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2001), is such a mutant mouse with ovulatory impair-
ment. Mouse models that facilitate detection of the
ovulatory responses are highly supportive of the quan-
titative assessment of such responses. Enhanced green
fluorescent protein (EGFP) has been used as a geneti-
cally encoded fluorescence marker owing to its auto-
catalytic formation of the chromophore (Tsien 1998).
This protein has provided us with valuable approaches
in live cell imaging, including the tracking of GFP-
labeled living cells in tissues. In fact, we generated a
mouse line expressing EGFP in an estrogen-dependent
manner in restricted tissue sites (Toda et al. 2004) and
employed it as a biosensor to assess the estrogenic
activity of endocrine-disturbing chemicals (Toda et al.
2005). During the generation of EGFP-mouse lines
showing expression patterns different from the previous
line, a few transgenic lines were selected owing to their
characteristic expression of EGFP, namely, expression
of the transgene in oocytes in females. Here, we report
characterization of one of the transgenic mouse lines
that we obtained and its application for evaluation of the
ovulatory responses of aromatase-deficient mice.

Materials and methods
Animal care

Animal experiments were carried out according to the
guidelines of institutional animal regulations. All
animals were maintained on a 12 h light/dark cycle at
22-25°C and given water and phytoestrogen-low
rodent chow (NIH-O7PLD, Oriental Yeast Ltd., Tokyo,
Japan) ad libitum. The aromatase gene (Cypl9a) was
disrupted by homologous recombination (Toda et al.
2001). The genetic background for the present study
was a mixture of C56BL/6j and BDF1.

Generation and selection of EGFP transgenic mice

The structure of the EGFP transgene employed in the
present study was schematically presented in Fig. la.
The transgene (2 kbp) consists of the estrogen-respon-
sive element (ERE) of the Xenopus laevis A2 vitello-
genin gene and a minimal promter of the mouse heat
shock protein (HSP) 68 gene linked to the EGFP coding
sequence and SV40 polyadenylation sequence. A DNA
fragment containing the ERE (underlined in the
sequence), 5-TCTAGAGGTCACAGTGACCTGAA

&) Springer

GTTAATGTAACCTCATCTAGA-3" was prepared
by digestion of pERETKLuc plasmid DNA (a gift from
Prof. MG Parker) (Mak et al. 1999) with Xbal. The
fragment was inserted into EcoRV/Ndel-digested
puestinhsp68EGFP (Kawaguchi et al. 2001). Trans-
genic mice were generated according to the method as
described (Hogan et al. 1994). A purified DNA fragment
obtained by digestion of the transgene vector with Sall
and Scal was injected into fertilized eggs of a mouse
strain, BDF1, which was generated by crossing between
female C57BL/6 and male DBA/2. The manipulated
eggs were transferred into foster mothers. A total of 59
pups (34 male and 25 female pups) were obtained. The
59 founders were outcrossed with CS7BL6/J to yield F1
offspring. Transmission of the transgene was examined
by PCR analysis using tail DNA with the following
primers: P1-EGFP, 5-GAGCTGGACGGCGACGT
AAAC-3’; and P2-EGFP, 5'-CACCTTGATGCCGTT
CTTCTGC-3' (Toda et al. 2004), and the expression of
EGFP was determined by observation of tissues from
the F1 offspring under a fluorescence stereomicroscope.
These analyses identified 12 founders that transmitted a
functional EGFP gene. Mice of the selected line were
crossed repeatedly with mice heterogeneous for the
Cypl9a locus to produce aromatase (Cypl9a)-deficient
mice carrying the EGFP transgene. In this report, we
hereafter refer to the wild-type mice with the EGFP
transgene and mice lacking the functional CypI9a with
the transgene as Ar™" mice and Ar” mice,
respectively.

Total genomic Southern blot analysis and copy
number estimation of the EGFP gene

Genomic DNA (20 pg) from the tail of mouse line
C41 was cleaved to completion with either BamHI or
Pstl and electrophoresed on a 0.8 % agarose gel. The
DNA fragments were then transferred to a nylon
membrane filter and the filter was hybridized with the
32p_radiolabeled cDNA fragment coding for EGFP. In
order to estimate copy numbers of the transgene
integrated into the mouse genome, the coding region
of the EGFP gene was amplified by PCR with P1-
EGFP and P2-EGFP primers using the genomic DNA
of the transgenic mouse and known amounts of the
transgene used for microinjection. The amounts of the
PCR products from the tail DNA were compared to
those from known amounts of the transgene to
calculate approximate copy numbers in the genome.
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HSP68

EGFP —pA—

Fig. 1 Schematic view of the transgene, ovarian expression of
the transgene and Southern blot analysis of the genomic DNA of
the generated transgenic mice. a The transgene (2 kbp) consists
of the estrogen-responsive element of the Xenopus leavis A2
vitellogenin gene and a minimal promoter of the heat shock
protein 68 gene (HSP68) linked to the EGFP ¢cDNA (EGFP) and
SV40 polyadenylation sequence (pA). b Assessment of EGFP

Visualization and recording of EGFP fluorescence

Imaging of EGFP fluorescence was carried out using a
fluorescence stereomicroscope (MZ FLIII; Leica,
Deerfield, NJ) with a filter set, composed of a
480/440-nm excitation filter and a 510-nm barrier
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expression in the ovary of three founder lines in vivo. Imaging of
EGFP fluorescence was performed with a fluorescence stereo-
microscope for the unfixed ovary. Scale bar is 1 mm. ¢ Total
genomic Southern blot analysis on mouse of line C41. Genomic
DNA from Ar'™™ mice with the EGFP gene was digested
completely with either Pstl or BamHI. A radiolabeled fragment
of cDNA coding for EGFP was used as a probe

filter. The images were recorded using a cooled digital
color charge-coupled device camera (C4742-95,
Hamamatsu Photonics, Hamamatsu, Japan) mounted
on the stereomicroscope.

To obtain images of EGFP fluorescence in sections,
ovary and testis were fixed in a solution of 4 % (v/v)
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paratormaldehyde at 4 °C for 1 h and then immersed
in phosphate-buffered saline containing 10 % (w/w)
sucrose at4 °Cfor 15 h. The tissues were embedded in
optimal cutting temperatare compound (Sakura,
Tokyo Japan) and cut into 15-pm-thick sections. After
DNA was stained with 4,6-diamidino-2-phenylindo-
le-2HCl (DAPI), sections were observed under a
fluorescence microscope (Olympus BX50, Otympus,
Tokyo Japan).

Quantification of EGFP fluorescence

To prepare tissue extracts containing EGFP, tissues
(~0.2 g) from five transgenic mice for each genotype
at 2-month-old were homogenized in 2 ml of 10 mM
Tris—HCI (pH 7.2) containing 1 mM EDTA and 0.2 %
(w/w) sodium dodecyl sulfate using a Polytron
PT1200 homogenizer (KINEMATICA, Lucerne,
Switzerland). After centrifugation at 2,000xg for
10 min at 4 °C, the supernatants containing EGFP
were recovered for fluorometry using a spectrofluo-
rometer (RF-5300PC, Shimadzu Corp., Kyoto, Japan).
The filters used were 480 nm for excitation and
510 nm for emission. Purified recombinant EGFP (BD
Clontech, Palo Alto, CA, USA) was employed as a
standard to calibrate the amounts of EGFP expressed
in the tissues of the transgenic mice (Toda et al. 2004).
The amounts of EGFP in the extracts are expressed as
picograms of EGFP per microgram of total protein of
the tissue extracts examined.

Induction of ovulation

Powder (15 mg) of 17p-estradiol (E2) (Sigma, min-
imum 96 % purity) was first dissolved in 0.8 ml of
ethanol, then diluted to 8 ml with sesame oil (Nacalai
Tesque, Kyoto, Japan). Pregnant mare serum gonado-
tropin (PMSG) (Serotropin®, ASKA Pharmaceutical
Co., Ltd., Tokyo, Japan) and human chorionic gona-
dotropin (hCG) (Wako Pure Chemical Industries,
Osaka, Japan) were dissolved in 0.9 % NaCl solution
at 500 and 2,500 international units (IU)/ml, respec-
tively. Ovulatory induction was conducted according
to a protocol described previously (Toda et al. 2012)
with slight modifications. In Group A, Ar™'™ mice at
4 weeks of age were supplemented with E2 on days 1,
4 and 5 (18 mg/kg body weight, subcutaneous injec-
tion). In Groups B, C, and D, E2 supplementation on
day 1, day 4, and day 5 was, respectively, omitted
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(Table 2). The mice were injected with PMSG (25 TU/
mouse, intraperitoneal injection) on day 4. At 48 h
after PMSG injection (on day 6), hCG (25 IU/mouse,
intraperitoneal injection) was administered. Ar™'"
mice were stimulated with 5 TU of PMSG and hCG on
day 4 and day 6, respectively. Ovulatory response was
observed under a fluorescence stereomicroscope at
15 h after the hCG injection,

Statistical analysis -

Data are expressed as the mean + SEM. The signif-
icance of differences was. analyzed by unpaired £ test
using InStat software (GraphPad Software Inc., San
Diego, CA, USA). P values less than 0.05 were
con51dered 51gn1ﬁcant

Resu]t‘s !

Gener: atmn and selection of: transgemc mice
expressing EGFP protem

Twelve (7'males and 5 females) of the 59 founder lines
expressed functional EGFP. Fluorescence stereomicro-
scopic analysis revealed that three of the 12 founders
expressed the EGFP gene in oocytes (Fig. 1b). As line
C41 showed the strongest fluorescence in the ovary
among these three lines under a fliorescence stereomi-
croscope. We characterized line C41 more extensively.
We noticed no impairment in. fertility in line C41,
producing on average 6.5 & 1.7 offspring per litter
(male, 32 £ 1.3; female, 3.7 &= 1.7) (n = 30 litters).
Total genomic Southern blot analysis by digestion of
the murine DNA with Psf or BamHI, of which the
recognition sequence does not exist within the EGFP
gene, gave a single band hybridized with the EGFP
probe, suggesting that the transgene was incorporated at
a single locus in the genome (Fig. 1¢). Approximately 6
copies of the EGFP transgene were estimated to be
incorporated into the genome when analyzed by PCR
amplification.

Quantitative analysis of EGFP expression using
2-month-old mice of line C41 revealed high expres-
sion in heart and adrenal gland in both female and
male mice (Fig. 2). The analysis also showed that a
relatively high level of EGFP expression (more than
20 pg EGFP/pg protein) was detected in the lung and
aterus in Art/t females and in the skeletal muscle,
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Fig. 2 Tissue distribution of EGFP in mouse of line C41.
Quantitative analysis of EGFP expression using 2-month-old
females (upper panel) and males {lower panel). The amounts of
EGFP were measured by fluorescent spectrophotometry in
various tissues including heart (H1), adrenal gland (Ad), skeletal
muscle (Mu), thymus (Th), lung (L), pituitary gland (Pi),
kidney (Ki), spleen (Sp), gonadal fat pad (Fa), hypothalamus
(Hy), cerebellum (Ce), cortex (Co), hippocampus (Hi), liver

epididymis and testis in Ar™" males. Low levels of
the EGFP expression (<20 pg/ug protein) were
detected in the other several tissue sites examined
(Fig. 2). Quantification of EGFP expression in the
females of lines B27 and C38 showed high levels of
expression in heart and adrenal gland as observed in

Ki 8p Fa Hy Ce Co Hi Li Bm Ut Ov

Al‘+/+ AI.—/-

=
K v I
o s W W | (.

Ce Co Hi Bm Li Ep Te

(Li), bone marrow (Bm), uterus (Ur), ovary (Ov), epididymis
(Ep) and testis (Te) The amounts are expressed as pg EGFP per
ng total protein for each tissue examined. The analysis was
carried out on five animals per group. Open and closed bars
indicate Ar™" and Ar~'" mice, respectively. *P < 0.05 relative
to Ar™'" mice fed a control chow diet. The error bars represent
the SEM

line C41 (Table 1). We also detected high levels of
EGFP expression in the kidney, fat pad, liver and
ovary in females of line B27, but the expression level
in the lung and uterus was not marked as observed in
line C41. In contrast to lines C41 and B27, EGFP
expression was generally high in all tissue examined,
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Table 1 Tissue distribution of EGFP in female Ar™'™ mice of
lines B27 and C38

Line B27 Line C38

Heart 36.1 £3.2 418 £ 9.7
Adrenal gland 436+ 175 549 + 2.6
Skeletal muscle 44 4+ 05 16.1 £28
Thymus 9.8 &£ 2.7 13.0 £ 35
Lung 129 £ 0.6 309 £ 9.0
Pituitary gland 99+ 1.1 70.0 + 153
Kidney 369+ 49 649 £+ 142
Spleen 9.1+04 9.6+ 1.0
Fat pad 284 4+ 49 34.1 £42
Hypothalamus 1554+ 25 463 £ 4.9
Cerebellum 185 £ 0.9 35.1 £ 4.1
Cortex 144 + 1.8 349+ 55
Hippocampus 129415 352+ 45
Liver 225+26 189 4 3.7
Bone marrow 9.1+ 06 ND
Uterus 110+ 19 346 £+ 84
Ovary 202 £5.0 29.0 £ 2.9

The amounts were expressed as EGFP (pg) per total protein
(ug) for each tissue

ND not determined

except for skeletal muscle, thymus, spleen and liver in
females of line C38.

Expression of the EGFP gene in Ar™™ mice of line
C41

The expression levels of EGFP in mice of line C41
lacking Cypl9a (Ar™'™ mice) were compared to those
in the Ar™" mice to assess the estrogen dependence of
transgene expression. High levels of expression were
detected in heart, adrenal gland, lung and uterus, as
observed in Art’* females. In addition, the kidney and
ovary expressed the EGFP gene at high levels in Ar™~
females. Of these tissues, the kidney, uterus and ovary
showed a significant difference compared with the
expression levels in Ar™'" females (Fig. 2). Although
not statistically significant, expression levels in the
spleen and bone marrow were higher in Ar™™ mice
than in Ar™* females. In Ar~”~ male mice, the
expression was reduced in the muscle and thymus,
and increased in the gonadal fat pad compared with
those in the Ar'’* males. Whereas uterine expression of

the transgene was higher in Ar™" mice than in Ar™™
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Fig. 3 Expression of the EGFP gene in the gonadal tissues of
mouse of line C41. Imaging of EGFP fluorescence expressed in
the Art™ ovary (a) and testis (b) was performed with a
fluorescence microscope for sections of the fixed tissues. Leydig
cells in the interstitial space’ of testis (b) showed non-specific
fluorescence, as testicular sections of mice without the EGFP
gene revealed similar fluorescent images under our experimen-
tal conditions. Scale bar is 100 pum

mice, the differences in the expression levels in the
other tissue sites seemed to be marginal between Ar™'*

and Ar™'" mice.
Expression of EGFP in germ cells

Next, we examined the gonadal expression of EGFP
more closely in mice of line C41. The results clearly
demonstrated that the expression was restricted to
oocytes and was found in neither granulosa nor theca
cells in the ovary. Furthermore, oocytes before prean-
tral stages did not express the EGFP gene (Fig. 3a).
Examination using testicular sections revealed that the
spermatids were the cells expressing the EGFP gene.
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We detected EGFP expression neither in spermatogo-
nia, spermatocytes nor mature spermatozoa (Fig. 3b).

Ovulatory induction of mice expressing the EGFP
gene

We employed the transgenic mouse line C41 to
evaluate the ovulatory response of the Ar~~ mouse.
When ovulation was induced in the Ar™" mice by
gonadotropin injections at standard doses (5 IU of
PMSG and hCG), the fluorescent oocytes were
observed in the oviducts at 15 h after hCG injection
(Fig. 4a, b). As reported previously (Toda et al. 2001),
when Ar~~ females were stimulated with the same
dose of gonadotropins, no EGFP-positive oocytes
were detectable in the oviducts (data not shown). In
contrast, upon treatment of Ar~'~ mice with the
alternative super-ovulatory protocol (Toda et al
2012), EGFP-positive oocytes were detected in the
oviducts (Fig. 4c). These results demonstrated that the
current transgenic mouse line expressing EGFP in
oocytes allows us to assess ovulatory responses
accurately and conclusively.

Next, we examined which E2 supplementations,
given at three points within the protocol: days 1, 4 and
5, are essential for the ovulatory induction in Ar~'~
mice. Ovulatory response could be detected in five out
of twelve Ar™’™ mice examined after the treatment
without the E2 supplementation on day 1 (Table 2). In
contrast, when the supplementation on day 4 (n = 11)
or on day 5 (n = 14) was omitted, no Ar~'™ mice
showed ovulation, indicating that E2 supplementation
after gonadotropin stimulation is essential for ovula-
tory induction in Ar ' "mice.

Discussion

The EGFP transgenic mouse line C41 was fortuitously
generated. Southern blot analysis using total genomic
DNA of the present transgenic mouse suggested that
the transgene is integrated at a single unique site in the
genome. Comparison of the abundance of EGFP
fluorescence between Ar™'™ and Ar~~mice of line
C41 revealed that the uterine expression was higher in
the former mice than in the latter, indicating that the
expression seems to be estrogen-dependent. However,
we detected higher expression of the transgene in the

Fig. 4 Ovnlated oocytes in the oviducts observed with a
fluorescence stereomicroscope. In Artt (a, b) and AT
females (c) of line C41 at 4 weeks of age, ovulation was
induced. Ovulatory responses were evaluated under a fluores-
cent stercomicroscope at 15 h after the hCG injection. Arrows
indicate ovulated oocytes expressing EGFP. Scale bar is
0.5 mm
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Table 2 Gvulatory response of Ar" mice

Day 1 Day 4 Day 5 Day 6  Number  Number Number Reference

- of mice of mice  of oocytes

E2 E2 PMSG B2 hCG ) examined ovulated ovulated

(18 mg/kg) (18 mglkg) (25 ny (s mg/kg) (25 IU)
Group A+ + Tt + + 60 42 69+ 09 Toda et al. (2012)
Group B — + C + + 12 5 44+ 1.1  This study
Group C  + - + + + 11 0 - This study
Group D + + + - + 14 0 - This stady

ovary in the Ar~" mice than that in Art'* mice.
Furthermore little differences in the expression levels
in the pituitary gland, which is highly sensitive to
estrogenic chemicals (Toda et al. 2005) were
observed between 2-month-old Ar** and Ar~""mice.
We thus concluded that the EGFP transgene in' line
C41 was expressed in an estrogen-independent man-
ner in vivo. Shedding of the estrogen-dependency
might be caused by silencing the function” of the
regulatory element due to genomic integration of the
transgene (Ristevski 2005). It is- also tempting to
speculate that some regulatory networks 0f gene
expression have become functional in heart, adrenal
gland and germ cells due to the influence of regulatory
elements neighboring the integration site of the
transgene. Nevertheless, quantitative analysis of
EGFP expression showed high levels of its expression
in heart and adrenal gland in three different founder
lines, indicating that the transcuptxonal controlling
units including the DNA fragment containing the ERE
of the Xenopus leavis A2 vitellogenin gene and the
transcription driving sequence from the mouse HSP68
gene might preferentially promote the expression of
the EGFP gene in the tissue sites.

Histological analysis of gonadal tissues of line C41
revealed the expression of EGFP in spermatids in the
testis and oocytes in ovarian follicles beyond preantral
stages. We did not observe the expression in sperma-
togonia nor in oocytes in primordial follicles. Thus the
expression of the EGFP transgene in line C41 might
depend on factor(s) that might get to be functional
after the germ cells progress to a certain stage of
development. We also observed no EGFP expression
in spermatozoa present in the lumen of seminiferous
tubules or epididymis. The negative expression in
spermatozoa seems to be due to removal of cytoplasm
during a process of development of compact and
slender spermatozoa from spermatids.
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It was reported that the expression of EGFP in vivo
negatively correlates with the developmental compe-
tence of preimplantation mouse embryos (Devgan
et al. 2004) and also affects metabolic activities (Li
et al. 2013). Current transgenic mouse line C41 did not
reveal a detectable sign of reproductive difficulty.
Nevertheless the litter size was smaller than that of our
previous EGFP reporter, line KT2 (Toda et al. 2004),
showing on average 8.9 = 2.2 offspring per litter
(n = 19 litters). This might reflect some detrimental
effects of EGFP expression in oocytes on reproductive
activity. However the differences in the litter size
might be attributable to differences in the genetic
background between the two lines.

Genetically modified murine models such as mice
lacking the SULTIE] gene (Gershon et al. 2007) or
LRH-1 gene (Duggavathi et al. 2008) demonstrated
that ovarian estrogens at high levels were detrimental
to ovulatory induction. In order to elucidate the
minimum requirements of E2 supplementations for
ovulatory induction in aromatase-deficient mice, we
employed Ar~'~ mice of line C41, in which fluores-
cent oocytes are readily detectable within the oviduct,
allowing us to evaluate accurately the ovulatory
responses after stimulation with various combinations
of stimulants including E2. The results demonstrated
an absolute requirement of E2 supplementation at the
time when gonadotropins were administered for
ovulatory induction in Ar™'" mice. It is well estab-
lished that luteinizing hormone receptor (LH/CG-R)
expression was induced by synergic actions of E2 and
FSH (Richards et al. 1979; Knecht et al. 1985). We
confirmed the synergism in aromatase-deficient mice
as well (Toda et al. 2012). It is thus interesting to
examine whether or not different protocols for E2
supplementation can alter the synergic actions of E2
with FSH for LH/CG-R expression in Ar™™ mice,
which might explain the observed differences in the
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ovulatory responses in Ar~'~ mice. Furthermore,

recent studies employing microarray analysis identi-
fied a number of estrogen-dependent genes in the
murine ovary (Liew et al. 2011; Binder et al. 2013).
Expression analysis on those ovarian genes under the
present experimental conditions using Ar™'~ mice
might be able to delineate a novel set of ovulation-
related genes induced by synergic action of E2 and
FSH.

In summary, various studies characterized mouse
lines that harbor a reporter transgene in germ cells
(Zambrowicz et al. 1993; MacGregor et al. 1995;
Yeom et al. 1996; Lewandoski et al. 1997; Vidal et al.
1998; Yoshimizu et al. 1999; de Vries et al. 2000; Han
et al. 2004; Lan et al. 2004; Nayernia et al. 2004;
Tanaka et al. 2004; Cronkhite et al. 2005; Payer et al.
2006; Gallardo et al. 2007; West et al. 2009; Nicholas
et al. 2009). Of these lines, some reporters have
limitations in that they are sex-specific (Zambrowicz
etal. 1993; Vidal et al. 1998; Nayernia et al. 2004) and/
or may be limited in expression to the early stages of
germ cell differentiation (MacGregor et al. 1995;
Tanaka et al. 2004). The current transgenic mice
expressed EGFP in germ cells at later stages of
differentiation. We exploited this advantage to inves-
tigate the ovulation of Ar™'~ mice, which are totally
anovulatory (Fisher et al. 1998; Toda et al. 2001),
demonstrating that our current EGFP transgenic mouse
provides an alternative tool to study germ cell biology,
including oogenesis, ovulation and senescence.
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Abstract

Background The prevalence of nonalcoholic fatty liver
disease (NAFLD) and metabolic syndrome have been
increasing worldwide. The associations between metabolic
factors and the histologic severity of NAFLD have not yet
been clarified. Therefore, we studied the relationships
between relevant metabolic factors and the histological
severity of NAFLD. :
Methods In a cross-sectional multicenter study conducted
in Japan, we examined 1,365 biopsy-proven NAFLD
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patients. The frequencies of underlying lifestyle-related
diseases and their relationships to the NAFLD histology
were investigated.

Results 'The hepatic fibrosis stages (Stage 0/1/2/3/4) were
22.6/34.1/26.7/14.5/2.1 (%) in the male patients, and 16.2/
31.7/23.9/21.6/6.6 (%) in the female patients. Dyslipidemia
was present in 65.7 % (hypertriglyceridemia, 45.3 %:;
increased low-density lipoprotein cholesterol, 37.5 %;
decreased high density lipoprotein cholesterol, 19.5 %) of
patients. Hypertension was present in 30.2 %, and diabetes
mellitus (DM) in 47.3 %. The fibrosis stage increased with
age, especially in postmenopausal females. The body mass
index was positively correlated with the fibrosis stage.
Deterioration of glucose control was positively correlated
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with the fibrosis stage, this correlation being more promi-
nent in females. Multivariate analysis identified age and
DM as significant risk factors for advanced fibrosis. No
significant correlation of the fibrosis stage was observed
with hypertension. There was a negative correlation
between the serum triglyceride levels and the fibrosis stage.
Conclusions DM appeared to be a significant risk factor
for advanced fibrosis in patients with NAFLD, and would
therefore need to be properly managed to prevent the
progression of NAFLD.

Keywords NAFLD - Histology - Diabetes mellitus -
Retrospective study

Abbreviations

NAFLD Nonalcoholic fatty liver disease
NASH Nonalcoholic steatohepatitis
IR Insulin resistance

DM Diabetes mellitus
NAFL Nonalcoholic fatty liver
BMI Body mass index

CT Computed tomography

AST Aspartate aminotransferase

ALT Alanine aminotransferase

GGT Gamma glutamyl transpeptidase

ChE Cholinesterase

HDL High density lipoprotein

LDL Low-density lipoprotein

FPG Fasting plasma glucose

HbAlc Hemoglobin Alc

FFA Free fatty acid

CRP C-reactive protein

IRI Immunoreactive insulin

HOMA-IR Homeostasis model assessment-insulin
resistance

SD Standard deviation

IGT Impaired glucose tolerance

NGT Normal glucose tolerance

Introduction

Nonalcoholic fatty liver disease (NAFLD) is one of the
most commonly encountered chronic liver disease in the
world. According to Japanese annual health check reports,
9-30 % of Japanese adults suffer from NAFLD [1-3].
Since it is now known that almost 10-20 % of individuals
with NAFLD have nonalcoholic steatohepatitis (NASH),
the prevalence of NASH is estimated to be 1-3 % in the
adult Japanese population, similar to the prevalence
reported from Western countries.

Nonalcoholic fatty liver disease includes a wide spec-
trum of liver diseases, ranging from nonalcoholic fatty liver

@ Springer

(NAFL), a benign and non-progressive condition, to
NASH, which can progress to liver cirrhosis and hepato-
cellular carcinoma even in the absence of a history of
significant alcohol consumption [4-7]. Furthermore,
NASH is considered to be the hepatic manifestation of
metabolic syndrome, and has been shown to be associated
with obesity, insulin resistance (IR) and abnormalities of
glucose and lipid metabolism [8-16]. Importantly, the rates
of nonalcoholic fatty liver (NAFL) and NASH are expected
to continue to grow with the developing pandemic of
obesity and diabetes mellitus, to become global public
health concerns.

Owing to the difficulties in diagnosing NAFLD (NAFL
and/or NASH) and referral bias, it has been difficult to
determine the prognostic factors in patients with NAFLD.
NAFLD is a complex disease with multiple etiopathoge-
netic factors, including obesity, type 2 DM, dyslipidemia,
hypertension, and other diseases associated with metabolic
dysregulations. Recent reports have suggested that DM is
an independent risk factor for NAFLD [17-19]. Despite the
high prevalence and potentially serious nature of this dis-
ease, relatively little is known about the metabolic factors
that might be associated with the histological severity of
NAFLD.

The purpose of this study was to conduct a retrospective
investigation of the association between metabolic factors
and the histologic severity of NAFLD in a large cohort of
Japanese patients with NAFLD.

Patients and methods
Patient population

A total of 1,365 biopsy-proven NAFLD patients seen
between 2001 and 2012 were enrolled from institutes
affiliated with the Japan Study Group of NAFLD (JSG-
NAFLD), represented by the following nine hepatology
centers in Japan: Hiroshima University, Kyoto Prefectural
University of Medicine, Yokohama City University, Kochi
Medical School, Saga Medical School, Osaka City Uni-
versity, Nara City Hospital, Kurume University, and Sais-
eikai Suita Hospital. A portion of the patients (76.8 %;
1,048 out of 1,365) had also been involved in the previous
JSG-NAFLD study [20, 21]. Informed consent was
obtained from each patient, and the study was conducted in
conformity with the ethical guidelines of the 7th revision of
the Declaration of Helsinki (in October 2008) [22] and the
approval of the ethics and research committees of the
hospitals. In all patients, the current and past daily alcohol
intake was less than 20 g per day; details regarding alcohol
consumption were obtained independently by at least two
physicians and confirmed by close family members. None
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of the patients were receiving any medications that could
cause NASH. Among the patients, those with the following
disorders were excluded: secondary causes of steatohepa-
titis, drug-induced liver disease, alcoholic liver disease,
viral hepatitis, autoimmune hepatitis, primary biliary
cirrhosis, ol-antitrypsin deficiency, hemochromatosis,
Wilson’s disease, and biliary obstruction. [23].

Study design

A complete physical examination was performed on each
patient within 1 month prior to the liver biopsy, as reported
previously [24]. The body mass index (BMI) was calcu-
lated as the weight (kg) divided by height (m)-squared.
Obesity was defined as a BMI of greater than 25, according
to the criteria of the Japan Society for the Study of Obesity
[25]. Computed tomography (CT) was used to determine
the visceral fat area at the level of the umbilicus [26], as
previously reported [24]. Dyslipidemia was diagnosed
based on serum cholesterol levels higher than 220 mg/dl
and/or high-density lipoprotein cholesterol levels lower
than 40 mg/dl and/or triglyceride levels over 150 mg/dl.
Hypertension was diagnosed if the patient was on antihy-
pertensive medication and/or had a resting recumbent
blood pressure of > 130/85 mmHg on at least two occa-
sions. Hyperuricemia was diagnosed based on serum uric
acid levels higher than 7.0 mg/dl. DM was diagnosed
according 1o the 2006 World Health Organization (WHO)
criteria {271,

Venous blood samples were taken in the morning fol-
lowing overnight fasting for 12 h. The laboratory evalua-
tion in all patients included a blood cell count, hemoglobin,
platelet count; and the serum levels of aspartate amino-
transferase (AST), alanine aminotransferase (ALT), AST/
ALT ratio, lactate dehydrogenase (LDH), alkaline phos-
phatase (ALP), gamma glutamyl transpeptidase (GGT),
cholinesterase (ChE), total bilirubin, direct bilirubin,
albumin, total cholesterol, triglycerides, high density lipo-
protein (HDL) cholesterol, low-density lipoprotein (LDL)
cholesterol, fasting plasma glucose (FPG), hemoglobin
Alc (HbAlc), immunoreactive insulin (IRI), ferritin, uric
acid, free fatty acid (FFA), and hyaluronic acids, were
measured periodically during the treatment using the
standard techniques of clinical chemistry laboratories.

Insulin resistance was calculated by the homeostasis
model assessment-insulin resistance (HOMA-IR) using the
following formula: HOMA-IR = fasting insulin (uU/
ml) x plasma glucose (mg/d1)/405 [28].

Pathology

Patients enrolled in this study underwent percutaneous
liver biopsy under ultrasonic guidance after obtaining

informed consent. Formalin-fixed, paraffin-embedded liver
sections were stained routinely with hematoxylin-eosin,
silver reticulin, and Masson trichrome. All the specimens
were examined by an experienced pathologist who was
upnaware of the clinical and biochemical data of the
patients. Histological diagnosis for NAFLD was performed
according to the methods of Matteoni et al. [6]. Grading
and staging was classified according to Brunt et al. [29] and
Kleiner et al. [30], as previously reported. In brief, steatosis
was graded as follows: grade 1 (5-33 % of hepatocytes
affected), grade 2 (34-66 % of hepatocytes affected), or
grade 3 (> 66 % of hepatocytes affected). Necroinflam-
mation was graded from grade O (absent) to 3 (1, occatonal
ballooned hepatocytes and no or very mild inflammation; 2,
ballooning of hepatocytes and mild-to-moderate portal
inflammation; 3, intra-acinar inflammation and portal
inflammation). Fibrosis was staged from grade 0 (absent) to
4 (1, perisinusoidal/pericellular fibrosis; 2, periportal
fibrosis; 3, bridging fibrosis; 4, cirrhosis).

Statistical analyses

The data were statistically analyzed using R software,
version 3.0.0. Continuous variables were expressed as
mean = standard deviation (SD). Qualitative data are
expressed as numbers, with percentages shown in
parentheses. ‘

Statistically significant differences in the quantitative
data were determined using the 1 test or Maon-Whitney
U test. Multivariate analysis was carried out by logistic
regression. Differences were considered to be statistically
significant at P values of less than 0.05.

Resulis
Patient characteristics

A total of 1,365 biopsy-proven patients with NAFLD were
enrolled in this study. The demographic and clinical
characteristics of the male and female NAFLD patients are
shown in Supplemental Table 1. Of the total, 709 were
males. The mean age of the patients was 51.0 £ 14.9 years
(45.7 + 15.1 and 56.8 £ 12.4 years for males and females,
respectively). Whereas no significant differences were
observed in the BMI, blood pressure, waist circumference,
and visceral fat area between the male and female patients,
the subcutaneous fat area and L/S ratio were significantly
higher in the female patients. Statistically significant dif-
ferences were observed in the white blood cell count,
hemoglobin, and serum levels of transaminases, AST to
ALT ratio, LDH, ALP, GGT, ChE, total and direct biliru-
bin, albumin, triglycerides, HDL cholesterol, fasting
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Table 1 Prevalences of metabolic abnormalities in NAFLD patients

Variable Percentage

BMI > 25 73.0

Hypertension 399

Dyslipidemia 65.7
Hypertriglyceridemia 453
Hyper-LDL cholesterolemia 37.5
Hypo-HDL cholesterolemia 19.5

DM 473

Hyperuricemia 302

glucose, HbAlc, ferritin, uric acid, and hyaluronic acid
between the male and female patients, as shown in Sup-
plemental Table 1.

The frequencies of the metabolic abnormalities in the
NAFLD patients are shown in Table 1. Obesity, as defined
by the criteria of the Japan Society for the Study of
Obesity, was seen in 73.0 % of the NAFLD patients,
hypertension was found in 39.9 %, dyslipidemia in 65.7 %
(hypertriglyceridemia, 45.3 %; hyper-LDL cholesterole-
mia, 37.5 %; hypo-HDL cholesterolemia, 19.5 %), type 2
diabetes in 47.3 %, and hyperuricemia in 30.2 % of the
patients.

Distribution of the metabolic factors by the histological
findings

The fibrosis stages (Stage 0/1/2/3/4) were 22.6/34.1/26.7/
14.5/2.1 (%) in males, and 16.2/31.7/23.9/21.6/6.6 (%) in
females, respectively. The distribution of the fibrosis stage
in the different age groups in both genders is shown in
Supplementary Fig. 1. Whereas the percentage of patients
with advanced fibrosis (Stage 3 and 4) increased gradually
with age in both genders, significant increase was seen after
the age of 60 years in the females.

The prevalences of obesity (BMI > 25) for each fibrosis
stage are shown in Supplementary Fig. 2. The percentages
of patients with obesity for each fibrosis stage (Stage 0/1/2/
3/4) were 61.3/73.3/79.9/86.4/80.0 (%) in males, and 57.1/
72.9(74.4/75.9/744 (%) in females, respectively. The
prevalence of obesity showed a linear increase with pro-
gression of the fibrosis stage in the male NAFLD patients.
However, no such increase was observed in the female
NAFLD patients between Stage 1 and Stage 4.

The prevalences of dyslipidemia for each fibrosis stage
are shown in Figs. | and 2. The percentages of patients
with hypertriglyceridemia for each fibrosis stage (Stage
0/1/2/3/14) were 56.3/57.7/54.8/51.0/26.7 (%) in males, and
34.0/39.5/39.1/30.2/12.2 (%) in females, respectively. The
percentages of patients with hyper-LDL cholesterolemia
for each fibrosis stage (Stage 0/1/2/3/4) were 38.6/36.2/
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Fig. 2 Prevalence of hyper-LDL cholesterolemia for each stage of
fibrosis. The horizontal axis shows the fibrosis stage and the
longitudinal axis shows the percentage of patients with hyper-LDL
cholesterolemia

41.3/30.4/18.2 (%) in males, and 43.4/38.0/43.6/36.8/11.1
(%) in females, respectively. The prevalence rates of
dyslipidemia (hypertriglyceridemia and hyper-LDL cho-
lesterolemia) decreased with progression of the fibrosis
stage, especially in Stage 4.

The prevalence of hypertension for each fibrosis stage
was shown in Fig. 3. The percentages of patients with
hypertension for each fibrosis stage (Stage 0/1/2/3/4) were
17.9/34.0/40.3/51.4/42.9/35.3 (%) in males, and 35.3/50.0/
47.7/50.0/23.9 (%) in females respectively.

The prevalences of impaired glucose tolerance, includ-
ing DM, for each fibrosis stage are shown in Fig. 4. The
percentages of patients with DM for each fibrosis stage
(Stage 0/1/2/3/4) were 23.7/32.8/53.7/65.8 (%) in males,
and 34.7/45.2/60.9/64.7 (%) in females, respectively. The
percentages of patients with impaired glicose tolerance
(IGT) in each fibrosis stage (Stage 0/1/2/3/4) were 6.6/18.5/
17.6/16.2 (%) in males, and 15.3/10.6/14.1/14.1 (%) in
females, respectively. The percentages of patients with
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and female NAFLD patients. The horizontal axis shows the fibrosis
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impaired glucose tolerance, or DM

normal glucose tolerance (NGT) were 69.7/48.7/28.7/17.9
(%) in males, and 50.0/44.2/25.0/21.2 (%) in females,
respectively. The percentage of patients with DM increased
with progression of the fibrosis stage in both male and
female NAFLD patients.

Factors associated with advanced fibrosis

Factors associated with advanced fibrosis were examined
(Table 2). NAFLD patients with advanced fibrosis were
older, more likely to be female, and obese. The BMI,
visceral fat area, and liver/spleen (L/S) ratio were signifi-
cantly higher in NAFLD patients with advanced fibrosis.
Furthermore, significant increases of the serum level of
AST, AST/ALT ratio, ALP, GGT, total and direct biliru-
bin, fasting glucose, HbAlc, IRT, HOMA-IR, ferritin, FFA,
and hyaluronic acid, and decreases of hemoglobin, platelet
count, ChE, albumin, total cholesterol, triglycerides, LDL

cholesterol, and uric acid were observed in the patients
with advanced fibrosis. In cases with high fasting plasma
glucose levels, HOMA-IR does not reflect insulin resis-
tance exactly, and was assumed to be a reference level. To
investigate the factors that might be related to the pro-
gression to advanced fibrosis, univariate analysis was per-
formed between NAFLD patients with advanced fibrosis
and those with no or mild fibrosis, as shown in Table 3.
The results of the analysis revealed obesity (BMI > 25),
hypertension, hypotriglyceridemia, hyper-LDL cholester-
olemia, DM, and hyperuricemia as risk factors for
advanced fibrosis. Multivariate analysis identified older
age, low serum triglyceride and DM as risk factors for
advanced fibrosis.

Discussion

Many factors have been reported to be implicated in the
pathogenesis of NAFLD, including obesity, DM, dyslipi-
demia and hypertension. However, it is still unclear how
the metabolic factors might affect the pathogenesis and
progression of NAFLD [11, 20, 31-34]. Therefore, iden-
tifying the risk factors for the deterioration of NAFLD
would be useful for designing therapeutic strategies not
only for the liver itself, but also for these metabolic dis-
eases. Whereas a large number of papers have reported the
differences in the clinical features between NAFL and
NASH, comparisons of the clinical features by the histo-
logical severity are scarce. In this study, we retrospectively
investigated the associations between metabolic factors and
the histologic severity of NAFLD in a large cohort of 1,365
biopsy-proven NAFLD patients, considered as one of the
largest-scale studies in the world to date.

The first important finding of our study was that the
severity of fibrosis advanced gradually with age in the male
patients with NAFLD, while it increased only in those
women over 60 years of age. This gender difference may
be attributable to menopause in females [35, 36].

The second important finding of our study was the
association between obesity and fibrosis severity in
NAFLD patients. We compared the prevalence of obesity
and the histological severity of NAFLD. As shown in
Supplementary Fig. 2, whereas the prevalence of obesity
increased with the progression of fibrosis in males, the
prevalence remained at approximately 70 % in all age
groups of females.

It has been reported that 42-72 % of patients with
NAFLD, including NASH, have dyslipidemia [37, 38].
Congist with these reports, dyslipidemia was present in
65.7 % of patients in our study, including hypertriglyceri-
demia in 45.3 %, increased serum low-density lipoprotein
cholesterol in 37.5 %, and decreased serum high-density
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Table 2 Comparison for the demographic and clinical characteristics between patients with mild (Stage 0-2) and advanced (Stage 3, 4) fibrosis

with NAFLD
Variable All cases Stage 0-2 Stage 3, 4 P value P value
(n = 1,365) n = 1,062) (n = 303) (after adjustment
for age/sex)

Age 514 149 49 + 15.0 57+ 128 <0.0001

Gender (male/female) 709/656 551/471 118/185 <0.0001

Clinical and anthropometric measure
Body mass index (kg/mz) 279 + 4.8 27.7 £ 48 28.6 + 4.7 0.0006 <0.0001
BMI > 25 (%) 73.0 71.2 79.5 0.0054 <0.0001
Waist circumference (cm®) 96.7 £ 13.5 96.1 + 124 98.1 + 154 0.2372 0.0239
Subcutaneous fat area {cm?) 220.7 & 103.9 221.1 + 1107 219.7 £87.1 0.4631 0.4865
Visceral fat area (cm®) 1519 £ 659 1444 4+ 56.8 168.5 &+ 80.3 0.0025 0.0007
L/S ratio Q.75 £ 030 0.73 £ 0.29 0.81 £ 0.32 0.0013 0.3528
Blood pressure sys. (mmHg) 127 &+ 16.9 127 £ 15.7 124 £21.3 0.5343 0.0867
Blood pressure dia. (mmHg) 77 £ 11.1 77 £ 11.0 76 £ 11.5 0.6701 0.6802

Laboratory studies
White blood cells (/ul) 6,330 £ 1,616.9 6,348 £ 1,583.4 6,272 + 1,717.7 0.7037 0.6377
Hemoglobin (g/dl) 145+ 1.6 14.6 + 1.6 142+ 1.6 <0.0001 0.6617
Platelet count {x10%/pnl) 224 £ 10.0 237 + 104 18.0 £ 6.7 <0.0001 <0.0001
AST (UM 57 £ 38.9 52 + 36.0 72 £ 446 <0.0001 <0.0001
ALT (IU/h) 88 + 60.3 87 -+ 60.2 92 + 604 0.1319 0.0003
AST/ALT 072 £ 03 0.67 £ 0.3 0.89 + 0.4 <0.0001 ~  <0.0001
LDH (1um 2104 55.1 209 + 56.7 213 £499 0.1446 ©0.5835
ALP (1U/) 258 + 111.0 250 + 103.5 284 + 130.1 <0.0001 +0.0003
GGT (IU/) 91 + 1034 88 & 103.2 101 £ 1034 <0.0001 0.0023
ChE (UM 374 4+ 106.5 383 & 104.7 345 4+ 1073 <0.0001 0.0004
Bilirubin, total (mg/dly 0.89 £ 0.39 0.86 £ 0.36 0.97 + 045 0.0024 0.7731
Bilirubin, direct (mg/dl) 0.21 £0.16 0.19 £ 0.13 0.26 £ 0.22 <0.0001 0.2974
Albumin (g/dl) 446 £ 043 4.50 £+ 0.39 4.29 £ 0.50 <0.0001 <0.0001
Tortal cholesterol (mg/dl) 209 + 41.9 212 + 415 200 + 41.6 <0.0001 <0.0001
Triglyceride (mg/dl) 164 + 1026 170 £ 107.7 145 £ 79.7 <0.0001 0.0226
HDL cholesterol (mg/dl) 51 + 157 51+ 16.2 51 = 13.9 0.3545 0.0297
LDL cholesterol (mg/dl) 130 &= 37.9 133 =372 123 4 38.8 <0.0001 0.0009
Fasting plasma glucose (mg/dl) 114 £ 37.8 111 £ 36.1 123 £ 414 <0.0001 0.0001
HbAlc (NGSP) (%) 632+ 12 6.26 £ 1.2 6.67 + 14 <0.0001 0.0003
IRY (WIU/ml) 152 + 185 137 £ 117 20.1 £ 314 <0.0001 <0.0004
HOMA-IR 4.89 £ 100 398 £ 5.6 6.84 + 15.5 <0.0001 0.0012
Ferritin (ng/ml) 260.2 £ 475.8 2558 + 5224 275.4 + 254.5 0.5642 0.5421
Uric acid (mg/dl) 59+ 15 60+ 1.5 57+13 0.0297 0.8563
Free fatty acid (uEqg/l) 041 +£03 0.36 0.3 0.56 + 0.3 <0.0001 <0.0001
Hyaluronic acid (ng/ml) 64.3 £ 168.9 42.2 £ 66.9 145.8 + 329.9 <0.0001 <0.0001

Comparison between patients with mild (Stage 0~2) and advanced (Stage 3, 4) fibrosis using the Chi-square test for binary variables and logistic

regression of group indicator on continuous variables

lipoprotein cholesterol in 19.5 % of patients. However, as
the third important finding of our study, dyslipidemia
tended to decrease in prevalence as the fibrosis stage pro-
gressed. Multivariate analysis revealed a negative correla-
tion between the serum triglyceride levels and the fibrosis
stage (OR = 0.5687, 95 % CI 0.394-0.821). This result
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may reflect a deterioration of lipid metabolism with the
progression of liver fibrosis towards liver cirrhosis.

The fourth finding of our study was the recognition of a
relationship between hypertension and the fibrosis severity
in NAFLD patients. In our NAFLD population, hyperten-
sion was present in 30.2 %. Whereas no obvious trends in
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Table 3 Multiple regression analysis to identify predictive factors for the advanced fibrosis

Variable All cases  Stage 0-2  Stage 3,4  Univariate odds P value  Multivariate odds P value
ratio (95 % CI) ratio (95 % CI)

Age (mean) 51.0 49.2 57.5 1.042 (1.032-1.053) <0.000f  1.036 (1.021-1.051) <0.0001

Female (%) 48.1 44.4 61.1 1.967 (1.516-2.553) <0.0001  1.180 (0.787-1.768) 0.423

BMI > 25 (%) 73.0 712 79.5 1.566 (1.149-2.133)  0.0045  1.568 (0.991-2.481) 0.0545

Hypertension (%) 39.9 38.0 473 1.468 (1.063-2.027)  0.0198  0.943 (0.641-1.387) 0.7640

Hypertriglyceridemia (%) 453 82.7 34.7 0.566 (0.432-0.739)  <0.0001  0.663 (0.453-0.970) 0.0343

Hyper-LDL cholesterolemia (%)  37.5 39.6 30.7 0.676 (0.496-0.920)  0.0129 0.885 (0.596-1.313)  0.5444

Hypo-HDL cholesterolemia (%)  19.5 19.7 18.9 0.836 (0.671-1.343)  0.7680 -

DM (%) 47.3 42.1 64.9 2.544 (1.948-3.320)  <0.0001  2.387 (1.603-3.553)  <0.0001
0.684 (0.485-0.965)  0.0308  1.058 (0.693-1.617) 0.793

Hyperuoricemia (%) 30.2 32.1 244

the prevalence of hypertension were observed in females,
comparison of the relationship between the prevalence of
hypertension and the stage of fibrosis, except for Stage 4,
revealed a tendency towards increase in the prevalence of
hypertension with progression of the fibrosis stage. In
general, blood pressure is considered to have an effect on
the rate of progression of NAFLD. Systolic and diastolic
blood pressures have been reported to be correlated with
the liver fat content, and patients with systolic hypertension
were reported to be correlated with the liver fat contents,
and patients with systolic hypertension were reported to
show a two-fold higher risk of development of NAFLD
[39]. As shown in Fig. 3, the decrease in the rate of
hypertension in NAFLD patients with Stage 4 liver fibrosis
might be, at least in part, attributable to the hyperdynamic
circulation, characterized by peripheral vasodilation and
increased portal resistance, observed in patients with liver
cirrhosis [40, 41].

Tmpaired glucose tolerance is well known to accompany
NAFLD. While it appears clear that abnormal glucose
tolerance, including DM, is a risk factor for NAFLD and
vice versa, the relationship between abnormal glucose
tolerance and the histological severity of NAFLD is still
unknown. The fifth finding in our study was that the
prevalence of DM increased with progression of the
fibrosis stage (Fig. 4). Multivariate analysis identified DM
as an independent risk factor for advanced fibrosis
(OR = 2.8573, 95 % CI 1.941-4.207). In vitro, high glu-
cose and high insulin concentrations, which are often
observed in patients with NAFLD, were shown to stimulate
connective tissue growth factor expression, which is known
as one of the important mechanisms involved in the pro-
gression of hepatic fibrosis [42]. Furthermore, the cirthotic
condition is suspected to facilitate the development of
hyperinsulinemia and hyperglycemia via the deteriorated
liver function [43, 44]. Taken together, it would be rea-
sonable to consider DM as both a cause and result of
NAFLD [45].

In conclusion, we have reported the prevalences of
lifestyle-related diseases, such as obesity, dyslipidemia,
hypertension, and DM, in NAFLD patients according to the
stage of fibrosis. Multivariate analysis identified DM as a
significant risk factor for advanced fibrosis. Accordingly,
impaired glucose tolerance, including DM, should be
properly evaluated and managed for preventing the pro-
gression of NAFLD, even in the early stages of NASH.
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