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daytime symptoms that often result from sleep disorders,
such as narcolepsy and obstructive sleep apnea, in patients
with insomnia. Each item on the AIS was rated from 0 (no
problem at all) to 3 (very serious problem). Total scores can
range from 0to 24, with scores > 6and < 6representing the
presence and absence of insomnia, respectively. This cutoff
point had a sensitivity of 93 %, a specificity of 85 % (90 %
overall correct case identification), a positive predictive
value (PPV) of 41 % and a negative predictive value (NPV)
of 99 % [27].

Responders were asked to calculate their scores if they
had experienced sleep difficulties at least three times a
week during the previous month.

Liver histology

All enrolled patients underwent a percutaneous liver
biopsy under ultrasonic guidance or peritoneoscopy. The

liver specimens were embedded in paraffin and stained
with hematoxylin and eosin, Masson-trichrome, reticulin
silver stain, and Perls” Prussian blue. The specimens were
evaluated by two hepatic pathologists (S.T. and Y.S),
who were blinded to the clinical findings. An adequate
liver biopsy sample was defined as a specimen of
length > 1.5 cm and/or having more than 6 portal tracts.
NASH was defined as steatosis with lobular inflammation
and ballooning degeneration, with or without Mallory-
Denk body or fibrosis. Patients with liver biopsy
specimens showing simple steatosis or steatosis with
nonspecific inflammation were identified as the NAFL
cohort [28]. Specimens with steatosis of < 5,
5-33, > 33-66, and > 66 % were scored as having stea-
tosis grades of 0, 1, 2, and 3, respectively {29]. Histo-
logical grade and stage were scored as described [30].
Necroinflammatory grades of 1, 2, and 3, were defined as
mild, moderate and severe hepatocellular steatosis,

Table 2 Clinical characteristics of enrolled patients with NAFL and NASH

Clinical parameter Total (m = 123 [100 %]) NAFL (n = 40 {33 %]) NASH (n = 83 [67 %)) P value
Age (years) 59 (14-82) 56 (20-78) 62 (14-82) 0.0025
Gender (female) 76 (62 %) 17 (43 %) 59 (71 %) 0.0030
BMI (kg/m?) 26.6 (16.6-43.4) 26.6 (18.9-43.4) 27.3 (16.6-41.0) 0.1405
Obesity (BMI > 25) 87 (71 %) 27 (68 %) 60 (72 %) 0.6731
Dyslipidemia (ves [%]) 46 (37 %) 12 (30 %) 34 (41 %) 0.3202
Hypertension (yes [%]) 48 (39 %) 10 (25 %) 38 (46 %) 0.0310
Type 2 diabetes (yes [%]) 55 (45 %) 13 (33 %) 42 (51 %) 0.0811
Hemoglobin (g/dl) 14.1 (10.5-18.3) 14.8 (10.6-18.3) 13.8 (10.5-16.7) 0.0728
Platelet count (x 10%/pl) 21.4 (4.6-78.5) 23.5 (13.0-78.5) 20.8 (4.0-45.4) 0.0125
AST (IU/1) 45 (17-186) 37 (17-151) 51 (18-186) 0.0001
ALT (1UM) 69 (12-358) 61 (15-358) 71 {12-218) 0.2425
GGT U/ 61 (20-391) 60 (20-319) 62 (21-391) 0.6382
Cholinesterase (1U/1) 371 (167-547) 378 (266-545) 370 (167-547) 0.2873
Total cholestercl (ing/dl) 209 (87-335) 218 (127-335) 203 (87-319) 0.0183
Triglyceride (mg/dl) 156 (61-659) 155 (61-416) 162 (66-659) 0.4849
HDL-C (mg/dl) 50 (23-290) 49 (31-77) 52 (23-290) 06.7727
Ferritin (ng/ml) 163 (5-1100) 113 (10-1100) 210 (5-923) 0.0160
FPG (mg/dl) 96 (60-452) 96 (60-161) 96 (60-452) 0.3571
IRT (uU/ml) 11.4 (1.59-49.5) 8.4 (1.6-46) 13.2 (2.8-49.5) <0.0001
HOMA-IR 2.62 (0.38-33.04) 1.87 {0.38-13.63) 3.02 (0.65-33.04) <0.0001
Hyaluronic acid (ng/ml) 37 (9-3430) 22 (9-149) 49 (9-3480) 0.0001
Type IV collagen 7S (ng/ml) 4.5 (2.7-13) 3.7 (2.8-7.1) 5.1 (2.7-13.0) <0.0001
FSSG 4 (0-38) 4 (0-29) 3 {(0-38) 0.5009
FSSG > 8 (n [%]) 31 [25 %] 10 [25 %] 21 [25 %) 1.0000
AIS 3(0-15) 3(0-12) 4 (0-15) 0.5591
AIS > 6 (n [P]) 34 128 %} 10 [25 %] 24 [29 %]} 0.8299

Results are presented as numbers with percentages in parenthesis for qualitative data or as mean &= SD for quantitative data

BMI body mass index, AST aspartate aminotransferase, ALT alanine aminotransferase, GGT gamma glutamyl transpeptidase, FPG fasting plasma

glucose, /Rl immuno-reactive insulin

P values were calculated by ¢ test or 3* analysis
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ballooning and inflammation (acinar and portal), respec-
tively. The severity of hepatic fibrosis (stage) was scored
as: stage 1, zone 3 perisinusoidal fibrosis; stage 2, zone 3
perisinusoidal fibrosis with portal fibrosis; stage 3, zone 3
perisinusoidal fibrosis and portal fibrosis with bridging
fibrosis; and stage 4, cirrhosis.

Treatment with RPZ

Thirteen NAFLD patients with GERD symptoms (11
females and 2 males) were administered 10 mg/day RPZ
for 12 weeks. These patients completed both the FSSG and
AIS before and after RPZ treatment.

Statistical analysis

Quantitative results are presented as medians and ranges,
and qualitative results as numbers and percentages. Sta-
tistical differences in quantitative data were determined
using the Mann~Whitney U test or Wilcoxon rank-sum
test, and differences in qualitative data using Fisher’s
exact probability test or y* analysis (Tables 2, 4, 5;
Figs. 1, 2, 3, 4). Correlations were calculated by Spear-
man rank correlation analysis (Table 3). Multivariate
logistic regression analysis was used to identify variables
independently associated with the occurrence of insomnia
(Table 6). Statistical significance was defined as a
P value < 0.05.

Fig. 1 The distribution of NAFL(n=40)
Athens Insomnia scale (AIS) 15
10
=z
R

NASH (n=83)
15

AIS

Results
Characteristics of study subjects

Table 2 summarizes the clinical and laboratory data of the
patient population. Of the 123 patients with NAFLD, 76
(62 %) were female, and 87 (71 %) were obese
(BMI > 25 kg/m?). Histologically, 83 patients (67 %)
were diagnosed with NASH, and 40 (33 %) with NAFL.
Patients with NASH were significantly older; were more
predominantly female; were more likely to have hyper-
tension and type 2 diabetes; had lower platelet counts and
total cholesterol concentrations; and had higher levels of
AST, ferritin, IRT, HOMA-IR, hyaluronic acid, and type IV
collagen 7S. Of the 83 patients with NASH, 41 (49 %), 22
(27 %), 13 (16 %), and 7 (8 %) had stage 0-1, 2, 3, and 4
fibrosis, respectively.

Comparisons between NASH and NAFL

The distribution of AIS scores in patients with NAFL and
NASH is shown in Fig. 1. Overall, 34 of the 123 patients
(28 %) with NAFLD had AIS scores > 6, diagnostic of
insomnia, including 10 of 40 (25 %) patients with NAFL
and 24 of 83 (29 %) with NASH (P = 0.8299). Males and
females had similar median AIS scores [3 (range 0-13) vs.
3 (range 0-15), P = 0.7954] and a similar prevalence of
insommia [26 % (12/47] vs. 29 % (22/76), P = 0.8359].
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Fig. 2 Correlation between
FSSG and AIS. A significant
positive correlation was found
between AIS and FSSG

Fig. 3 Relationship between
AIS and histological findings.
The box represents the
interquartile ranges (25 and
75 %) from the median
(horizontal line). The bars
indicate the 10 and 90 %
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Fig. 4 Effects of rabeprazole
(RPZ) on the improvement of

GERD symptoms and insomnia.

The box represents the
interquattile ranges (25 and
75 %) from the median
(horizontal line). The bars
indicate the 10 and 90 %.
a Change in the total FSSG

score. RPZ significantly reduced
total FSSG scores. *P = 0.0071

compared to baseline response
before treatment. b Change in

the total AIS. RPZ significantly
reduced total AIS. *P = 0.0144

compared to baseline response
before treatment

Table 3 Correlation between
AIS/FSSG and clinical

parameters in 123 patients with

biopsy-proven NAFLD

P values are based on
Spearman’s non-parametric
correlation analysis

(@) )]
30 20 7
18 4 X
1 16
* *
14 4
20 -
* 12 .
[T J
w 15 w 10
Z 3
8 -
10 A
6 .
44
5 X J—
2 -
0 T ) ] T 1
Before RPZ After RPZ Before RPZ After RPZ
Variables AlS FSSG
Correlation P value Correlation P value
coefficient coefficient
Age —0.0431 0.6363 —0.2363 0.0085
BMI ~0.0075 0.9345 0.091 0.3128
Hemoglobin 0.0104 0.9100 0.0328 0.7220
Platelet 0.1079 0.2407 0.2197 0.0159
AST 0.0588 0.5197 0.0015 0.9868
ALT 0.0284 0.7558 0.1148 0.2080
AST/ALT ratio —~0.0046 0.9597 —-{.1254 0.1689
vyGT 0.1545 0.0935 —~0.1272 0.1681
Cholinesterase 0.1366 0.1646 0.1683 0.0861
Prothrombin time 0.0359 0.6998 0.1403 0.1296
Cholesterol 0.1366 0.7233 0.0624 0.5039
Triglyceride —0.0343 0.7132 0.0506 0.5879
HDL-C -0.0128 0.8943 —-0.1166 0.2230
FPG 0.0442 0.6316 -0.2010 0.0277
IRI -0.1073 - 0.2412 -0.1570 0.0855
HOMA-IR —0.0993 0.2806 —0.1948 0.0330
Ferritin 0.0934 0.3081 —0.0490 0.5932
Hyaluronic acid -0.0340 0.7088 ~0.2246 0.0125
Type IV collagen 78 —0.0193 0.8323 —-0.1277 0.1592
FSSG 0.4108 <0.0001 - -
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FSSG scored did not differ in NAFL and NASH patients,
with the prevalence of GERD being 25 % in each group.

Factors positively correlating with AIS and FSSG
scores

AIS score was positively correlated with FSSG score
(r = 04108, P < 0.001) (Fig. 2), but not with any other
parameter (Table 3). FSSG score was positively correlated
with platelet count (r = 0.2197, P = 0.0159), and nega-
tively correlated with age (r = —0.2363, P = 0.0085),
FPG concentration (r = —0.2010, P = 0.0277), HOMA-
IR score (r = —0.1948, P = 0.0330) and hyaluronic acid
concentration (r = —0.2246, P = 0.0125). BMI, transam-~
inase activities, lipid profiles, and iron parameters were not
correlated with AIS or FSSG score.

Correlation between histological findings and AIS
scores

Assessment of histological findings in the 123 patients with
NAFLD showed that 53 (43 %), 40 (33 %), and 30 (24 %)
had steatosis grades 1, 2, and 3, respectively; 30 (24 %), 70
(57 %3, 18 (15 %), and 5 (4 %) had inflammation grades 0,

1, 2, and 3, respectively; and 44 (36 %), 38 (31 %), 21
(17 %), 13 (11 %), and 7 (6 %) had fibrosis grades 0, 1, 2,
3, and 4, respectively. Evaluation of correlations between
AIS scores and histological findings showed that AIS score
was not correlated with steatosis, inflammation, or fibrosis
grade (Fig. 3).

Clinical findings in patients with and without insomnia

Comparisons of clinical and laboratory findings in patients
with and without insomnia showed that yGT concentrations
and FSSG scores were higher, and the prevalence of
hypertension and IRT and HOMA-IR scores were lower, in
patients with insommnia (Table 4). Moreover, GERD
symptoms were significantly more prevalent in patients
with than without insomnia {56 vs. 13 %, P < 0.0001).

Drug usage

Drug usage in patients involved in this study was shown in
Table 5. Beta-blockers users were more prevalent in
patients with GERD compared to those without. The
prevalence of other drug users was not different between
patients with GERD/insomnia and those without.

Table 4 The comparison

. . Clinical parameter
between insomniacs and non-

Insommiacs (n = 34 {28 %]) Non-insomniacs (n = 89 {72 %]) P value

insompiacs Age (years) 56 (35-74) 60 (14-82) 0.8100
Gender (female) 22 (65 %) 54 (61 %) 0.8359
BMI (kg/m?) 26.4 (21.9-38.6) 26.6 (16.6-43.4) 0.5028
Obesity (BMI > 25) 25 (74 %) 62 (70 %) 0.8252
Dyslipidemia 21 (62 %) 56 (63 %) 1.0000
Hypertension (yes) 8 (24 %) 40 (45 %) 0.0385
Type 2 diabetes (yes) 16 (47 %) 39 (44 %) 0.8400
Hemoglobin (g/dl) 14.4 (11.0-18.3) 14.0 (10.5-17.1) 0.9072
Platelet count (x 10%ul) 22.3 (8.7-33.5) 21.1 (4.6-78.5) 0.7137
AST (TU/l) 47 (20-182) 44 (17-186) 0.4682
ALT qUn) 71 (12-358) 69 (15-218) 0.6233
GGT (IUM 77 (24-391) 59 (20-268) 0.0063
Cholinesterase (IU/) 373 (208-547) 371 (167-545) 0.7992
Total cholesterol (mg/dl) 206 (125-314) 214 (87-335) 0.3670
Results are presented as Triglyceride (mg/dl) 146 (68-424) 164 (61-659) 0.3864
numbers with percentages in s -
parenthesis for qualitative data Ferritin (ng/mi) 128 (11-1100) 170 (5-923) 0.7315
or as mean 4 SD for FPG (mg/dl) 94 (70-452) 97 (60-171) 0.7708
quantitative data IR (pU/ml) 9.8 (2.8-11.2) 12.0 (1.6-49.5) 0.0326
BMI body mass index, AST HOMA-IR 2.10 (0.65-33.04) 2.96 (0.38-16.34) 0.0335
Z;fﬁ?;iﬁg‘g:ﬂfg;fCG’(%T Hyaluronic acid (ng/ml) 32 (9-392) 37 (9-3480) 0.9774
gamma glutamyl transpeptidase, Type IV collagen 7S (ng/ml) 4.7 (2.7-13.0) 4.4 (2.8-10.0) 0.9054
FPG fasting plasma glucose, IR! FSSG 8 (0-38) 3(0-17) <0.0001
immuno-reactive insulin FSSG > 8 (1 [%]) 19 [56 %] 12 [13 %] <0.0001
P values were calculated by NASH (r [%]) 24 [71 %] 59 [66 %] 0.8299

t test or y° analysis
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Table 5 Drug usage

Drug usage FSSG < 8 FSSG > 8§ P value Insomniacs Non-insomniacs P value
(n=92) (n =31 (n=34) (n = 89)
Use of antihypertensive drugs
Calcinm antagonists 26 [28 %] 10 [32 %} 0.6560 7 {21 %] 29 {33 %] 0.2680
ARBs 4[4 %) 2 [6 %] 0.6412 2 [6 %] 4 {4 %] 0.6679
Beta-blockers 22 %] 4113 %] 0.0348 2 {6 %] 4[4 %] 0.6679
Use of NSAIDs 10 {11 %] 2 [6 %} 0.7285 1 {3 %] 11 [12 %] 0.1762
Use of anticoagulants 2 {2 %} 0 [0 %] 1.0000 0 {0 %] 22 %] 1.0000
Use of digestive drugs 2 2 %] 0 [0 %] 1.0000 0 [0 %} 22 %] 1.0000

ARBs angiotensin receptor blockers, NSAIDs non-steroidal anti-inflammatory drugs

Table 6 Results of multivariate analysis: independent predictors of
insomniacs

Variables Adjusted (multivariate)
OR 95 % CI P value
FSSG 1.2315 1.1221-1.3516 <0.0001
GGT 1.0109 1.0031-1.0189 0.0063
IRI 0.9515 0.8908-1.0164 0.1396
" Hypertension 0.5503 0.1823-1.6610 0.2893

OR odds ratio, CI confidence interval, FSSG frequency scale for the
symptoms of GERD, GGT gamma glutamyl transpeptidase, [R/
immuno-reactive insulin

Factors independently predictive of insomnia
in patients with NAFLD

Maultivariate logistic regression analysis showed that
plasma GGT concentration [odds ratio (OR) 1.2315,
95 % confidence interval (CI) 1.1221-1.3516, P <
0.0001] and FSSG score (OR 1.0109, 95% CI
1.0031-1.0189, P = 0.0063) were significant independent
predictors of insomnia (Table 6). In confrast, IRI
and HOMA-IR scores and hypertension were not
predictive.

Effects of RPZ on insomnia

RPZ treatment of patients with GERD significantly
reduced FSSG and AIS scores (Fig. 4). Of the 9 patients
with insomnia treated with RPZ, 4 (44 %) showed reso-
lution of insomnia after treatment.

Discussion

This study of Japanese NAFLD patients demonstrated that
(1) 28 % had AIS scores > 6, indicative of insomnia; (2)
25 % had FSSG scores > 8, indicative of GERD; (3) AIS
and FSSG scores did not differ significantly in patients

with NASH and NAFL; (4) FSSG score was independently
associated with AIS score; and (5) insomnia could be
relieved after treatment with RPZ.

The precise prevalence of insomnia in NAFLD patients
has been unclear. Using the AlS, we found that 28 % of
patients with biopsy-proven NAFLD had insomnia.
Although sleep dysfunction has been defined as a Pitts-
burgh Sleep Quality Index (PSQI) score > 5.5 in other
studies [17, 31}, the AIS is satisfactorily validated, simple
to perform, and well accepted based on ICD-10 criteria.
The AIS has been used to assess insomnia in the general
population in Japan. For example, a study of approximately
3000 individuals found that 21.4 % had experienced
insomnia during the previous month [32]. The prevalence
of insomnia in our NAFLD patients does not seem to be
markedly different from that in the general population.
Though this precise reason is unknown, one plausible
explanation is that about 20-30 % of the general popula-
tion is estimated to have NAFLD. We should obtain data
from sex- and age-matched non-NAFLD population to
clarify whether the prevalence of insomnia in NAFLD is
really higher compared to that in the general population.
Assessments of employees of two local governments in
Japan found that 1382 of 5951 males (23.2 %) and 465 of
1500 females (31.0 %), aged 34-59 years, had insomnia
[33, 34]. Assessments of middle-aged women found that
27.5-43.6 % had AIS scores > 6 {35, 36]. Taken together,
these findings indicate that the prevalence of insomnia is
higher in women than in men, across countries and cul-
tures. In contrast, we observed no differences in AIS scores
between men and women with NAFLD. Since the dis-
crepancy between our results and previous studies can be
explained by a small number of patients involved in this
study, a larger number of patients should be examined in
the future. Since Yoshioka et al. [34] showed that the
gender difference disappeared after adjustment for paid
work and family responsibilities, detailed characteristics of
patients should be considered to clarify the gender differ-
ences. In Japanese studies in which insomnia was
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diagnosed using AIS, factors associated with insomnia
included work at visual display terminals for > 6 h per day
[37], job stress [38, 39], and reduced illumination in the
workplace {40]. In this study, however, we did not evaluate
these work environmental factors.

The mechanisms by which insomnia arises in patients
with NAFLD have never been clarified. We found that AIS
scores and the incidence of insommnia were similar in
patients with NAFL and NASH. AIS scores did not cor-
relate with any histological findings, such as steatosis,
inflammation, and fibrosis scores, indicating that histolog-
ical severity is not important in the pathogenesis of
insomnia in patients with NAFLD. In contrast, many
studies have explored the associations between life-style
related disorders/obesity and sleep disturbance. Changes in
secretion of the hormones cortisol, leptin, and ghrelin, and
increased insulin resistance due to short sleep duration
were found to increase the risks of obesity and diabetes
[41-43]. In contrast, insormniacs were more likely to have
insulin resistance than non-insomniacs. This study dem-
onstrated that FSSG score was significantly correlated only
with AIS score. Multivariate analysis showed that FSSG
was an independent risk factor associated with insomnia,
suggesting that GERD symptoms are responsible for
insomnia in NAFLD patients, findings consistent with
previously reported results [9, 17]. For example, sleep
disorders, such as inability to sleep, difficult falling asleep,
and awakening during the night, were observed in 56.3 %
of patients with heartburn [9]. Similarly, we found that
61.3 % (19/31) of NAFLD patients with GERD had
insomnia. A study in 134 Japanese patients with GERD
found that FSSG score was significantly positively corre-
lated with PSQI score [11]. GERD can affect sleep through
two primary mechanisms. First, pighttime reflux, which
occurs in 47-79 % of patients with GERD, can cause
awakening during the night. Second, GERD can cause
short, amnestic arousals (approximately 30 s), resulting in
sleep fragmentation. However, recent studies also sug-
gested that the link between GERD and sleep problems
may be bidirectional. Sleep stage may influence the eso-
phago-upper esophageal sphincter contractile reflex [44].
Sleep disturbance may reinforce the perception of intra-
esophageal acid [45]. The association of NAFLD with
GERD has been assessed in only two studies, which
reported that 37 and 51 % of patients with NAFLD had
GERD symptoms [7, 8], percentages higher than observed
in the present study. Plausible explanations of a lower
prevalence (25 %) of GERD in our NAFLD patients were
the difference of ethics, sex/age distribution, and the
diagnostic method of GERD or NAFLD between previous
studies [7, 8] and ours. Another explanation is the possi-
bility that our NAFLD patients receiving dietary
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educations might avoid irregular diet habits, which are
known to be the most significant risk factors for GERD
symptoms [15]. In the future, sex- and age-matched con-
trolled studies using a larger population is essential to draw
conclusions. A recent study of Japanese patients with
NAFLD found that GERD symptoms were significantly
more severe in the group with higher than lower total
cholesterol (T-CHO) and triglyceride (TG) levels [7]. In
contrast, we observed no correlation between GERD
symptoms and either T-CHO or TG. These conflicting
results may be due to our inclusion of only patients with
biopsy-proven NAFLD, who are not representative of the
general population of patients diagnosed with NAFLD. In
contrast, the patients included in the previous study were
diagnosed with NAFLD by ultrasound [7]. Moreover, that
study did not assess the association of insomnia with
GERD symptoms. Thus, to our knowledge, our study is the
first to clarify the relationship between insomnia and
GERD symptoms in patients with NAFLD.

Previous studies suggested that acid suppression can
improve sleep problems in GERD patients. For example, a
prospective randomized clinical trial found that a signifi-
cantly higher percentage of patients treated with esomep-
razole than placebo showed resolution of GERD-related
sleep disturbances [46]. RPZ treatment also significantly
improved subjective indices of sleep quality over placebo
[16]. Moreover, an 8-week course of RPZ treatment sig-
nificantly decreased both FSSG and PSQI scores in Japa-
nese patients [11]. Consistent with these findings, we found
that treatraent with RPZ significantly decreased both AIS
and FSSG scores. These results also indicate that GERD
symptoms are at least partly responsible for the occurrence
of insomnia in NAFLD patients.

In addition to AIS score, GGT concentration was found
to be an independent predictor of insomnia in patients with
NAFLD. Serum GGT activity is a marker of oxidative
stress [47]. The primary function of GGT is to maintain
intracellular concentrations of glutathione, a critical anti-
oxidant molecule. Thus, increased GGT activity can be
regarded as a response to oxidative stress, aimed at
increasing the intracellular concentration of glutathione.
Although little is known about the relationship between
insomnia and oxidative stress, a preliminary study showed
that anti-oxidant activity was significantly lower and lipid
peroxidation levels significantly higher in patients with
primary insomnia than in controls [48]. Serum concentra-
tions of GGT and 8-hydroxydeoxyguanosine are correlated
in patients with NAFLD, indicating the occurrence of
oxidative stress [49]. GGT has also been associated with
the occurrence of metabolic syndrome, early atheroscle-
rosis, and cardiovascular events [50]. Moreover, GGT
concentrations are higher in patients with obstructive sleep
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apnea syndrome (OSAS) than in controls [51] and have
been associated with nocturnal arterial oxygen desatura-
tion. Furthermore, continuous positive airway pressure
treatment has been shown to decrease GGT, further sug-
gesting that the increase in GGT is directly associated with
OSAS. OSAS has also been associated with the presence
and severity of NAFLD [52], suggesting that insomnia in
patients with NAFLD is at least partly associated with the
occurrence of OSAS. Our finding, that elevated GGT is an
independent predictor of insomnia, suggests that these
patients also have OSAS, although this was not directly
evaluated in our patient population.

This study had several limitations. First, its design was
cross-sectional, making it difficult to establish a cause—
effect relationship, and suggesting the need for prospective
studies. Second, the AIS is a self-administered question-
naire and subjective measure of insomnia, suggesting the
need for assessment of objective sleep variables such as
those obtained during polysomnography. Third, GERD was
diagnosed based on FSSG scores alone, without endoscopic
examination or 24 h pH monitoring. Because all partici-
pants were Japanese, there is a possibility that our results
may not be applicable for NAFLD patients of other races or
ethnic groups. The current study also did not assess the
effects of smoking habits, mental status, dietary habit, and
work environments. Additional studies, in larger popula-
tions, are needed to assess these variables.

In conclusion, we found that about 30 % of Japanese
patients with biopsy-proven NAFLD have insomnia.
GERD symptoms may be important in the development of
insomnia. PPIs may be clinically useful for treating
insomnia in NAFLD patients.
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Introduction

Nonalcoholic fatty liver disease {(NAFLD) includes a wide
spectrum of liver diseases that range from simple steatosis, which is
usually a benign and non-progressive condition, to nonalcoholic
steatohepatitis (NASH), which can progress to liver cirrhosis (LC)
and hepatocellular carcinoma in the absence of significant alcohol
consumption [1-3]. The progression of hepatic fibrosis is an
important predictive factor for the development of LC and
hepatocellular carcinoma not only in patients with chronic
hepatitis C, but also in those with NASH [4]. To inhibit the
progression of hepatic fibrosis in NASH, it is important to clarify
the predictive factors for progression of hepatic fibrosis.

NASH and NAFLD are considered to be hepatic manifesta-
tions of the metabolic syndrome including insulin resistance (IR}
and abnormalities of glucose metabolisms [5,6]. In accordance

PLOS ONE | www.plosone.org

with the increased prevalence of obesity and type 2 diabetes
mellitus (I2DM) in the general population worldwide, the
number of patients with NASH and NAFLD have also increased
[7,8]. T2DM is considered to be an independent risk factor for
the development of NASH and NAFLD [9,10], and hyperinsu-
linemia and hyperglycemia are common not only in obese
patients, but also in non-obese, non-diabetic patients with NASH
[11]. On the other hand, the presence of NASH and NAFLD
themselves is also considered to be associated with a high risk of
developing T2DM [12].

Postprandial hyperglycemia and glycemic variability were
reported to involve progression of atherosclerosis through increase
of oxidative stress, activation of inflammatory cytokines and
inflammation [13-15]. Oxidative stress is well known as one of
most important factor for inflammation and progression of hepatic
fibrosis n NAFLD patients [16,17]. The continucus glucose
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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%j,
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 X*-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 GGMS 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 i 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 (f-IR1), creatinine, blood urea nitrogen,
1,5-anhydroglucitol {1,5-AG), HbAlc, and fibrosis markers. These
parameters were measured using standard clinical cheraistry
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 (WU/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 percutaneously
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= cirhosis. 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 (LC) were included in this study, unlike in the 75g0GTT
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
mitialization. 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.

Resuits

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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patients with NAFLD were classified into four groups based on the
stage of hepatic fibrosis stage: FO (o= 10), F'1 (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 78, 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
patients 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 (F0O
versus F2, P<0.05; ¥O versus K3, 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

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) 4/6 25/49 18/30 21/16 :
Age (yo) 396 122 456 154 49.1 = 142 53.6 T 143w A
BMI (kg/m?) 274 = 30 276 55 283 * 43 301 o 46 *F
AST ({UAL) 37.8 =111 434 209 545 = 3287% 79.3 . 2 gpqeie
ALT (U 645 + 294 782 3700 998 = 676% M 68
ALP (1U/L) 207.2 = 1099 2408 109.8 287.8 * 1007 2531 + 1063
GGT (IU/L) 113.6 * 1013 582 = 429 797 + 400 918~ = . 803 %,
ChE (IU/L) 3759 = 592 3508 777 3715 + 548 328.0 * 826
Albumin {g/d}) 4.44 = 022 458 * 028 445 + 028 445 £ 031
BUN (mg/di) 13.8 + 26 138 = 40 148 + 48 137 = 39
Crn tmg/dh 0.69 = ou 0.84 = 097 0.66 022 068 . 012
UA (mg/di) 6.38 = 170 642 =22 638 = 129 5.85 * 108
FPG (mg/dl) 90.8 = 86 104.6 £ 243 100.6 * 155 106.5 209 %
HbAlC (%) 546 + 022 592 £ 114 596 = 077* 6.27 = 098*
T-Cho (mg/di) 2146 = 398 2035 353 0 2222 = 298% 2153 = 5377
TG (mg/dl) 185.9 144.9 1504 90.6 186.8 + 9807 1427 = 5507
RBC (x10%/mi) 4670 = 495 4789 4007 4464 = 389 51 = 382
Hb (g/dh 14.1 = 14 143 18 139 + 16 139 = 08
PIt (x10%/mi) 240 = 53 237 * 59 28 + 38% 200 54 7%
WBC (x10¥/mi) 447 - = 318 529 = 254 542 + 264 402 = 310
Fefmord) ez 76 1064 E 308 072 k2060 I x L 426%
Ferritin (ng/mi) 1857 = 1310 2417 = 1729 2629 + 1926 383 = 2772%
HA (ng/mi) S0z e 135507 30400 vt 195 341 * 2630 935 1050 FEETE
IVcollagen7$ (ng/mi) 279 £ 052 352 067 % 377 £ 101 % 5.05 o 235eEEE
P-3-P (U/ml) 0.53 + 014 0.57 . 017 069 = 024 0.92 = 0667
P-values were calculated using the Mann-Whitney U test. Versus FO: *P<00.05, **P<0.01, ***P<C0.001. Versus F1: #P<0.05, ##P<0.01, *##P<0.001. Versus F2: “"'P<0.01,
+HP<0.001. Fibrosis stage (F): FO (h=10), F1 (n=74), F2 (n=48), F3 (n=237); total, N=169. BM!, body mass index; AST, aspartate aminotransferase; ALT, alanine
aminotransferase; GGT, gamma-glutamy! 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 75, type IV collagen 7S; P-3-P, type il procollagen N-peptide.
doii10.137 /journal.pone.0076161.1001

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 (F0 versus F2, £<0.05; FO versus I'3, P<0.0001;
F1 versus F3, P<0.001; F2 versus F3, P<0.03) (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) (Tig. 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 i 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 34,
not only the fasting glucose levels (FO versus 3, 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 F2, P<0.05; F0
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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-Anhydrogiucitol (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).
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Figure 3. Patterns of glucose and insulin secretion in the 75gOGTT in relation to the progression of hepatic flbrosls. A) The glucose
levels were significantly elevated in accordance with the progression of fibrosis (Versus F0; *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, P<0.05) C) !nsu!m 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).
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Table 2. Comparison of the parameters of glucose
metabolism between patients with mild fibrosis (FO-2) and
severe fibrosis (F3).

Fo-2 F3 P value

(a=132} {n=37}
Gender (F/M) 4785 21/16
Age {yo) 464 = 149 536 % 143 000967
BM (kg/mz) 274 = 30 30.1 = 46 0.01395
FPG (mg/dl) 1021 x 207 1065 = 209 025665
HbAlc (%) 590 * 097 627 = 098 004520
FIRI (uU/mb 120 * 7.5‘ 183 += 118 0.00012
HOMA-R 298 * 182 414 = 247 000320
insulinogenic 0.96 = 1.06 085 = .089 - 054574
index :
AUC-RI 129 = 83 184 * 92 0.00103
(10%p/mi/min)
AUC-PG 296 = 100 343 = 95 001093
{(103mg/dl/min) :
1,5-AG 214 = 88 152 *® 73 0.00014
{(ng/mi)
P-values were calculated using the Mann-Whitney U test, Data are expressed as
mean =+ standard deviation. BMI, bady mass index; FPG, fasting plasma glucose;
£IRI, fasting immunoreactive insulin; HOMA-IR, homeostasis modef 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.
doi10.1371/journal.pone.0076161.1002

versus F3, P<0.01; F1 versus F3, P<0.05; F2 versus 13, P<0.05)
(Fig. 3B). In addition, FIRT was significantly elevated in
accordance with the progression of hepatic fibrosis (0 versus
F2, P<0.05; FO versus ¥3, P<0.05; F1 versus £2, P<0.05; F1
versus F3, P<0.001) Tig. 3C). Furthermore, the AUC of IRI
secretion (AUC-IRI) was also significantly increased in accordance
with the progression of hepatic fibrosis (FO versus F3, £<0.05; F1
versus T3, P<.0.01) (Fig. 3D). In particular, the insulin levels at
190 minutes were remarkably higher in the patients with
advanced hepatic fibrosis (FO versus F2, P<0.03; FO versus F3,
P<0.01; F1 versus F2, P<0.01; F1 versus F3, P<0.01). On the
other hand, imsulin 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 (F'3). Table 2 shows that age, body mass
index, HbAlc, FIRT, HOMA-IR, AUC-IRI, and AUC-PG were
significantly higher in the F3 group than in the F0O-2 group.
Furthermore, 1,5-AG was significantly lower in the F3 group than
in the F0-2 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% €} Zvalue P value

Age (yo) 104252 1.00009-108676 196 0.051
B (kg/mz} 1.08810  0.96010-1.23318 1.32 0.186
HbAlc (%) 0.82385 0.37798-1.79568 —049 0626
fIRI (WU/mi) 1.15005 0.89106~1.48432 1.07 0.283
HOMA-IR k 0.81485 0.32819-2.02311 -044 0.65%
insulinogenic index 0.59433  0.29955-1.17917 —149 0.137
AUCHRE 3 1.00006 '0.99997-1.00014 129 0.196’
(10°uU/mi/min)” S )
AUC-PG 1.00000 0.99589-1.00011 ~008 0.937
(10%mg/dl/min) '

1,5-AG 0.89509 . 082473-097145 = —265 o008’
{ng/mi) - o : ) .

p-values were calculated using logistic regression. BMI, body mass index; FPG,
fasting plasma glucose; f-IR}, fasting immunoreactive insulin; HOMA-IR,
homeostasis model assessment of insulin resistance; AUC-IRE: area under the
curve of IRl secretion; AUC-PG, area under the curve of plasma glucose; 1,5-AG,
1,5-anhydroglucitol; Cl, confidence interval.
doi:10,1371/journal.pone.0076161.1003

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

In wultivariate 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
94 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 (¥0-2). No patients in
either group took any anti-diabetes drugs or insulin injections. The
clinical data of both groups are shown in Fable 81 in File 51

The average median glucose level of the patients with mild
fibrosis (F0-2) was significantly lower than that in the patients with
severe fibrosis (F3-4) (108.1x12.1 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
srnaller 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 39.7+17.8 mg/
dl, P=0.0022). In addition, AMin~max blood glucose was alsa
significantly larger in patients with severe fibrosis than in those
with mild fibrosis {165.069.6 versus 115.2222.8 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 maxinmum
glucose levels (P=0.0019) (Table 4) in the patients with severe
fibrosis were significantly higher than those in the patients with
mild fibrosis, although the minimum blood glucose levels were not
significantly different (P=0.9221).
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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 te 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. Patents 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 are 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
75gOGTT and CGMS 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 F0 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
TIDM 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 (F0-2) and

Variable Mild fibrosis (FO-2) Severe fibrosis (F3-4) P value
Average median blood glucose (mg/dh 108.1 122 1315 * 343 <0.00001
Average standard deviation (mg/dl) 174 + 52 39.7 + 178 0.0022
Minimurn blood glucose {mg/dl} 81.7 * 287 725 264 0.9221
Maximum blood glucose (mg/dl) 1188 = 125 237.5 £ 651 0.0019
AMin-max blood glucose (mg/dl) 1152 - 228 165.0 * 656 0.0029

doit10.1371/journal.pone.0076161.1004

PLOS ONE | www.plosone.org

Average median bicod 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 F0 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 variability in patients with NAFLD, and glycemic
variability would be closely related to the progression of hepatic
fibrosis. IR 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 (F3)
compared with the patients with mild fibrosis (F0-2) (I3 versus
FO, P<0.01; F3 versus F1, P<0.001; F3 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 3
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 I'2, P<0.05; FO versus F3, P<0.01; I'1 versus F, P<0.05; F2
versus I3, P<C0.05) (Fig. 3B). Furthermore, f-IRT 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 ¥2, P<0.05;
F1 versus F3, P<0.001) (Tig. 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
carly 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; F1 versus F2,
P<0.01; Fl 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<0.053; F1 versus F3, 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 glicose 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

PLOS ONE | www.ploscne.org
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glucose metabolism were compared between the mild fibrosis
group (F0-2) and severe fibrosis group (F3). In univariate analysis
(Table 2), age (P=0.00967), body mass index (P=0.01395),
HbAlc (P=0.0452), £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 logistic 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 (F3—4, »=10) and
mild fibrosis (F0-2, n= 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 threc patients with LC (F4) 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 (F0-2) 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 118.812.5 mg/dl, £=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
115.2422.8 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 fibvosis groups did not change even when
three patients with LC (FF4) were excluded from the severe fibrosis
group (Figure 81 and Tables $2 and S3 in File S1). Moreover, 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
[54,35] and critically ill patients [36,37]. Oxidative stress is well
known as one of most important factors for nflammation 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 81 Supplemental Figures and Tables. Figure 81,
Twenty-four-hour sensor glucose profiles by continuous
glucose monitoring system. The changes in the median
sensor glicose levels during 24 hours are shown in the patients
with A) F0-2 fibrosis (n=10) and B) F3 fibrosis (n=7). The
variability of median glucose levels among the patients with F0-2
fibrosis was remarkably smaller than that among the patients with
F3 fibrosis. Median glucose levels in the patients with ¥3 fibrosis
were higher than those with ¥0-2 fibrosis (shadows areas, P<<0.05
o P<0.001): Time of meal consumption. Table 81, 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 hafter
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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 1o 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 ampuila 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
mangper 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-07PLD, 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
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GTTAATGTAACCTCATCTAGA-3" was prepared
by digestion of pPERETKLuc plasmid DNA (a gift from
Prof. MG Parker) (Mak et al. 1999) with Xbal. The
fragment was inserted into EcoRV/Ndel-digested
prestinhsp68EGFP (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
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 Cyp19a 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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