J Gastroenterol

plasma insulin

SC GTG+HF 2%BTS 5%BTS

8C GTG+HF 2%BTS 5%BTS

QUICKI

0.35

.25 "
GTG+HF 2%BTS 5%BTS

sC

B %} 150 ¢
600 } I GTt )

= w1 “‘“‘%“"«“ZL;M F 100 b mem Y BTS

5 577 sy e 2%BTS

£ i, . 50 | i~ GTG+HF

»{t‘z e, . v SC
0 1 1 i i i £ i i i 3
fastin 30 80 120 4 fasting 30 45 80
¢ (min) (min)
9 SC  GTG+HHF 2%BTS B%BTS
syin ¥ -+ -+ -+ -
pr—y g—— p— N TN Y, ST £
Akt v
p-Akt

n 1.8
g
-
g 0.5 B msulfn {+)
'3§ U Insulin (9
@ 0

SC

Fig. 5 Glucose intolerance and insulin resistance (JR) were attenu-
ated by BTS. a Fasting plasma glucose, insulin levels and QUICKI:
increased level of fasted plasma insulin and glucose were decreased,
and QUICKI increased by treatment with 5 %BTS, and ITT
confirmed severe IR double asterisk p < 0.01, triple asterisk
p < 0.001 vs GTG + HF, double plus symbol p < 0.01 vs 2 %BTS,
n = 6. b Glucose tolerance test (GTT) and insulin tolerance test

Furthermore, increased expression of DGAT2 might also
have contributed to the reduction of ROS production by
reducing hepatic FFA availability.

We next also investigated the effect of BTS on IR.
GTG + HF induced elevation of fasting plasma glucose and
plasma insulin were markedly reduced by BTS treatment,
whilst QUICKI was markedly increased by BTS (Fig. 5a). In
addition, ITT also was attenuated by BTS treatment. Fur-
thermore, GTT showed that BTS remarkably attenuated
severe glucose intolerance induced by GTG + HF (Fig. 5b).
Phosphorylation of hepatic Akt after administration of
insulin was reduced by treatment of BTS (Fig. 5c). The
mechanisms through which BTS improves insulin sensitiv-
ity may involve Akt phosphorylation triggered through as
yet uncertain mechanisms, but possibly involving induction
of adiponectin signaling by BTS, since adiponectin is known
to be involved in the suppression of hepatic gluconeogenesis
and insulin secretion by activating AMPK [37].

In conclusion, therefore, BTS—a Japanese anti-obesity
herbal (Kampo) medicine—is an effective preventive agent

@ Springer

GTG+HF  2%BTS

5%BTS

(ITT): GTT revealed severe glucose intolerance was attenuated, and
ITT confirmed IR was attenuated by 5 %BTS. Asterisk p < 0.05 vs
GTG + HF, n = 6. ¢ Involvement of Akt in BTS reduction of IR:
phosphorylation of Akt was involved in the reduction of IR by BTS
treatment as reflected by increased phosphorylation of Akt in the
livers of BTS treated mice upon insulin administration. Asterisk
p < 0.05, double asterisk p < 0.01 vs GTG + HF, n = 4

against the development of NASH. The challenge is now to
identify the active components of BTS to allow its refine-
ment and the rational design of more potent analogues.
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Abstract

"Patlents | ! i tty Ilver d|sease (NAFLD) and nonalco, fo) 3 ‘ve, metabohc‘
disorders !ndudmg insulin resistance ‘and type 2 diabetes mellitus (T2DM).. We clanﬁed the predlctlve factors in glucose

* metabolism for progression of hepatic fibrosis in patients with NAFLD by the 75-g oral glucose tolerance test (75gOGTT).. -
“and a eontinuous glucose monitoring system (CGMS). One hundred sixty-nine patients (68 female and 101 male patients)
“with bnopsy proven NAFLD with’ performance with 75906Tr were enrolled and divided into four groups according to the
stage of hepatic fibrosis (F0=3). The propomon of patients with T2DM 5|gmﬁcanﬂ gradually increased, HbA1c and the =
homeostasis model assessment of insulin resistance were significantly elevated, and 1,5- anhydroglucltol (1, S—AG) ‘was
“remarkably decreased with the progression of fibrosis. In the 75gOGTT, both plasma glucose and insulin secretion were
remarkably increased with the progression of fibrosis. . The only factor signifi cantly associated with advanced fibrosis was
1,5-AG (P=0.008) as determined by multivariate logistic regression analysis. We ‘next evaluated the changes in blood
glucose during 24 hours by monitoring with the CGMS to confirm the relationship between glycemic variability and
_progression of fibrosis. Vanablhty of median glucose, standard deviation of median glucose (P=0.0022), maximum blood

, glucose (P= 0019), and AMln max blood glucose (P 00029) were remarkably hlgher in severe. flbl’OSlS than in m!ld -

ors in glucose
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Introduction with the increased prevalence of obesity and type 2 diabetes
) ) ) ) ) mellitus (T2DM) in the general population worldwide, the

Nonalcoholic fatty liver disease (NAFLD) includes a wide number of patients with NASH and NAFLD have also increased
spectrum of liver diseases that range from simple steatosis, which is [7,8]. T2DM is considered to be an independent risk factor for
usually a b.er.lign and non—Progressive conditior.l, to r}onalcpholic the development of NASH and NAFLD [9,10], and hyperinsu-
steatohepatitis (NASH), which can progress to liver cirrhosis (LC) linemia and hyperglycemia are common not only in obese
and hepatocellular carcinoma in the absence of significant alcohol patients, but also in non-obese, non-diabetic patients with NASH
consumption [1-3]. The progression of hepatic fibrosis is an [11]. On the other hand, the presence of NASH and NAFLD

important  predictive factor for the development of LC and themselves is also considered to be associated with a high risk of
hepatocellular carcinoma not only in patients with chronic developing T2DM [12].
hepatitis G, but also in those with NASH [4]. To inhibit the Postprandial hyperglycemia and glycemic variability were
progression of hepatic fibrosis in NASH, it is important to clarify  reported to involve progression of atherosclerosis through increase
the predictive factors for progression of hepatic fibrosis. of oxidative stress, activation of inflammatory cytokines and
NASH and NAFLD are considered to be hepatic manifesta- inflammation [13-15]. Oxidative stress is well known as one of
tions of the metabolic syndrome including insulin resistance (IR) most important factor for inflammation and progression of hepatic
and abnormalities of glucose metabolism [5,6]. In accordance fibrosis in NAFLD patients [16,17]. The continuous glucose
PLOS ONE | www.plosone.org 1 November 2013 | Volume 8 | Issue 11 | e76161
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Figure 1. Relationship between glucose impairment and
progression of hepatic fibrosis. The frequencies of NGT, IGT/IFG,
and T2DM in the four stages of hepatic fibrosis are shown. The
diagnosis of glucose impairment was based on the 75gOGTT. The
prevalence of NGT in patients in the FO group (80.0%) was significantly
higher than that in the F1 (43.2%), F2 (31.3%), and F3 groups (21.6%),
and the frequencies of patients with T2DM in the F3 group (48.6%) was
significantly higher than that in the FO (0%), F1 (22.9%), and F2 (35.4%)
groups. P-values were calculated using the X2-test. Fibrosis stage (F): FO
(n=10), F1 (n=74), F2 (n=48), F3 (n=37); total, N=169.
doi:10.1371/journal.pone.0076161.g001

monitoring system (CGMS) has been introduced as a useful tool,
which detect postprandial hyperglycemia [18] and glycemic
variability during 24 hours in DM patients. In addition, episodic
hypoglycemia during sleeping time can also be detected by CGMS
[19]. However, postprandial hyperglycemia and glycemic vari-
ability have not yet been evaluated by CGMS in NAFLD patients.
Moreover, the relationship between the clinical features of glucose
impairment and the progression of hepatic fibrosis in NASH and
NAFLD has not been well elucidated. In this study, therefore, we
clarified the predictive factors in glucose metabolism for the
progression of hepatic fibrosis in NAFLD using the 75-g oral
glucose tolerance test (75gOGTT) and CGMS.

Patients and Methods

Patients

A total of 169 patients with biopsy-proven NAFLD (68 female
and 101 male patients) with performance with 75gOGTT were
enrolled in this study. Liver biopsies had been obtained in all
patients after a thorough clinical evaluation had been performed
and signed informed consent had been obtained from each
patient. Patients with known use of methotrexate, tamoxifen,
corticosteroids, or alcohol in excess of 20 g per day and patients
with other known causes of liver disease including viral hepatitis,
hemochromatosis, Wilson’s disease, and autoimmune liver diseases
were excluded from this study. None of the patients had received
anti-diabetic drugs or insulin. The study protocol conformed to the
ethical guidelines of the 1975 Declaration of Helsinki [20] and was
approved by the Research Committee of Kochi Medical School.

Clinical and Laboratory Evaluation

Venous blood samples were obtained in the morning after a 12-
hour overnight fast. Laboratory tests in all patients included
measurements of serum aspartate aminotransferase, alanine
aminotransferase, gamma-glutamyl transpeptidase, lipid profiles,
total cholesterol, triglycerides, high-density lipoprotein cholesterol,
low-density lipoprotein cholesterol, fasting plasma glucose, fasting

PLOS ONE | www.plosone.org
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immunoreactive insulin (-IRI), creatinine, blood urea nitrogen,
1,5-anhydroglucitol (1,5-AG), HbAlc, and fibrosis markers. These
parameters were measured using standard clinical chemistry
techniques in the laboratory section of Kochi Medical School
Hospital. All patients underwent the 75gOGTT. Plasma glucose
and insulin concentrations were measured at 0, 30, 60, 90, 120,
and 180 minutes. Insulin resistance was calculated by the
homeostasis model (HOMA)-IR wusing following formula:
HOMA-IR = fasting plasma insulin (uU/ml) X fasting plasma
glucose (mg/dl)/405. The measure of insulin secretion was
calculated by the insulinogenic index using following formula:
insulinogenic index = (Aplasma insulin 0-30 min)/(Aplasma
glucose 0-30 min).

Histological Evaluation

Liver biopsies of all patients were performed percutancously
under ultrasonographic guidance, and biopsy specimens were
obtained from the liver parenchyma of the upper region of the
right lobe using a 15-gauge biopsy needle. Liver biopsy specimens
were routinely fixed in 10% phosphate-buffered formalin (pH 7.4),
embedded in paraffin, and sectioned for hematoxylin and eosin
staining. Hepatic fibrosis was assessed by Brunt’s classification
[21], and fibrosis staging was as follows: 0 = no fibrosis; 1 = zone
3 fibrosis only; 2= zone 3 and portal/periportal fibrosis; 3 =
bridging fibrosis; and 4= cirrhosis. Histological evaluation was
performed by two pathologists with no knowledge of the patients’
clinical data.

Continuous Glucose Monitoring System (CGMS)

Continuous glucose levels in 20 patients with biopsy-proven
NAFLD were monitored by the CGMS System Gold (Medtronic
MiniMed, Northridge, CA, USA). None of the patients had
received anti-diabetic drugs, including insulin injection. In the
severe hepatic fibrosis group, four patients with NAFLD with F4
fibrosis (L.C) were included in this study, unlike in the 75gOGTT
study. According to the operating guidelines, the CGMS was
installed in the patients to monitor the glucose levels of interstitial
fluid [22]. The glucose sensor was inserted into the subcutaneous
tissue of the abdomen at 3:00 to 4:00 PM and was monitored for
30 hours. Finger-stick blood glucose levels were checked to
calibrate the first glucose value of the CGMS after 1 hour of
initialization. Glucose concentrations were determined at least
four times per day with an automatic blood glucose meter (Glutest;
Sanwa Kagaku Kenkyusho Co., Ltd., Nagoya, Japan). Meals were
strictly standardized (1800 kcal/day of standard diets at Kochi
Medical School Hospital) during the examination.

Statistical Analyses

Results are presented as mean * standard deviation for
quantitative data and as numbers or percentages for categorical
or qualitative data. Statistical differences in quantitative data were
determined using the Mann-Whitney U test or post-hoc test.
Qualitative data were compared using the chi-square test.
Multivariate analysis was carried out by logistic regression. These
statistical analyses were carried out using Small Stata 10.1 for
Windows. Results were considered significant when the P value
was <0.05.

Results

Relationship between glucose impairment and

progression of hepatic fibrosis
To investigate the relationship among clinical features of
glucose levels, insulin secretion, and hepatic fibrosis, the 169
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Table 1. Clinical and physiological characteristics of patients with NAFLD in the four stages of hepatic fibrosis.

FO (n=10) F1 (n=74)

F2 (n=48) F3 (n=37)

Gender (F/M)

Age (yo)
BMI (ko
AST (IU/L)
ALT (UAL)
ALP (U/)

seToum)
ChE (’lU/Lj
R
BUN (mg/dl)

Halngim)
IVeollagen7S (ng/ml)

14.3%%% HH#

doi:10.1371/journal.pone.0076161.t001

patients with NAFLD were classified into four groups based on the
stage of hepatic fibrosis stage: FO (2= 10), F1 (n=74), F2 (n=48),
and F3 (n=37). The clinical and physiological data of the four
groups are shown in Table 1. The hepatic fibrosis markers
hyaluronic acid, type IV collagen 7S, and type III procollagen N-
peptide were significantly increased according to the progression
of hepatic fibrosis. In addition, the patients with severe fibrosis
were much older and had higher ferritin and transaminase levels.
The platelet count tended to decrease according to the progression
of hepatic fibrosis. We next evaluated the relationship between the
prevalence of T2DM diagnosed by 75gOGTT and the stage of
hepatic fibrosis in patients with NAFLD. The prevalence of
patients with normal glucose tolerance (NGT) was 80%, and no
patents with T2DM were found in the FO group (Fig. 1). On the
other hand, the prevalence of NGT in the patients with F3 disease
was only 21.6%, and the prevalence of T2DM was 48.6%. In
accordance with the progression of hepatic fibrosis, the prevalence
of patients with T2DM was significantly gradually increased (FO
versus F2, P<0.05; FO versus F3, P<0.01; F1 versus F3, P<<0.05).
To clarify the factors of glucose impairment that are related to the
progression of hepatic fibrosis, we evaluated the various param-
eters of glucose metabolism.

PLOS ONE | www.plosone.org

P-values were calculated using the Mann-Whitney U test. Versus FO: *P<<0.05, **P<0.01, ***P<0,001. Versus F1: #P<0.05, ##P<0.01, ###p<0.001. Versus F2: **P<0.01,
TP<0.001. Fibrosis stage (F): FO (n=10), F1 (n=74), F2 (n=48), F3 (n=37); total, N=169. BMI, body mass index; AST, aspartate aminotransferase; ALT, alanine
aminotransferase; GGT, gamma-glutamyl transpeptidase; ChE, cholinesterase; UA, uric acid; T-Cho, total cholesterol; TG, triglycerides; FPG, fasting plasma glucose; Plt,
platelets; Fe, plasma iron; HA, hyaluronic acid; IV collagen 7S, type IV collagen 7S; P-3-P, type Ill procollagen N-peptide.

Figure 2A shows that the patients with advanced hepatic fibrosis
showed significantly higher levels of HbAlc (FO versus F2,
P<0.05; FO versus F3, P<0.05). In addition, 1,5-AG was
significantly decreased in accordance with the progression of
hepatic fibrosis (FO versus F2, P<0.05; FO versus F3, P<0.0001;
F1 versus F3, P<0.001; F2 versus F3, P<<0.05) (Fig. 2B). Severe
variability of plasma glucose levels might involve the progression of
hepatic fibrosis. HOMA-IR was also elevated in the patients with
advanced hepatic fibrosis (FO versus F2, P<0.05; FO versus F3,
P<0.05; F1 versus F2, P<0.05; F1 versus F3, P<0.01) (Fig. 2C).
On the other hand, although the insulinogenic index tended to
decrease in accordance with the progression of hepatic fibrosis, no
statistically significant difference was recognized in our study
(Fig. 2D).

We next evaluated the patterns of glucose and insulin secretion
by the 75gOGTT in patients with NAFLD. As shown in Figure 3A,
not only the fasting glucose levels (FO versus F3, P<<0.05), but also
the glucose levels after oral glucose loading (at 30, 60, 90, and
120 minutes) were significantly increased in parallel with the
progression of fibrosis. The area under the curve (AUC) of the
plasma glucose level (AUC-PG) as the marker for total glucose
secretion after oral glucose loading also increased in accordance
with the progression of hepatic fibrosis (FO versus ¥2, P<0.05; FO

November 2013 | Volume 8 | Issue 11 | e76161
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Figure 2. Relationship between hepatic fibrosis and various parameters of glucose metabolism. A) HbATc was significantly elevated in
accordance with the progression of hepatic fibrosis (FO versus F2, *P<<0.05; FO versus F3, **P<<0.05; N=169). B) 1,5-Anhydroglucitol (1,5-AG) levels
were remarkably decreased with the progression of hepatic fibrosis (FO versus F2, *P<<0.05; FO versus F3, ****P<0,0001; F1 versus F3, ***P<0.001; F2
versus F3, #*P<<0.05; N =169). C) HOMA-IR was significantly elevated in the patients with advanced hepatic fibrosis (FO versus F2, *P<<0.05; FO versus
F3, ¥P<<0.05; F1 versus F2, *P<<0.05; F1 versus F3, **P<<0.01; N=169). D) The insulinogenic index did not differ among the fibrosis groups (N=169).
doi:10.1371/journal.pone.0076161.g002
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Figure 3. Patterns of glucose and insulin secretion in the 75gOGTT in relation to the progression of hepatic fibrosis. A) The glucose
levels were significantly elevated in accordance with the progression of fibrosis (Versus FO: *P<0.05, **P<0.01; Versus F1: #P<0.05, ###p<0.001;
Versus F2: "P<<0.05). B) Area under the curve (AUC) of plasma glucose levels (AUC-PG) was remarkably larger in accordance with the progression of
hepatic fibrosis (FO versus F2, *P<<0.05; FO versus F3, **P<0.01; F1 versus F3, #p<0.05; F2 versus F3, TP<0.05) C) Insulin secretion levels were
remarkably higher in the patients with progression of hepatic fibrosis (Versus FO: *P<0.05, **P<<0.01; Versus F1: #P<0.05, ##P<0.01, ###P<0.001).
D) AUC of insulin secretion (AUC-IRI) was also significantly larger in accordance with the progression of hepatic fibrosis (FO versus F3, *P<<0.05; F1
versus F3, ##P<0.01). (Black diamond: FO: n=10. Gray square: F1: n=74. Black triangle: F2: n=48. Gray circle: F3: n=37; total, N=169).
doi:10.1371/journal.pone.0076161.g003
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Table 2. Comparison of the parameters of glucose
metabolism between patients with mild fibrosis (FO-2) and
severe fibrosis (F3).

FO0-2 F3

P value

Gender (F/M) 47/85 21/16

HbAlc (%) 5.90

0.97 6.27

0.04520

0.00320

AUC-IRI 129
(10°uU/mi/min)

I+

8.3 184

I+

9.2 0.00103

1,5-AG 214
(png/ml)

I+

8.8 152 = 73 0.00014

P-values were calculated using the Mann-Whitney U test. Data are expressed as
mean = standard deviation. BMI, body mass index; FPG, fasting plasma glucose;
f-IRl, fasting immunoreactive insulin; HOMA-IR, homeostasis model assessment
of insulin resistance; AUC-IRI, area under the curve of IRl secretion; AUC-PG, area
under the curve of plasma glucose; 1,5-AG, 1,5-anhydroglucitol.
doi:10.1371/journal.pone.0076161.t002

versus F3, P<<0.01; F1 versus F3, P<<0.05; F2 versus F3, P<0.05)
(Fig. 3B). In addition, fIRI was significantly elevated in
accordance with the progression of hepatic fibrosis (FO versus
F2, P<0.05; FO versus F3, P<0.05; F1 versus F2, P<<0.05; F1
versus F3, P<0.001) (Fig. 3C). Furthermore, the AUC of IRI
secretion (AUC-IRI) was also significantly increased in accordance
with the progression of hepatic fibrosis (FO versus F3, P<0.05; F1
versus I'3, P<<0.01) (Fig. 3D). In particular, the insulin levels at
120 minutes were remarkably higher in the patients with
advanced hepatic fibrosis (FO versus F2, P<<0.05; FO versus F3,
P<0.01; F1 versus F2, P<0.01; F1 versus F3, P<0.01). On the
other hand, insulin secretion levels at 30 minutes were not
statistically different among the groups.

To clarify the prognostic factors associated with advanced
hepatic fibrosis, the factors that might be related to glucose
metabolism were compared between the mild fibrosis group (F0-2)
and severe fibrosis group (F3). Table 2 shows that age, body mass
index, HbAlc, {-IRI, HOMA-IR, AUC-IRI, and AUC-PG were
significantly higher in the F3 group than in the F0-2 group.
Furthermore, 1,5-AG was significantly lower in the F3 group than
in the FO-2 group (P=0.00014). In contrast, fasting plasma
glucose and the insulinogenic index were not significantly different
between these groups. As determined by multivariate logistic
regression analysis, 1,5-AG (P=0.008; Z value, -2.65; odds ratio
[OR], 0.89509; 95% confidence interval [CI], 0.82473-0.97145)
was the only independent factor for association of advanced
hepatic fibrosis in patients with NAFLD (Table 3).
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Table 3. Factors associated with progression of hepatic
fibrosis in multivariate logistic regression analysis.

Odds
ratio 95% Cl

P value

Z value

Age
BMI (kg/m?)

1.08810 1.32 0.186

0.59433  0.29955-1.17917

1.00000 0.99989-1.00011

P-values were calculated using logistic regression. BMI, body mass index; FPG,
fasting plasma glucose; f-IRl, fasting immunoreactive insulin; HOMA-IR,
homeostasis model assessment of insulin resistance; AUC-IRI: area under the
curve of IRI secretion; AUC-PG, area under the curve of plasma glucose; 1,5-AG,
1,5-anhydroglucitol; Cl, confidence interval.
doit10.1371/journal.pone.0076161.t003

Continuous glucose monitoring system (CGMS) clarified
that variability of glucose changes was associated with
advanced hepatic fibrosis

In multivariate logistic regression analysis, 1,5-AG was selected
as the independent associated factor for advanced hepatic fibrosis.
A lower 1,5-AG might indicate not only poor control of plasma
glucose, but also severe variability of plasma glucose changes. We
hypothesized that severe variability of plasma glucose levels might
involve the progression of hepatic fibrosis. To address our
hypothesis, we investigated the variability of glucose levels during
24 hours by a CGMS. We used the CGMS for 10 patients in the
severe fibrosis group (F3-4), including patients with LC, and 10
patients in the mild hepatic fibrosis group (FO-2). No patients in
either group took any anti-diabetes drugs or insulin injections. The
clinical data of both groups are shown in Table S1 in File S1.

The average median glucose level of the patients with mild
fibrosis (F0-2) was significantly lower than that in the patients with
severe fibrosis (F8-4) (108.1%=12.1 versus 132.8%£39.5 mg/dl,
P<0.00001) (Fig. 4 and Table 4). The variability of median
glucose levels of the patients with mild fibrosis was remarkably
smaller than that in the patients with severe fibrosis, as shown in
Figure 4. The standard deviation of the median glucose levels in
the patients with mild fibrosis was remarkably smaller than that in
the patients with severe fibrosis (17.4+5.2 versus 39.7217.8 mg/
dl, P=0.0022). In addition, AMin—-max blood glucose was also
significantly larger in patients with severe fibrosis than in those
with mild fibrosis (165.0%£69.6 wversus 115.2+22.8 mg/dl,
P=0.0029). Furthermore, all postprandial glucose levels (shad-
owed areas in Fig. 4, from P<0.05 to P<0.001) and maximum
glucose levels (P=0.0019) (Table 4) in the patients with severe
fibrosis were significantly higher than those in the patents with
mild fibrosis, although the minimum blood glucose levels were not
significantly different (P=0.9221).
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Figure 4. Twenty-four-hour sensor glucose profiles by continuous glucose monitoring system. The changes in the median sensor
glucose levels during 24 hours are shown in the patients with A) mild fibrosis (FO-2, n=10) and B) severe fibrosis (F3-4, n=10). The variability of
median glucose levels among the patients with mild fibrosis was remarkably smaller than that among the patients with severe fibrosis. Median
glucose levels in the patients with severe fibrosis were higher than those with mild fibrosis (shadows areas, P<<0.05 to P<<0.001). Black diamond: Time

of meal consumption.
doi:10.1371/journal.pone.0076161.g004

Discussion

The number of patients with NAFLD and NASH has increased
according to the increase in the prevalence of patients with obesity
and T2DM worldwide. Patients with NAFLD and NASH often
have metabolic disorders including IR and T2DM. In particular,
IR is considered to be one of most important background factors
for the development of NAFLD and NASH. However, detailed
clinical features of impairment of glucose metabolism in patients
with NAFLD and NASH arc not well understood. In this study,
we clarified the predictive factors in glucose metabolism for the
development of hepatic fibrosis in patients with NAFLD by the
75¢OGTT and GGMS methods.

We evaluated the relationship between the prevalence of T2DM
diagnosed by the 75gOGTT and the degree of hepatic fibrosis in
patients with NAFLD (Fig. 1). No patients with FO fibrosis had
T2DM, but 80% had NGT. On the other hand, the prevalence of

severe fibrosis (F3-4).

NGT in the patients with F3 fibrosis was only 21.6%, and the
prevalence of T2DM was 48.6%. In accordance with the
progression of hepatic fibrosis, the prevalence of patients with
T2DM was significantly increased and that of NGT was
significantly decreased. T2DM is reportedly an independent
predictor for the progression of hepatic fibrosis in patients with
NAFLD {10]. Our data also indicated that the development of
T2DM might induce the development of hepatic fibrosis in
patients with NAFLD. On the other hand, however, the presence
of NASH and NAFLD themselves is reportedly associated with a
high risk of developing T2DM [12].

According to the clinical and physiological data of the four
groups of patients with NAFLD (Table 1), age, aspartate
aminotransferase, hepatic fibrosis markers, and ferritin were
higher and platelets were lower in accordance with the progression
of hepatic fibrosis, as previously reported [8,23]. To clarify the

Table 4. Comparison of variable parameters of continuous glucose monitoring between patients with mild fibrosis (FO-2) and

Variable

Average standard deviation

ma/dl

Mild fibrosis (F0-2)

Severe fibrosis (F3-4) P value

doi:10.1371/journal.pone.0076161.t004

PLOS ONE | www.plosone.org

Average median blood glucose: average median glucose of the patients during the 24-hour monitoring period.

Average standard deviation: average standard deviation of blood glucose of the patients during the 24-hour monitoring period.

Minimum and maximum blood glucose values: lowest and highest values, respectively, during the 24-hour monitoring period.

AMin-max blood glucose: difference between minimum and maximum blood glucose. Data are expressed as median * standard deviation.
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detailed glucose impairment related to the progression of hepatic
fibrosis, we evaluated the various parameters of glucose metab-
olism. HbAlc was gradually elevated with the progression of
hepatic fibrosis (Fig. 2A). Although HbAlc in the patients with F3
fibrosis was higher than that in the patients with FO fibrosis,
HbAlc in all fibrosis groups was around 6.0% because the glucose
impairment in all patients in this study was mild enough to
perform the 75gOGTT. On the other hand, 1,5-AG remarkably
gradually decreased in accordance with the progression of hepatic
fibrosis (Fig. 2B). Considering both the results of HbAlc and those
of 1,5-AG, evaluation of 1,5-AG might more closely reflect the
glycemic wvariability in patients with NAFLD, and glycemic
variability would be closely related to the progression of hepatic
fibrosis. TR is considered to be one of the most important
predictive factors for the development of NAFLD and NASH [11].
Therefore, evaluation of HOMA-IR also was investigated in our
study. HOMA-IR also gradually increased in accordance with the
progression of hepatic fibrosis (Fig. 2C). However, the insulino-
genic index, the ability of early insulin secretion, was not
significantly different among the groups (Fig. 2D).

We next investigated and evaluated the clinical features of
75gOGTT in patients with NAFLD in relation to the progression
of hepatic fibrosis (Fig. 3). After oral glucose loading, glucose levels
were increased in the patients with advanced fibrosis (I'3)
compared with the patients with mild fibrosis (FO-2) (F3 versus
FO, P<0.01; F3 versus F1, P<0.001; F38 versus F2, P<0.05 at
60 minutes) (Fig. 3A). The elevation of glucose levels continued
until 120 minutes after oral glucose loading in the patients with F3
fibrosis. In addition, the AUC-PG as the marker for total glucose
secretion after oral glucose loading also significantly gradually
increased in accordance with the progression of hepatic fibrosis (FO
versus F2, P<<0.05; FO versus F3, P<<0.01; F1 versus F, P<0.05; F2
versus F3, P<0.05) (Fig. 3B). Furthermore, {~IRI was significantly
elevated in accordance with the progression of hepatic fibrosis (FO
versus F2, P<0.05; FO versus F3, P<0.05; F1 versus F2, P<0.05;
F1 versus F3, P<0.001) (Fig. 3C). These results are agreement
with the results in Figure 2C. After oral glucose loading, insulin
secretion was relatively quickly elevated in all groups of patients
with NAFLD. Insulin secretion levels at 30 minutes were not
statistically different among the groups. This result is in agreement
with the results of the insulinogenic index (Fig. 2D). The insulin
secretion in the mild fibrosis group (FO and F1) decreased relatively
early with the decrease in blood glucose levels. On the other hand,
insulin secretion in the advanced fibrosis groups continued until
120 minutes. Therefore, the insulin levels at 120 minutes were
remarkably higher in the patients with advanced hepatic fibrosis
(FO versus F2, P<0.05; FO versus F3, P<0.01; FI versus F2,
P<0.01; F1 versus F3, P<0.01), as previously reported [24,25].
Furthermore, the AUC-IRI was also significantly increased in
accordance with the progression of hepatic fibrosis (FO versus F3,
P<0.05; F1 versus I3, P<0.01) (Fig. 3D). It is known that insulin
has the potential to function as a growth factor. IR and/or T2DM
reportedly may accelerate the progression of NASH through
lipogenesis, inflammation, and fibrogenesis [26] and induce cancer
growth [27]. Kaji et al. also reported that not only glucose and
insulin alone, but also a combination of the two, stimulated the
proliferation and activation of hepatic stellate cells. They
concluded that the IR status directly accelerates the development
of hepatic fibrosis and hepatocarcinogenesis through activation of
hepatic stellate cells [28]. Taken together with our results,
hyperinsulinemia and hyperglycemia might be related to the
progression of hepatic fibrosis in NAFLD.

To elucidate the predictive factors that are associated with the
development of hepatic fibrosis in NAFLD, various parameters of
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glucose metabolism were compared between the mild fibrosis
group (FO-2) and severe fibrosis group (F3). In univariate analysis
(Table 2), age (P=0.00967), body mass index (£=0.01395),
HbAlc (P=0.0452), f-IRI (P=0.00012), HOMA-IR (P=0.0032),
AUC-IRI (P=0.00103), and AUC-PG (P=0.01093) were signif-
icantly higher and 1,5-AG (P=0.00014) was significantly lower in
the severe fibrosis group than in the mild fibrosis group (Table 1,
Figs. 2 and 3). As determined by multivariate Jogistic regression
analysis, only 1,5-AG (P=0.008; Z value, —2.65; OR, 0.89509;
95% CI, 0.82473-0.97145) remained as the independently
associated factor for advanced fibrosis (Table 3). As mentioned
in the above results, it was considered that 1,5-AG might have
reflected the glycemic variability in patients with NAFLD in this
study.

To confirm the relationship between glycemic variability and
progression of hepatic fibrosis in NAFLD, the changes in blood
glucose levels during 24 hours were monitored by the CGMS in
the patients with NAFLD with severe fibrosis (IF3-4, n=10) and
mild fibrosis (F0-2, »=10). CGMS examinations were performed
at the inpatient center of Kochi Medical School, and the timing of
meals and calories contained in the meals were strictly standard-
ized during the examination. In this study, the severe fibrosis
group (F3-4, n=10) included three patients with LC (I4) who
were all diagnosed with T2DM and whose hyperglycemia was too
high to perform the 75gOGTT. However, none of the patients in
this study took any anti-diabetic drugs or insulin injections.
Figure 4 shows that the variability of the median glucose levels of
the patients with mild fibrosis (FO-2) was remarkably smaller than
that of the patients with severe fibrosis (F3—4). Furthermore, the
standard deviation in severe fibrosis (39.7+17.8 mg/dl) was much
larger than that in mild fibrosis (17.4%5.2 mg/dl, P=0.0022)
(Table 4). Although the minimum blood glucose levels in patients
with severe fibrosis tended to be lower than those in patients with
mild fibrosis (72.5%26.4 versus 81.7%28.7 mg/dl, P=0.9221), the
maximum blood glucose level in patients with severe fibrosis was
remarkably higher than that in patients with mild fibrosis
(237.5%65.1versus 118.8%£12.5 mg/dl, P=0.0019) (Table 4). As
a result, the AMin—max blood glucose was also significantly larger
in severe fibrosis than in mild fibrosis (165.0%£69.6 versus
115.2+22.8 mg/dl, P=0.0029). The shadowed areas, which
indicate glucose levels, were statistically different between the
mild and severe fibrosis groups showed postprandial hyperglyce-
mia, and the hyperglycemias were long continued (Fig. 4).
Moreover, we noticed a specific clinical feature of postprandial
hyperglycemia in patients with NAFLD. The peaks of postprandial
hyperglycemia occurred 1 hour after every meal. Interestingly,
glucose levels from midnight to early morning tended to be lower
in patients with severe fibrosis and had become elevated by
breakfast. The statistical differences in these parameters between
the mild and severe fibrosis groups did not change even when
three patients with LC (F4) were excluded from the severe fibrosis
group (Figure S1 and Tables S2 and S3 in File S1). Morcover, in
chronic hepatitis C, even in liver cirrhosis, the changes in blood
glucose didn’t necessarily show any certain patterns unlike
NAFLD (data not shown). Taken together with our results, severe
variability of blood glucose changes might be closely related to the
progression of hepatic fibrosis in NAFLD.

Postprandial hyperglycemia and glycemic variability are
reportedly involved in the progression of atherosclerosis through
an Increase in oxidative stress, activation of inflammatory
cytokines and inflammation [13-15], and induction of other
pathogenic complications [29,30,31]. In addition, repetitive
postprandial glucose fluctuation reportedly evokes more pro-
nounced adhesion of monocytes to endothelial cells compared with
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that induced by stable hyperglycemia [32]. In addition, the main
mechanism of monocyte adhesion to endothelial cells has been
shown to be increased serum adrenaline induced by postprandial
glucose spikes [33]. Furthermore, the importance of glucose
variability was recently recognized as an independent factor
associated with increasing mortality in patients with diabetes
[34,35] and critically ill patients [36,37]. Oxidative stress is well
known as one of most important factors for inflammation and
progression of hepatic fibrosis in NAFLD [16,17]. Taken together
with our results, therefore, variability of blood glucose might also
induce monocyte adhesion to endothelial cells, activate inflamma-
tory cytokines and inflammation, and increase oxidative stress in
the liver of patients with NAFLD.

There are several limitations of this study. We showed that the
prevalence of patients with T2DM was significantly increased
(Fig. 1) and age and BMI tended to increase (Table 1) in
accordance with the progression of hepatic fibrosis. It is known
that age and BMI contribute to both the prevalence of T2DM and
the progression of hepatic fibrosis. Therefore, not only progression
of T2DM, but also age and BMI, might have influenced the
progression of hepatic fibrosis in this study.

In conclusion, we clarified that hyperinsulinemia and hypergly-
cemia are important predictive factors for the development of
hepatic fibrosis in this study. More importantly, variability of
blood glucose is one of most important predictive factors in glucose
impairment for progression of hepatic fibrosis in NAFLD.
Therefore, we might need to reconsider the use of anti-diabetic
drugs to inhibit the progression of hepatic fibrosis during
treatment of patients with NAFLD.

Supporting Information

File S1 Supplemental Figures and Tables. Figure S1,
Twenty-four-hour sensor glucose profiles by continuous
glucose monitoring system. The changes in the median
sensor glucose levels during 24 hours are shown in the patients
with A) FO-2 fibrosis (n=10) and B) F38 fibrosis (n=7). The
variability of median glucose levels among the patients with FO-2
fibrosis was remarkably smaller than that among the patients with
F3 fibrosis. Median glucose levels in the patients with I3 fibrosis
were higher than those with FO-2 fibrosis (shadows areas, P<<0.05
to P<<0.001): Time of meal consumption. Table S1, Compar-
ison of the clinical and physiological characteristics
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Abstract Enhanced green fluorescent protein (EGFP)
has provided us with valuable approaches for tracking
living cells. We established a novel line of transgenic
mice, which express EGFP in the testis and ovary.
Histological analysis demonstrated that spermatids in
the testis and oocytes in ovarian follicles beyond
preantral stages were positive for EGFP. By exploiting
these features, we evaluated ovulatory responses of
aromatase-gene (Cypl9a) knockout mouse expressing
the EGFP transgene, which is totally anovulatory due to
17B-estradiol (E2) deficiency. Ovulation in the knock-
out mice was induced by sequential injections of E2 on
days 1, 4 and 5, pregnant mare serum gonadotropin on
day 4 and human chorionic gonadotropin on day 6.
Fluorescent oocytes were readily detectable at 15 h after
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the last gonadotropin injection in the oviduct under a
fluorescence stereomicroscope, even when only one
oocyte was present. However, when E2 supplementa-
tion on day 4 or day 5 in the regimen was omitted, no
ovulated oocytes were detected, indicating that exoge-
nous E2 supplementation at the time of gonadotropin
stimulation is necessary to induce ovulation in aroma-
tase-gene knockout mice. Our results further demon-
strated that the current mouse line can provide an
alternative tool to study germ cell biology, including
oogenesis, ovulation and senescence.

Keywords Aromatase-knockout mouse -
Ovulation - Estrogen - Enhanced green
fluorescent protein

Introduction

Ovulation is a vital step for natural reproductive activity
in females. It is well established that the ovulatory
process is regulated by various hormones and signaling
molecules (Richards 1994; Barnett et al. 2006; Drum-
mond and Fuller 2012). We noted during ovulatory
stimulation experiments that oocytes released from the
ovary were not always localized in the ampulla of the
oviduct. Furthermore, inaccurate estimations of ovula-
tory efficacy might occur when genetically manipulated
mice with ovulatory impairment were employed in
studies. An aromatase-deficient mouse, in which estro-
gen synthesis is impaired (Fisher et al. 1998; Toda et al.
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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. fa.
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
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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 FEcoRV/Ndel-digested
pnestinhsp68EGFP (Kawaguchi et al. 2001). Trans-
genic mice were generated according to the method as
described (Hogan etal. 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 C57BL6/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
Cyp19alocus 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 Cyp/9a 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
2P_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 PstI 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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paraformaldehyde at 4 °C for 1 h and then immersed
in phosphate-buffered saline containing 10 % (w/w)
sucrose at 4 °Cfor 15 h. The tissues were embedded in
optimal cutting temperature 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, Olympus,
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 17B-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 7 test
using InStat software (GraphPad Software, Inc., San
Diego, CA, USA). P values less than 0.05 were
considered significant.

Results

Generation and selection of transgenic mice
expressing EGFP protein

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 fluorescence stereomi-
croscope. We characterized line C41 more extensively.
We noticed no impairment in fertility in line C41,
producing on average 6.5 4+ 1.7 offspring per litter
(male, 3.2 4+ 1.3; female, 3.7 & 1.7) (n = 30 litters).
Total genomic Southern blot analysis by digestion of
the murine DNA with Pstl 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. 1c). 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/ug protein) was detected in the lung and
uterus in Ar™’* 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 (Hf), adrenal gland (Ad), skeletal
muscle (Mu), thymus (Th), lung (Lu), pituitary gland (Pi),
kidney (K7), 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
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Sp Fa Hy Ce Co Hi Li Bm Ut Ov
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(Li), bone marrow (Bm), uterus (Ur), ovary (Ov), epididymis
(Ep) and testis (Te) The amounts are expressed as pg EGFP per

g 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 =32 41.8 9.7
Adrenal gland 43.6 £7.5 549 + 2.6
Skeletal muscle 44 +£05 16.1 £ 2.8
Thymus 9.8 +£2.7 13.0 £ 3.5
Lung 129 + 0.6 30.9 + 9.0
Pituitary gland 99 &+ 1.1 70.0 £ 15.3
Kidney 369 + 4.9 64.9 + 14.2
Spleen 9.1+ 04 9.6 + 1.0
Fat pad 28.4 + 4.9 341 +£42
Hypothalamus 155 +25 46.3 £ 4.9
Cerebellum 18.5 £ 0.9 35.1 £ 4.1
Cortex 144+ 1.8 349 £55
Hippocampus 129 £ 1.5 35245
Liver 225+26 18.9 £ 3.7
Bone marrow 9.1£0.6 ND
Uterus 11.0 £ 1.9 34.6 £ 84
Ovary 202 £ 5.0 29.0 £ 29

The amounts were expressed as EGFP (pg) per total protein
(ng) 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 CypI9a (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™"~

A Springer

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 um

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 réported 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
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Fig. 4 Ovulated oocytes in the oviducts observed with a
fluorescence stereomicroscope. In At (a, b) and Ar'”
females (c¢) of line C41 at 4 weeks of age, ovulation was
induced. Ovulatory responses were evaluated under a fluores-
cent stereomicroscope 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 Owulatory 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  E2 hCG examined ovulated ovulated

(18 mg/kg) (18 mgkg) (251U) (18 mgkg) (25 IU)
Group A+ + + + + 60 42 6.9+ 09 Todaetal (2012)
Group B — + + + + 12 5 44 4+1.1  This study
Group C  + - + + + 11 0 - This study
Group D+ + + - + 14 0 - This study

ovary in the Ar™'~ mice than that in Ar™" 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 of 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 transcriptional 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
etal. 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 4 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 SULTIE1 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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