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junctions, and desmosomes, directly adjoined bile canaliculi
between h-heps (Figure 7a). In rare cases, bile canaliculi were
also formed between h-heps and m-heps (Figure 7b). In the
peripheral areas of the cytoplasm in groupings of two h-heps
and one m-hep, many microvilli projected into the inter-
cellular clefts on the lateral aspects of the hepatocytes
(Figure 7c). A small number of cone-like cytoplasmic pro-
cesses formed contacts with neighboring cells, not only be-
tween h-heps (Figure 7¢) but also between m-heps and
h-heps (Figure 7d). Electron microscopic observation showed
gap junctions between h-heps (Figure 7e) and between
m-heps (data not shown).

Changes in Blood Biochemistry by Repopulation of
Mouse Liver with H-Heps

Sera of the chimeric (Table 1a), uPA/SCID, and SCID mice
were biochemically tested (Table 3). The data for the normal
range in humans?’*? are also shown in Table 3. GOT and
GPT were higher in the chimeric and uPA/SCID mice than
in the normal mice because of the liver damage by uPA
expression in the m-heps.> GGT was significantly higher in
the chimeric mice than in the SCID mice and the normal
human samples.?!’ CHE activity differed between humans
and male SCID mice (660-16201U/122 and 181U/,
respectively). CHE activity in the male chimeric mice was
~400IU/l. These data indicate that the c-heps synthesized
and secreted GGT and CHE in the same manner as human
hepatocytes. HDL-c and low-density lipoprotein cholesterol
(LDL-c) ratios also differed between humans and mice. HDL-
¢ was higher than LDL-c in the SCID mice, whereas LDL-c
was higher than HDL-c in humans.?? LDL-c was higher than
HDL-c in the chimeric mice (data not shown), but the HDL-
¢ value was lower than that of normal humans (Table 3). ALB
was higher in humans than in mice. Similarly, ALB was
higher in the chimeric mice than in the SCID mice, in-
dicating that the sera in the chimeric mice may have been
acquiring human characteristics. The biomarkers BUN,
TCHO, TG, TBIL, GLU, and TP did not significantly differ
between male chimeric and male SCID mice.

Comparison of Gene Expression Profiles in Hepatocytes
Isolated from Chimeric Mouse and Human Livers

The mRNA expression profiles of c-heps and h-heps were
compared. The c-heps were isolated from three 9MM- and
6YF-chimeric mice (Table la), whereas h-heps were isolated
from four human liver tissues (Table 1b). The gene profiles
were determined for the two types of hepatocytes using

microarrays representing 54 675 human transcripts. Among
these, 16 605 transcripts (30% of total probes) were assigned
as present (P flag) for either all of the c-heps or all of h-heps,
and 81.9% were expressed at similar levels (<2-fold differ-
ence) in the two types of hepatocytes.

The data for c-heps and h-heps (25YF, 28YM, 57YM, and
61YF) and the 22 h-tissues were clustered for 46 336 probes.
The cluster analysis showed that 6 c-heps formed a cluster,
and the 4 h-heps and h-liver formed another cluster, with
these two clusters closest among the h-tissues
(Supplementary Figure 1). PCA was performed for 46336
probes. PCA showed that the 6 c-heps and 4 h-heps were
extremely close to each other, and that the h-liver was the
closest to the cluster of the 6 c-heps and 4 h-heps among
h-tissues (Figure 8a). We also performed cluster analysis
using the 685 liver high signature probes and the 805 liver
low signature probes for c-heps, h-heps, and the 22 h-tissues.
The cluster analysis demonstrated a close association among
c-heps, h-heps, and h-liver (Figure 8b). Pearson’s correlation
coefficient was calculated for the expression levels of the
liver-specific genes (685 probes), resulting in 0.812-0.909 for
h-heps vs c-heps, 0.881-0.959 for h-heps vs h-heps, and
0.903-0.970 for c-heps vs c-heps.

The ratios of gene expression levels in the c-heps to those
in the h-heps were compared using the data from the mi-
croarray and real-time qRT-PCR analyses. The expression
levels of 17 genes were divided according to those of
h-GAPDH. The microarray and real-time qRT-PCR data were
well correlated (Spearman’s correlation coefficient by rank
test = 0.975; Figure 8c).

Moreover, of the 16 605 transcripts, 436 transcripts (2.6%)
were twofold lower in expression in the c-heps than in the
h-heps (P <0.05, two-sided Welch’s ¢-test). Of the same total,
197 transcripts (1.2%) showed twofold greater expression in
the c-heps than in the h-heps (P<0.05; Supplementary
Table 3).

DISCUSSION

We morphometrically determined the structure of chimeric
mouse livers, clarified the ratios of their component cells
(heps, Kupffer cells, SECs, and stellate cells), and determined
their ~ morphological  relationships  through  im-
munohistochemistry and electron microscopy. We recently
reported that BrdU incorporation into h-heps was ~6% at
2 or 3 weeks after transplantation, had decreased there-
after, and had dropped to ~2% at 7 and 9 weeks after
transplantation. At 11 weeks after transplantation, BrdU

B>

Figure 5 Ultrastructure of the chimeric mouse livers as revealed by TEM (a~e) and SEM (f). The h-heps contained abundant glycogen and the presence
of lipid droplets (a, d), whereas the mouse hepatocytes damaged by uPA expression showed an abundance of small granules (indicated by the arrow
in the inset; b). The mouse hepatocytes normalized by deletion of the uPA gene showed a normal structure (c). Bile canaliculi formed on the apical
membranes of adjacent human hepatocytes, (d) and sinusoidal structures were observed on the basal cell membranes (a, d). A hepatic stellate cell
containing lipid droplets was observed in the space of Disse (e). Fenestration was normally seen on SECs (f). Bar indicates 1 um in (a-c¢, e, f); 0.5 um in
the squares of (b); and 5um in (d). BC, bile canaliculi; BL, blood cell; HSC, hepatic stellate cell; L, lipid droplets; M, mitochondria; SD, sinusoid; SEC,

sinusoidal endothelial cell.
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incorporation was ~ 1%, which was the same as the control
level in adult SCID mouse livers.?’ We also demonstrated
that the liver weight to body weight ratios of chimeric
mouse livers were ~2 times greater than those of normal
mice when the transplants terminated proliferation.?® These
results were considered to indicate hyperplasia of the h-heps,
as no significant differences in cell size were observed.?)
The mRNAs of proliferating h-heps contained lower levels of
TGF-f type I receptors (TGFBR1), TGFBR2, and activin A
type ITA receptors (ACVR2A) than that of resting h-heps
from human livers (normal levels), and these levels remained
low when the transplants terminated proliferation.?
Therefore, we suggested that the chimeric mouse livers
terminated their growth because of contact inhibition of
h-heps or other mechanisms without the TGF-f signaling
pathway. From these data, we determined that the h-heps
in the chimeric mouse livers were not completely in the
GO stage. The h-heps in the chimeric mouse livers showed
twin-cell plates, indicating that some of the proliferating
features continued as in regenerating or neonatal livers.?
In the present study, the morphometric analysis revealed
similar HSC ratios in chimeric and SCID mice but an
h-hep ratio in the chimeric mouse livers that was twofold
higher than that in the SCID mouse liver, corresponding to
the twin-cell plates in the chimeric mouse liver. The liver
blood flow rate was similar between the SCID and chimeric
mice. On the other hand, sinusoidal blood flow in
the chimeric mouse was approximately one-half of that in
the SCID mouse, probably because of the enlargement of
the chimeric mouse liver. However, no disorders in the
microcirculation of the chimeric mouse liver were observed.
The oxygen consumption rate of hepatocytes is known
to be negatively correlated with the average body weights
of different species.”? Using a formula showing the relation-
ship between resting hepatocyte oxygen consumption (y)
and body weight (x) (y=7.09x),* the ratio of the hepato-
cyte oxygen consumption of mouse (body weight: 0.02 kg)
to that of human (body weight: 60kg) is ~5. In the
present study, the oxygen consumption of h-heps was
1/4.5 of m-heps, which was very close to the above
calculated rate.

After partial hepatectomy, the division of heps resulted in
twin-cell plates, and the heps subsequently showed hypoxia.*
HIF-1 induction induced expression of downstream genes,
such as VEGF and TGF-$3.2* The author suggested that
hypoxia of the heps induced reconstruction from twin-cell
plates into single-cell plates by growth of the SECs.**
hHIF-1a, hVEGE and hTGF-f3 mRNA expression levels in
the chimeric mouse livers were lower than those in human
livers by real-time qRT-PCR (data not shown). In the present
study, no evidence was found that the h-heps showed
hypoxia in the chimeric mouse liver. This finding suggests
that the h-heps in the chimeric mice may not be hypoxic,
even in the twin-cell plates, because of low oxygen
consumption in these cells.

66

With electron microscopic observation, we were able to
easily distinguish h-heps from m-heps in the white areas
because of the highly expressed uPA gene. The h-heps showed
abundant glycogen and large lipid droplets, whereas m-heps
in the white areas had abundant small vesicles in the cyto-
plasm. Distinguishing h-heps from m-heps in the red areas
was difficult because of the deletion of the uPA gene. M-heps
retained quantities of glycogen particles, and careful ob-
servation of m-heps in the red areas revealed prominent
peroxisomes and fewer lipid droplets in the uPA-gene-deleted
m-heps than in the h-heps. On the other hand, very few
peroxisomes were present in the h-heps. Junctional com-
plexes and bile canaliculi were frequently observed between
h-heps in the chimeric mouse livers. In rare cases, bile ca-
naliculi were formed between h-heps and m-heps. In the
peripheral cytoplasmic areas of two adjacent h-heps or a
h-hep and a m-hep, abundant microvilli projected into the
intercellular clefts on the lateral aspects of the hepatocytes.
These characteristic morphological features have been fre-
quently observed in regenerating livers.>> The formation of
junctional complexes and bile canaliculi between m-heps and
h-heps is an important finding that demonstrates the ability
of the mouse bile duct system to extract bile produced by the
h-heps. Electron microscopic examination further revealed
that SECs and stellate cells existed normally along hepatic cell
plates. Fenestration was observed on the SECs in the chimeric
mouse livers. These results indicate that chimeric mouse livers
showed twin-cell plates like those often seen in regenerating
and neonatal livers, whereas h-heps and m-HSCs were
normally reconstructed in the chimeric mouse livers.

The present study is the first to compare the gene ex-
pression patterns of c-heps and h-heps using microarray
analysis. Approximately 829% were expressed at similar levels
(< 2-fold difference) in the two types of hepatocytes. There
was the possibility that mouse transcripts were also included
as cDNAs hybridized in the currently adopted microarray
assay. Our previous study indicated that the RI represented a
lower estimation of the real h-hepatocyte purity in hepato-
cyte preparations because m-heps were often lost during
collagenase digestion because of fragility against the enzyme.
The correct h-hepatocyte purity in the c-heps was
90.8+6.4% (n=10).17 We further checked the cross-
hybridization of the cDNAs of the mouse livers and found
that 5643 of 54675 (10.3%) transcripts were positive. As a
whole, the presence of m-heps in the c-heps at <10% did not
affect the microarray assays in the present study.!” PCA and
cluster analyses showed that the gene expression patterns of
the c-heps were extremely similar to those of the h-heps. These
data support our previous finding that c-heps retain
phenotypes similar to those of h-heps, including P450
(CYP), phase II enzymes, and transporters.”* The c-hep
samples and h-hep samples are clearly distinct with the
‘normal’ liver. One possible explanation is that the normal
liver tissue contains both h-heps and h-HSCs. Using Fisher’s
test, we also analyzed 46336 probes that were assigned as
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Figure 6 Immunohistochemistry of proteins related to cell adherence in human and chimeric mouse livers, and enzyme histochemistry of DPPIV in
SCID and chimeric mouse livers. 9IMM-chimeric mouse and human liver sections were stained with ZO-1 (a, b) and occludin (¢, d) antibodies and
stained for DPPIV (e, f). These proteins were located between hepatocytes in the chimeric mouse livers (a, ¢) and the human livers (b, d). Fewer
occludin deposits were observed in the chimeric mouse livers (¢) than in the human livers (d). DPPIV-positive signals were located on the basal

membranes in the SCID mice (f), but were also observed at the peripheries of human hepatocytes in chimeric mice (e). Bar = 10 um. Magnification is
the same in all panels.

positive (P flag) for at least one of the flags in any of the  signals more than 2 times higher or lower compared with the
c-heps, h-heps, or 22 h-tissues (Supplementary Table 4).  average signals of all the tissues. The number of overlap probes
The overlap P-values and odds ratio were determined between  were found to be 539-642 among 685 probes in the liver high
the liver signature probes and the probes of the h-heps with  expression signature, and the overlap P-values in the liver high
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Figure 7 Ultrastructure of cell-cell contact in the chimeric mouse livers. Bile canaliculi were observed between adjacent h-heps (a) and between

h- and m-heps (b) in the 4YF-chimeric mouse liver, as well as junctional complexes (tight junction, 1; adherence junction, 2; desmosome, 3). In the
peripheral cytoplasmic areas of groups formed by two adjacent human hepatocytes and one m-hep, many microvilli projected into the intercellular
clefts on the lateral aspects of the hepatocytes (c). We judged that the left and right cells in (b) are m-hep damaged by uPA expression and h-hep,
respectively, because many membrane-limited granules are scattered throughout the cytoplasm in the left cell and the presence of abundant glycogen
particles is observed in the cytoplasm in the right cell. A small number of cone-like cytoplasmic processes made contact with neighboring cells (¢, d).
Gap junctions were frequently observed between human hepatocytes (e). Bar=0.5um in (a); 1 um in (b, ¢, d); and 0.1 zm in (e). BC, bile canaliculi; G,
Golgi complex; Ly, lysosome.

expression signature were <2.2x 10 '%. The number of  expression signature; however, the overlap P-values in the liver
overlap probes were 153—485 among 805 probes in the liver  low expression signature were also <2.2 x 10~ '°. From these
low expression signature and were fewer than in the liver high  data, we observe that the c-hep samples, h-hep samples,
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Figure 8 Similarity of gene expression between c-heps and h-heps. (a) PCA of c-heps, h-heps, and 22 h-organs or tissues. (b) Cluster analysis using the
685 liver high signature probes and the 805 liver low signature probes for c-heps, h-heps, and 22 h-tissues. (¢) Comparison of the gene expression
profiles of chimeric and human hepatocytes using microarray and real-time gRT-PCR analyses. The ratios of gene expression in c- and h-heps, as
obtained from the microarray analysis and real-time qRT-PCR, were compared for 17 genes. These data were well correlated.

and liver are highly similar, particularly in the liver high Microarray analysis showed that 191 (170 genes) and 436
signature probes, but the differences in the expression levels of (320 genes) probes were significantly (> 2 times) higher and
the liver low signature probes resulted in the clear distinction  lower, respectively, in c-heps than in h-heps. These genes may
of the c-hep samples and h-hep samples with the ‘normal’ be up- and down-regulated in the chimeric mouse livers,
liver. probably by mismatched receptor-ligand combinations
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Table 3 Blood chemistry of chimeric, uPA/SCID, and uPA (wt/wt)/SCID mice

Sex Chimeric uPA/SCID SCID Human (reference value,
Male Female Male Male Male and female)

Age (w) 134109 120+19 120£0.0 11.0£00 —

Body weight 173+23 17617 174+03 273409 -

n 5 5 5 3 —

GOT u/t 214.6 £75.1%% 1268+725 367.6 £ 107.7%" 440233 20-48°

GPT ust 08.6 +16.8% 586+ 180 176.4 £ 28.9%+° 443 +£37.7 10-40°

GGT u/t 230 +£4.6% 15.0+£3.9 1.2£04 37+46 0-30°

CHE u/l 396.8 £ 80.2%% 282.2 £ 34 426 + 8.0%#P 180+52 660-16209

BUN mag/dl 273 +40 232%46 246 +9.1 253+39 8-23¢

TCHO mg/dl 880+258 69.6+18.7 56.8 + 6.8¥*" 833125 <200°

HDL-c mg/dl 202 +3.4%% 188+37 5244 7.0%° 727 %68 35-80°

TG mg/dl 1292+246 133.24+138 822110 99.3+£102 10-190°¢

TBIL mg/dl 04101 04+00 05%02 06+05 03-1.2¢

GLU mg/d| 1546+216 148.8+319 116.4 £30.5 1547 £14.2 70-110°

ALB g/dl 3.0+ 04% 24+0.1 1.7+03 22+03 3.5-5.0¢

TP g/di 50x0.7 4203 35+£0.7% 53+06 6.0-8.0°

3Chimeric mouse (male) vs SCID mouse (male).
PUPA/SCID mouse (male) vs SCID mouse (male).
‘Reference number.?!

9Reference number.22

*P<0.05, ¥*P<0.01.

because of species differences. For example, h-heps were
considered to be deficient in growth hormone (GH) because
the hGH receptor (hRGHR) was unresponsive to mouse GH.%
Human insulin-like growth factor 1 (IGF-1) was undetectable
in chimeric mouse sera.!”?” We recently identified 4
downregulated and 14 upregulated genes in the chimeric
mouse livers when they were treated with hGH.'7 In this
microarray analysis, the expression level of fatty acid
desaturase 1 (FADSI, c-heps/h-heps ratio: 20.225) was
significantly — higher in c-hep than in  h-heps
(Supplementary Table 3). Meanwhile, the expression levels
of IGF-1 (c-heps/h-heps ratio: 0.002), suppressors of cyto-
kine signaling 2 (SOCS2; 0.012 and 0.030), nicotinamide
N-methyltransferase (NNMT; 0.025 and 0.019) chromosome
5 open reading frame 13 (C50rF13; 0.345), solute carrier
family 16, member 1(SLC16A1; 0.485 and 0.432), steroid-
5-a-reductase, and o-polypeptide 1 (SRD5A1; 0.486 and
0.461) were significantly lower in c-heps (Supplementary
Table 3). Consequently, 1 of 170 genes and 6 of 320 genes
were up- and down-regulated in c-heps, respectively, because
of the lack of hGH in the sera.

Biochemical testing of the chimeric mouse sera revealed
high GOT and GPT levels in chimeric and uPA/SCID mice,
probably because of m-hep damage caused by uPA expres-
sion.»?® CHE was higher in chimeric mice than in uPA/SCID
and SCID mice, which may be a result of the influence of

70

typically higher h-hep CHE levels. Serum HDL-c levels are
higher in mice than in humans, because mice lack cholesterol
ester transport proteins that convert HDL-c to LDL-c.?
HDL-c was lower in the chimeric mice than in the uPA/SCID
mice, SCID mice, and humans. At present, the reason
for the low HDL-c levels in the chimeric mice is not clear.
Further investigations are needed to resolve this question.

We conclude that the chimeric mouse livers showed nearly
normal morphology and expressed most genes at similar
levels as normal human livers.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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LIVER INJURY/REGENERATION

Adipose Tissue-Derived Stem Cells as a Regenerative
Therapy for a Mouse Steatohepatitis-Induced
Cirrhosis Model

Akihiro Seki,"*" Yoshio Sakai,"" Takuya Komura,® Alessandro Nasti,”* Keiko Yoshida,” Mami Higashimoto,’
Masao Honda,' Soichiro Usui,” Masayuki Takamura,” Toshinari Takamura,” Takahiro Ochiya,"‘
Kengo Furuichi,” Takashi Wada,® and Shuichi Kaneko'*

Cirrhosis is a chronic liver disease that impairs hepatic function and causes advanced fi-
brosis. Mesenchymal stem cells have gained recent popularity as a regenerative therapy
since they possess immunomodulatory functions. We found that injected adipose tissue-
derived stem cells (ADSCs) reside in the liver. Injection of ADSCs also restores albumin
expression in hepatic parenchymal cells and ameliorates fibrosis in a nonalcoholic stea-
tohepatitis model of cirrhosis in mice. Gene expression analysis of the liver identifies
up- and down-regulation of genes, indicating regeneration/repair and anti-inflammatory
processes following ADSC injection. ADSC treatment also decreases the number of in-
trahepatic infiltrating CD11b" and Gr-1" cells and reduces the ratio of CD8/CD4"
cells in hepatic inflammatory cells. This is consistent with down-regulation of genes in
hepatic inflammatory cells related to antigen presentation and helper T-cell activation.
Conclusion: These results suggest that ADSC therapy is beneficial in cirrhosis, as it can
repair and restore the function of the impaired liver. (HepaTOLOGY 2013;58:1133-1142)

irrhosis is a serious, life-threatening advanced

stage of chronic liver disease that leads to he-

patic dysfunction.” Cirrhosis frequently devel-
ops into hepatocellular carcinoma,™ which exacerbates
the prognosis of patients with cirrhosis. The ultimate
treatment for cirrhosis is a liver transplam,4 which can
be lethal.’ The number of donor livers, however, is
not sufficient to meet the needs of all transplant
patients. Thus, a novel therapy for cirrhosis needs to
be developed to improve cirrhotic liver prognosis.

The underlying pathogenesis of chronic liver disease
is persistent inflammation. Advanced disease is marked
by advanced fibrosis concomitant with distorted liver
architecture characterized by regenerative nodules and

impaired hepatic function. Advanced fibrosis in the
cirthotic liver is also a risk factor for the development
of hepatocellular carcinoma.® Treatment of cirrhosis
suppresses inflammation by eradicating hepatitis virus
infection or reducing liver steatosis in nonalcoholic
steatohepatitis (NASH). Decreasing liver inflammation
and function the
prognosis.

Pluripotent mesenchymal stem cells (MSCs) differ-
entiate into adipocyte, chondrocyte, and osteocyte
lineages.7 These cells can also differentiate into other
and hepatocytes.()’10
MSCs can also regulate the immune response.11 Thus,
MSCs attract attention as a therapeutic target in the

restoring  hepatocyte improves

lineages, including neurons®

Abbreviations: ADSCs, adipose-tissue-derived stem cells; AFR alpha-fetoprotein; Ath+ HE atherogenic high-fat; IL, interleukin: MME matrix metalloproteinase;
MSC, mesenchymal stem cells; NASH, nonalcobolic steatohepatitis; PBS, phosphate-buffered saline; 18S yRNA, 18S ribosomal RNA; «-SMA, alpha-smooth muscle
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