS/D-GalN
group, tp<0.05 between the two groups at the same timepoint.

Fulminant hepatitis is often associated with multiorgan failure (MOF)
leading to lethality [9], thereby potentially implicating visceral organs such
as the pancreas and kidneys. However, very acute phases of potential tissue
damage in the pancreas and kidney following fulminant hepatitis in an
animal model remain to be elucidated. Therefore, we have examined how
the T2-weighted signal intensities of the pancreas and the kidney might
change, and observed a distinct pattern of MRI signal changes in the both
compared to that of the liver.

A. T1-weighted images (liver)
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Figure 3: Representative T1 (top)-and T2 (bottom)-weighted MRI scans of
the liver of mice administered either LPS/D-GalN or saline. Temporal changes
of the same slice are shown. The small circles (denoted with asterisks in the
-30 min panels) are the water-containing glass tubes used for signal intensity
normalization during analysis. Arrows indicate the location of the liver.

The T2 signal intensities of the pancreas in LPS/D-GalN-treated mice
tended to rise at 180 min and progressively increased to a time point of
300 min, while that of control mice remained unchanged. By contrast, the
T1-weighted signal intensities of the pancreas tended to fall at 180 min and
gradually decreased at 300 min. The T1-weighted signal intensities of the
pancreas of control mice remained unchanged (Figures 4 and 5). The T2
signal intensities of the renal cortex started to gradually decrease at 240
min, while those of the control mice remained unchanged (Figures 6
and 7).
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Figure 4: The time course of T1 (top)-and T2 (bottom)-weighted MRI signal
intensity changes of the pancreas in mice after administration of LPS (50 ug)
and D-galactosamine (20 mg) or saline. *p<0.05 vs. the pre-value (t=-30) in
the LPS/D-GalN group, tp<0.05 and $p<0.01 between the two groups at the
same timepoint.
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Figure 5: Representative T1 (top)- and T2 (bottom)-weighted MRI scans of
the pancreas of mice administered either LPS/D-GalN or saline. Temporal
changes of the same slice are shown. The small circles (denoted with
asterisks in the -30 min panels) are the water-containing glass tubes used for
signal intensity normalization during analysis. Arrows indicate the location of
the pancreas.
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Figure 6: The time course of T1 (top)- and T2 (bottom)-weighted MRI signal
intensity changes of the renal cortex in mice after administration of LPS (50
ug) and D-galactosamine (20 mg) or saline. *p<0.05 and ***p<0.001 vs. the
pre-value (t=-30) in the LPS/D-GalN group, 1tp<0.05 between the two groups
at the same timepoint.
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Figure 7: Representative T1 (top)- and T2 (bottom)-weighted MRI scans
of the kidney of mice administered either LPS/D-GalN or saline. Temporal
changes of the same slice are shown. The small circles (denoted with
asterisks in the -30 min panels) are the water-containing glass tubes used for
signal intensity normalization during analysis. Arrows indicate the location of
the kidneys.

Histopathology

As mentioned above, MRI analysis enabled us to characterize the
dynamic temporal changes in inflammation o bserved i n t heliver a nd
pancreas. To complement the data obtained from our MRI analysis, we
undertook a histopathological analysis of the liver, pancreas, and kidney
at the 180, 240, and 300-min time points. Unexpectedly liver histologies
of LPS/D-GalN-treated and control mice during this time frame were not
significantly different. Both showed low levels of infiltration of
mononuclear cells, while manifesting little congestion (Figures 8A and 9).
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Figure 8: Semi-quantitative histological examination of the liver (A), pancreas
(B), and kidney (C) in the early phase in mice treated with LPS (50 ug) and
D-galactosamine (20 mg) or saline. #p<0.05 vs. control.
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Figure 9: Representative images of histological examination of the liver in the
early phase in mice treated with LPS (50 ug) and D-galactosamine (20 mg)
(bottom panels) or saline (top panels).

Nonetheless, we found in the histology results examined at hour 8 that
inflammation and congestion in the surviving LPS/D-GalN-treated
mice were significantly higher than in control mice (Figures 10A and 11).
In contrast to the liver histology, the pancreas of LPS/D-GalN-treated
mice exhibited higher levels of edema formation, as well as greater
pancreatic cellular damage and acinar cell necrosis than did control
mice (Figures 8B and 12). In the renal cortex histology, LPS/D-GalN-
treated mice showed more inflammatory cell infiltrates than control mice
at the 240 and 300 min timepoints (Figures 8C and 13).
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Figure 10: Semi-quantitative histological examination of the liver (A),
pancreas (B), and kidney (C) in surviving mice 8 h after administration of LPS
(50 ug) and D- galactosamine (20 mg) or saline. #p<0.05 vs. control.
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Figure 11: Representative images of histological examination of the liver,
pancreas, and kidney in mice 8 h after the administration of LPS (50 ug) and
D-galactosamine (20 mg) (LPS/D-GalN) or saline (control).
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Figure 12: Representative images of histological examination of the pancreas
in the early phase in mice treated with LPS (50 ug) and D-galactosamine (20
mg) (bottom panels) or saline (top panels).
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Figure 13: Representative images of histological examination of the kidney
in the early phase in mice treated with LPS (50 ug) and D-galactosamine (20
mg) (bottom panels) or saline (top panels).
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Plasma transaminase activities and TNF levels

LPS/D-GalN-treated mice exhibited increased levels of AST at 240 min
and much higher levels of plasma TNF-a concentration compared with
control mice (Figures 14A - 14C). However, no significant differences
were observed in the plasma amylase concentrations (Figure 14B). At the
8 h timepoint, serum samples collected from surviving mice showed that
AST and ALT were significantly higher in the LPS/D-GalN group (Figure

15).
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Figure 14:Plasma levels of AST, ALT, amylase and TNF. #p<0.05 vs. control.
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Figure 15: Plasma levels of AST and ALT in surviving mice 8 h after

administration of LPS (50 ug) and D-galactosamine (20 mg) or saline. #p<0.05
vs. control.

Discussion

T2-weighted MRI signal intensities have been used to detect the
presence of increased cellular water content that results in edema formation
[14,15]. T2-weighted MRI signal-based detection has been utilized in
LPS-induced mouse models of systemic inflammation for end-point
evaluations of the pathologies. These techniques have enabled the detection
of inflammation-related pathologies in subcutaneous regions, intestinal
cavity and peri-renal regions [14]. In the present study, we have investigated
the early phase of LPS/D-GalN-treated fulminant hepatitis. Although the
lethality at 8 h after LPS/D-GalN administration was high, during the early
phase (i.e., 3 to 5 h), histological analysis revealed that liver damage was
minimal. Consistent with these findings, only low-level leakages of AST and
ALT into the plasma were observed during the early phase of experimental
hepatitis. However, it is remarkable that T2-weighted MRI scans were able
to detect the liver pathologies so sensitively; as early as the 3 h timepoint, at
which time plasma TNF greatly increased. Previous studies examining liver
histology in LPS/D-GalN mice confirmed the occurrence of liver damage
as early as 5 to 6 hours following LPS/D-GalN administration [12,20]. In
the present study, LPS/D-GalN-induced liver pathologies in the early phase
primarily exhibited edema formation and congestion, while showing only
a low-grade infiltration of inflammatory cells. The histological findings in
the present study are consistent with previous investigations showing that
TNEF-a-induced direct hepatocyte damage and cell death play central roles
in the pathogenesis of LPS/D-GalN-induced liver injury [21].

Although certain technical differences in experimental protocols
need to be carefully considered-e.g., the use of isoflurane anesthesia to
immobilize mice and the doses of LPS/D-GalN used-the present results
support the ability of micro-MRI to sensitively detect edema-related
pathologies in small animal imaging. The T2-weighted signal intensities of
the liver peaked at the 180-min time point, decreasing thereafter. We could
not explain with certainty the biphasic changes observed here. It might
be due to the rapid formation of cellular swelling that resulted from the
increased T2-weighted MRI signal intensities, followed by the pre-necrotic
cellular changes, which might have led to the decreased signal intensities
we recorded.

The present study has shown an increase in the T2-weighted signal
intensities of the pancreas during the course of the fulminant hepatitis
induced by LPS/D-GalN administration. Histological examination of the
pancreas revealed edema formation along with pancreatic cellular damage
and acinar cell necrosis. However, no significant increase in plasma amylase
was observed during the early phase of LPS/D-GalN treatment. The
pathological changes noted in the pancreas could be explained by several
distinct possibilities. First, as acute pancreatic injury has been shown to
occur with LPS treatment [22,23], pancreatic cellular injury is most likely
induced as a result of systemic hyper-cytokinemia. LPS/D-GalN-induced
fulminant hepatitis elicits the systemic release of pro-inflammatory
cytokines, such as TNF-a, as shown in this study, which might affect
pancreatic cellular integrity. This would thereby lead to capillary hyper-
permeability, causing edema formation, cellular damage, and acinar cell
necrosis. Second, LPS might directly act on pancreatic parenchymal cells
to elicit an inflammatory cellular signaling cascade [24], thereby resulting
in edema formation, cellular damage and acinar cell necrosis. Finally,
portal vein hypertension caused by hepatic congestion could induce
an increase in the hydraulic pressure in pancreatic parenchymal tissue,
thereby causing pancreatic congestion and edema formation, as previously
shown in dogs [25]. Given the acute onset of the pancreatic MRI intensity
increase, portal vein hypertension and hydraulic edema formation might
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be important factors in pancreatic edema formation. Indeed, the latter
could be compounded by the simultaneous presence of local and systemic
inflammatory mediators. We confirmed the presence of liver congestion as
early as 5 h by histological examination, suggesting that functional portal
vein hypertension during the early phase likely occurred as early as the 3
h mark.

Based on histological examination, we observed only minor changes in
the renal cortex during the early phase LPS/D-GalN treatment. Nor did we
note any increase in the T2-weighted signal intensities in the renal cortex.

Our experimental setting required continuous isoflurane anesthesia for
constant immobilization of mice for sequential MRI scanning. Although
isoflurane anesthesia did not increase the mortality rate in control mice, it
did worsen the mortality of LPS/D-GalN-treated mice. In fact, it reached
~ 70%, possibly due to isoflurane-mediated vasodilation and hypotension,
which further deteriorated the health of the acute hepatitis mice. We
acknowledge the possibility that isoflurane-induced hypotension could
contribute to the hypo-perfusion of organs. However, the goal of this study
was to analyze a detailed time course of the acute phases of edema and
congestion-related pathologies. For this reason, both diseased and control
groups were similarly treated with isoflurane, which justified the chosen
experimental settings. Another potential limitation is that we used only
male mice, as their larger body size, compared with females, promotes
better spatial image resolution. However, we are aware of the possibility
that the sex of the mice might affect their immune responses to LPS.

Micro-MRI allowed us to successfully illustrate hourly changes of the
signals in both the liver and pancreas. However, we acknowledge that the
spatial resolution of T2-wighted MRI measurements in mice is so limited
that any assessment of detailed structural changes within the organs, as well
as their attendant functions, were difficult to achieve in the present study.
An earlier study that utilized a dynamic contrast-enhanced MRI with Gd-
EOB-EDTA was better able to assess liver functions in Con A-induced liver
injury at a single time-point (at 24 h) following disease onset [6]. Thus,
the trade-off between spatio- vs. temporal-resolution needs to be carefully
considered when performing preclinical small animal imaging. Although
micro-computed tomography (micro-CT) offers a potential alternative to
micro-MRI for some aspects of preclinical small animal imaging, micro-
MRI is more sensitive in detecting water signals, and thus provides a better
method for studying the early phase of edema-related pathologies, which
might represent an important precursory phenomenon for severe damage
and cell death [26].

Conclusion

We have studied the very acute phase of LPS/D-galactosamine-induced
fulminant hepatitis by using sequential micro-MRI scanning. Analysis of
T2-weighted MRI signal intensities detected the signal changes in the liver
and the pancreas during the early phase. The results suggest the distinct
temporal changes that occur in the liver and injured pancreatic acinar cells
during the very acute phase of LPS-induced hepatitis.
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