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movement and insulin synthesis is comparatively preserved
[14].

In contrast, the insulin response to glucose and first-
phase insulin secretion were remarkably disordered. The
first phase required a rapid and marked elevation of [Ca**];
and corresponded to the release of insulin granules from a
limited pool [15]. This suggests that glucose stimulation
did not increase the intracellular calcium level in pancre-
atic f§ cells of this patient. We therefore suspected that
glucose metabolism in pancreatic f cells was disordered.
However, fasting plasma pyruvate and lactate levels in this
patient were within normal limits (data not shown). Further
investigation is required to clarify the mechanism of
glucose unresponsiveness seen in this patient.

Liraglutide improved glucose tolerance at doses of 0.3
and 0.6 mg. Plasma glucagon levels decreased dramati-
cally with doses of 0.3 and 0.6 mg, whereas the insulin
response to glucose on May 25, 2011 (0.3 mg liraglutide)
became much higher than that on September 7, 2011
(0.6 mg liraglutide). After the administration of 0.6 mg
liraglutide, the patient sometimes experienced gastrointes-
tinal symptoms (soft stool and indigestion). Moreover, the
HOMA-R level was lower with 0.6 mg liraglutide than
with 0.3 mg liraglutide. These results suggest that the
improvement in glucose tolerance with 0.6 mg liraglutide
was achieved by delayed gastric emptying, suppression of
glucagon secretion, and improvement of insulin sensitivity
rather than by augmentation of insulin secretion.

In this patient, postprandial glucose levels were
remarkably high, although HbAlc was within normal
limits. Consistently, the plasma 1,5-AG level was at the
lower end of the normal spectrum, and was improved with
liraglutide admiinistration. Thus, in cases of fasting nor-
moglycemia, HbAlc may be readily underestimated.
Moreover, postprandial hyperglycemia poses a potential
risk for the development of atherosclerosis {16, 17]. In this
patient, as the pancreatic f§ cells would be protected from
glucotoxicity because the insulin secretion capacity was
very low, normalization of postprandial hyperglycemia and
protection against pancreatic f-cell failure and diabetic
complications caused by glucose toxicity were crucial.

There are recent reports that fasting CPR, CPR index,
and L.I. are useful parameters for predicting the efficacy of
liraglutide in patients with type 2 diabetes [18]. In contrast,
both the fasting plasma glucose levels and the insulin levels
were low in this patient because hepatic insulin sensitivity
was preserved. Furthermore, the insulin response to glu-
cagon and the postprandial serum CPR to plasma glucose
ratio, rather than the fasting serum CPR to plasma glucose
ratio, better reflected islet function in this patient. Consis-
tently, it was reported that the serum CPR to plasma glu-
cose ratio after oral glucose ingestion better predicts ff-cell
area than fasting measures such as the HOMA-f index

[11, 19]. Thus, the insulin response to glucagon and the
postprandial serum CPR to plasma glucose ratio are useful
tools for estimating pancreatic f-cell function, particularly
in lean diabetic patients. However, we should keep in mind
that the plasma CPR levels are affected by renal function
[20, 21], and that the CPR response to glucagon is affected
by the plasma blood glucose levels and may overestimate
p-cell function in poorly controlled NIDDM patients with
elevated blood glucose levels [22, 23]. Furthermore, in
patients with a long-term history of diabetes mellitus, the
residual f-cell function and CPR response to glucagon can
be expected to be decreased [9]. For these reasons, any
estimation of residual f-cell function using a glucagon test
is limited to patients with short-duration diabetes mellitus.

Leuprorelin used for the treatment of endometriosis
often worsens insulin resistance, subsequently causing
postprandial hyperglycemia [24]. In the present case, leu-
prorelin increased the postprandial glucose level, while
alogliptin did not improve glucose tolerance. Similarly,
glucocorticoids induce insulin resistance and postprandial
hyperglycemia [25], whereas liraglutide improves post-
prandial hyperglycemia and insulin resistance induced by
glucocorticoids. This is due to delayed gastric emptying
and suppressed glucagon secretion rather than the poten-
tiation of insulin secretion [26]. Thus, liraglutide may be
an effective agent to treat leuprorelin-induced diabetes
mellitus.

In conclusion, we found that liraglutide is effective for
glycemic control in a lean diabetic patient with an impaired
insulin response to glucose. Thus, in patients with a low
fasting CPR to glucose ratio, the glucagon test may be
appropriate for estimating pancreatic f-cell function when
liraglutide is administered.
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Metformin is a drug to improve glycemic control by reducing insulin resistance and is currently consid-
ered to be one of the first-choice drugs for type 2 diabetes mellitus (T2DM). However, during metformin use,
adverse drug reactions (ADRs) including gastrointestinal adverse events were frequently observed. Thus, in
the present study, we investigated the incidence of ADRs induced by metformin and further analyzed risk
factors for ADRs in Japanese patients with type 2 diabetes mellitus who initially administered metformin
(500-750 mg). One hundred and one hospitalized patients receiving metformin during September 1, 2009
and August 31, 2010 were studied. The incidence of ADRs and changes in laboratory data including hemo-
globin Alc (HbAlc) were monitored retrospectively. The anti-glycemic effect of metformin was successfully
observed as indicated by decreased HbAle. Among ADRs, diarrhea was most frequently occurred during
metformin use (26.7% of patients) although the symptom of diarrhea was mild in most cases and disappeared
within 3d after the initial use. A logistic regression analysis showed the existence of six risk factors, includ-
ing initial dose (750 mg), female, age (=65), body mass index (£25), aspartate aminotransferase (=30IU/L)
and alkaline phosphatase (22701U/L). The incidence of diarrhea increased linearly as the number of risk
factors increased. In conclusion, in order to aveid ADRs, especially diarrhea, subsequently improving the
quality of life during metformin use, the optimization of the dose of metformin by considering risk factors

would be beneficial for patients with T2DM.

Key words metformin; type 2 diabetes mellitus; diarrhea; risk factor; dose optimization

Metformin improves insulin resistance by inhibiting gluco-
neogenesis and enhancing peripheral glucose uptake through
stimulation of AMP-activated kinase.” meta-Analysis has

shown its effectiveness in type 2 diabetes mellitus (T2DM).>

Metformin has been recommended as a first-choice drug in
new-onset type 2 diabetes in a consensus algorithm from
the American Diabetes Association and the European Asso-
ciation for the Study of Diabetes.” Moreover, recent reports
suggest that metformin would be effective 1) in preventing
cardiovascular events in type 2 diabetes,” 2) in preventing the
development of T2DM in nondiabetic subjects, 3), in im-
proving impaired glucose tolerance in patients with metabolic
syndrome,® and 4) limiting weight-gain induced by atypical
antipsychotics.”

Metformin is generally well tolerated. However, it is well
known that metformin frequently causes adverse drug reac-
tions (ADRs) including gastrointestinal adverse events, espe-
cially diarrhea.” These ADRs occasionally leads to withdraw-
al of metformin treatment.®” In the present study, we initially
clarified the incidence and profiles of ADRs caused by initial
treatment of metformin in patients hospitalized with T2DM
patients. Secondly, we aimed to identify risk-factors related to
ADR(s) to encourage the appropriate use of metformin.

MATERIALS AND METHODS

Patients Our study was carried out in accordance with
the guidelines for the care for human study adopted by the
ethics committee of the Gifu Graduate School of Medicine
and notified by the Japanese government (approved No. 22-
174 of the institutional review board). One hundred and one

*To whom correspondence should be addressed. e-mail: kitaichi@gifu-u.ac.jp

patients admitted to our hospital and started on metformin
during September 1, 2009 and August 31, 2010 were enrolled.
The enrolled patients possessed normal renal function (serum
creatinine <1.2mg/dL) since in our hospital patients with
reduced renal function (serum creatinine =1.2mg/dL) were
not given metformin to avoid the risk of metformin-induced
lactic acidosis although this complication is rare.!” Moreover,
it should be noted that patients who have any diseases that fre-
quently cause diarrhea (ex. infectious disease, gastrointestinal
disease efc)!'"'¥ or who take any drugs that frequently cause
diarrhea (ex. antibiotics, anticancer drugs, non-steroidal anti-
inflammatory drugs efc)* were eliminated.

Survey of ADRs Associated with Metformin Metfor-
min (Melbin® 250mg tablet, Dainippon-Sumitomo Pharma
Co., Ltd., Osaka, Japan) was administered at a daily dose of
500mg or 750mg. Data were retrospectively obtained from
the patients’ electronic medical records and pharmaceutical
records. Briefly, ADRs, assessed by pharmacists, such as diar-
rhea, nausea, and vomiting during the hospitalization (i.e. up
to 7d after starting metformin use) were obtained from phar-
maceutical records. The severity of ADRs was assessed by the
Common Terminology Criteria for Adverse Events (CTCAE
version 4.0).

Monitoring the Laboratory Data and the Patients’
Characteristics The laboratory data for alkaline phospha-
tase (ALP), alanine transaminase (ALT), aspartate amino-
transferase (AST), total bilirubin, serum creatinine (Cr) and
hemoglobin Alc (HbAlc), as well as the patient’s charac-
teristics including age, gender, body mass index (BMI) and
prescribed drugs before metformin use were obtained from
the medical records. Creatinine clearance (CCr) was obtained

© 2012 The Pharmaceutical Society of Japan
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by the Cockerofti—~Gault formula’ from data on age, sex, body
weight and Cr.

Statistical Analyses Data analysis was with the Statistics
Program for Social Science for Windows (SPSS II, ver. 11,
IBM Co., Somers, NY, U.S.A.). Non-parametric data were
analyzed using Fisher’s exact probability test or Mann—Whit-
ney U-test, while parametric data were analyzed by r-test.
Risk analyses were carried out by univariate logistic regres-
sion analysis.

RESULTS

Patient’s Demographics Characteristics of patients were
shown in Table 1. Metformin was administered at a dose of
500mg and 750mg in 52 and 49 patients, respectively. Before
metformin treatment, insulin was administered in 49 patients
(48.5%), sulfonylurea in 6 patients (5.9%), a-glucosidase- in-
hibitors in 31 patients (30.7%), and thiazolidines in 12 patients
(11.9%).

Hypoglycemic Effect of Metformin As shown in Table
2, HbAlc gradually decreased after treatment with metformin
in either group. Significant reduction in HbAlc was observed
at 12 weeks in both groups. The extent of the reduction in

Table 1. Patients’ Demographics

Number of patients (male/female)
Age (range)
HbAlc (%)
Initial daily dose
500mg
750mg
Dose regimen
Before meal

101 (62/39)
60.7 (14-86)
9.4+22

52 patients (51.5%)
49 patients (48.5%)

12 patients (11.9%)

After meal 89 patients (88.1%)
Alanine aminotransferase (ALT, 30.7224.2
u/L)
Aspartate aminotransferase (AST, 252*133
U/L)
Alkaline phosphatase (ALP, TU/L) 2333%71.4
Total bilirubin (mg/dL) 0.9+04
Creatinine clearance (mL/min) 94.7x28.5

Co-administered drugs

Insulin 49 patients (48.5%)
Sulfonylurea 6 patients (5.9%)
o-Glucosidase inhibitors 31 patients (30.7%)
Thiazolidines 12 patients (11.9%)

Table 2. Effect of Initial Doses of Metformin on the Levels of HbAlc in

Patients with T2DM

Initial daily dose of metformin Statistical

500mg (N=52) 750mg (N=49)  Significance”
Hypoglycemic effect (HbAlc, %)

Baseline 9.0+2.1 9.8+22 0.056
12w 7109 6.60.9 0.137
(N=167) (V=12
AHbAlc ~1.4%0.4 ~33+07 0.02
(N=167) (N=127)

4%

2<0.05 and p<<0.01 vs. corresponding baseline. a) Patients whose HbAlc was
not examined or recorded were excluded from the data. b) Unpaired #-test.
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HbAlc was significantly (p<<0.05) greater in 750 mg-treated
group than in 500mg-treated group.

Metformin-Induced ADRs As shown in Table 3, the
most-frequently observed ADR was diarrhea that occurred in
27 patients of 101 patients (27%). Another ADR was a mild
anorexia (i.e. G1) which appeared in 3 patients (3%) without
diarrhea. Nausea, vomiting, hepatic and renal dysfunctions
were not observed. Although it is well known that one of seri-
ous ADRs caused by metformin is lactic acidosis,'® no ADRs
related to lactic acidosis (ex. blood pH etc.) were observed in
the present study (data not shown).

Profiles of Metformin-Induced Diarrhea Profiles of
diarrhea were compared between the two initial doses 500mg
and 750mg. As shown in Table 4, the incidence was signifi-
cantly higher in 750mg-treated group than in 500mg-treated
group (36.7% vs. 17.3%, p<<0.05). The onset of diarrhea was in
all cases within a day of metformin treatment. The symptom

Table 3. The Incidence of ADRs of Metformin (N=101)

ADRs Number of patients (%)
Diarrhea® 27 (26.7%)
Anorexia®” 3 (3.0%)
Nausea 0 (0%)
Vomiting 0 (0%)

Hepatic dysfunctions®? 0 (0%)
Renal dysfunctions® 0 (0%)

ADRs were monitored during the hospitalization (up to 7d after metformin treat-
ment). a) We counted the number of patients who developed diarthea, anorexia,
nausea and vomiting as more than GO. b) No patients with anorexia occurred diar-
rhea during metformin use. ¢) Values of AST and ALT 3 times above ULN (i.e. G1)
considered being hepatic dysfunction afier metformin use. d) One patient who had
high ALT (G1) before metformin use together with unchanged ALT after metformin
use was excluded from the analysis. This patient caused diarrhea after metformin use
for 3d. ) Values of serum creatinine 1.5 times above ULN (i.e. G1) considered being
renal dysfunction after metformin use.

Table 4. Effect of Initial Doses of Metformin on the Profiles of Metfor-
min-Induced Diarrhea in Patients with T2DM

Initial daily dose of metformin

Statistical
500me (N=52) 750mg (N=49) Significance”

Incidence (n=27)" 9 (17.3%) 18 (36.7%) 0.042
Gender

Male 3 9

Female 6 9 0.681
Severity”

G1 (n=21) 6 15

G2 (n=6) 3 0.623
Duration?

Within 3d (r=18) 6 12

Over 3d (n=6)" 1 5 0.629
Tolerability®

Treatment contin- 7 17

ued (n=24)

Treatment discon- 2 1 0.795

tinued (n=3)"

Onset, gender, grade, duration and tolerability of diarrhea were monitored during
the hospitalization (up to 7d after metformin treatment). a) Diarrhea appeared in all
cases within a day of metformin treatment. b) There are no statistical differences
of gender and age (=65) between groups in severity, duration and tolerability. c¢)
Symptom was G1 at the end of the observation in 5 patients. d) All were G2 but the
symptom recovered immediately after stopping medication. ) Fisher’s exact prob-
ability test.
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Table 5. Comparison of the Characteristics of Patients between Those with and without Diarrhea
With diarrhea (N=27) Without diarrhea (N=74) Statistical significance
Age 56.1%15.2 62.4%13.8 0.028"
Gender

Male 12 (44.4%) 50 (67.6%)

Female 15 (55.6%) 24 (32.4%) 0.040%
Body mass index 26.6%5.6 24.0x3.7 0.0369
HbAlc (%) 9.3x2.1 9.4+22 0.9189
Initial daily dose (mg) 667+120 605+124 0.0289
Dose

500mg 6 (40.0%) 18 (75.0%)

750 mg 9 (60.0%) 6 (25.0%) 0.0657
Dose regimen

Before meal 2 (7.4%) 10 (13.5%)

After meal 25 (92.6%) 64 (86.5%) 0.5079
ALT (U/L) 41.9x35.2 25.6%17.3 0.038%
AST (U/L) 28.4+152 24.0%12.5 0.1409
ALP (TU/L) 270.6+98.6 219.1%52.1 0.0159
Total bilirubin (mg/dL) 0.94%0.54 0.880.41 0.5679
Creatinine clearance (mL/min) 103.4%26.5 91.6+28.7 0.066°
Co-administered drugs .

Sulfonylurea 1(3.7%) 5 (6.8%) 1.0009

a-Glucosidase inhibitors 8 (29.6%) 23 (31.1%) 1.0007

Thiazolidines 1 (3.7%) 11 (14.9%) 0.1259

Insulin 12 (44.4%) 37 (50%) 0.6599

Laxatives 3(11.1%) 11 (14.9%) 0.7549

a) Fisher’s exact probability test. b)) Mann-Whitney U-test. ¢) Student’s r-test.

of metformin-induced diarrhea was mild (l.e. Gl) in many
cases in either group and most patients recovered from diar-
rhea within a few days. Three of 27 patients with diarrhea
discontinued metformin therapy due to G2 diarrhea, where
the symptom disappeared immediately after the cessation of
metformin use. There are no significant differences of the se-
verity, duration and tolerability of diarrhea between the initial
doses of metformin.

Comparison of the Characteristics between Patients
with and without Diarrhea Table 5 shows a comparison of
patient characteristics between the two groups with and with-
out diarrhea. Six risk factors identified were age (p=0.028),
sex (p=0.04), initial daily dose of metformin (p=0.028), BMI
(p=0.036), ALT (p=0.038) and ALP (p=0.015). The odds
ratio in a univariate analysis was 2.774 (95% CI, 1.101-6.988,
p=0.030) for initial daily dose of 750mg, 2.604 (1.057-6.416,
p=0.037) for female, 3.694 (1.338-10.198, p=0.012) for age
£65, 2.532 (1.028-6.239, p=0.043) for BMI =25, 2.90 (1.13~
7.42, p=0.026) for ALT =30IU/L and 3.380 (1.126-9.071,
p=0.016) for ALP =2701U/L (Fig. 1).

The Relationship between Risk Factors and the In-
cidence of Diarrhea It was notable that the incidence of
diarrhea was elevated linearly as the number of risk factors
increased, when the number of risks exceeded 3 (Fig. 2).

DISCUSSION

The current study revealed that diarrhea is most-frequently
occurred ADR during metformin use at an initial dose of
500mg or 750mg as shown previously.>'® The overall inci-
dence of diarrhea observed in the present study was 26.7% (27
of 101 patients), which was consistent with the data (23.7%)

Factors Odds ratio (95% Cl) P values

Initial daily dose of 750mg e @ 2.774 (1.101-6.888) p=0.030

Age <65 @ 2 604 (1.057-6.416) p=0.037
Female ———®———— 3694 (1.338-10.198) p=0.012
BMI 225 e 2.532 (1.028-6.239) p=0.043
ALT 2 30 1U/L ———@——— 2,900 (1.133-7.420) p=0.026

ALP 2 270 1U/L =@+ 3380 (1.126-9.071) p=0.016

01 1 10
Odds ratio
Fig. 1. Risk Factor Analysis for Metformin-Induced Diarrhea

Data were analyzed by univariate logistic regression analyses.

reported in a large clinical trial such as A Diabetes Outcome
Progression Trial (ADOPT),'” although the incident rate was
varied among studies.’® The differences of initial daily doses
of metformin failed to affect the severity, duration and toler-
ability of diarrhea although further large scale study would be
needed to analyze the profiles of metformin-induced diarrhea
in detail.

In the present study, we determined the risks of metformin-
induced diarrhea. An univariate logistic regression analysis
indicated that six risk factors for metformin-induced diarrhea
was found, including an initial dose of 750mg, female, age
=65, BMI =25, AST =301U/L and ALP =270IU/L. It was
notable that the incidence of diarrhea was proportionally el-
evated as the number of these risk factors increased, in which
the incidence was dramatically increased when the number of
risks exceeded 3. Thus, the number of possessed risk factors
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Fig. 2. Relationship between the Number of Risks and the Incidence of

Diarrhea Associated with Metformin Administration

Risk factors for metformin-induced diarrhea included age =635, female, body
mass index Z25, initial daily dose of 750mg, ALT 230IU/L and ALP =2701U/L.
Numbers in each parenthesis represent the number of patients with diarrhea per to-
tal number of patients. Table in the figure showed the incidence of each risk factor.
Shaded column indicated the value over 50%.

would become a good predictor for metformin-induced diar-
rhea.

Consistent with previous studies,*'® we found the impor-
tance of dose of metformin since the incidence of diarrhea
was significantly higher in patients who received metformin
at an initial dose of 750mg than in those who took at 500 mg
(17.3% vs. 36.7%). Thus, in order to use a maximal effective
dose of metformin without the ADRs as well as the discontin-
uation, the assessment of risk factors together with appropriate
supports such as prophylactic use of antidiarrhoics would be
expected to reduce the number of patients who should de-
crease the dose of metformin due to diarrhea.

The elevation of ALT and ALP also became risk factors. So
far, it has been reported that metformin itself induces hepatic
dysfunction, including cholestatic damage, as shown by an
increase in alkaline phosphatase.”® Moreover, liver dysfunc-
tion by cholestasis decreases the expression of organic cation
transporter (OCT) 1 and 3, both of which play a crucial role in
the uptake of metformin into liver.'” Taken together, it is pos-
sible that liver damage including cholestasis might modify the
incidence of diarrhea.

Several hypotheses underlying metformin-induced gastro-
intestinal side effects have been postulated although some
of them were controversial.'*? Although, so far, no patients
had a sign of lactic acidosis such as altered blood pH level,
it is difficult to exclude out the involvement of lactic acido-
sis in metformin-induced diarrhea since diarrhea is the most
frequent initial symptom of lactic acidosis.” The involvement
of malabsorption of bile acid from the ilium by metformin in
metformin-induced gastrointestinal side effects has also been
suggested,”? although the evidence of the malabsorption of
bile salts by metformin was controversial.?*? Similarly, the
involvement of serotonin and ghrelin in the gastrointestinal
side effects of metformin was also conflicting.?® Other pos-
sible mechanism to induce gastrointestinal side effects is the
involvement of glucagon-like peptide 1 (GLP-1) since metfor-
min elevated GLP-1 in plasma by inhibiting the degradation
of GLP-1*¥ and GLP-1 analogs and dipeptidyl peptidase-IV

Vol. 35, No. 6

(DPP-1V) inhibitors frequently cause the gastrointestinal side
effects. >

In the present study, age =65 became a risk factor although
it is well accepted that reduced functions of kidney, liver and
other organs in elderly subjects might strengthen the effect
of drugs. Furthermore, we also found that female and BMI
also became risk factors. It has been reported that genders
and body weight failed to affect the pharmacokinetics of met-
formin.?® Thus, the further investigation would be needed to
understand these data.

Finally, we introduced our preliminary trial that pharma-
cists recommended three choices to the physicians who un-
derwent the treatment of T2DM by metformin in patients with
the risk factors exceeded 3; 1) the use of 500mg of metformin
instead of 750mg, 2) the prophylactic use of antidiarrhoics,
or 3) the discontinuation of currently-used laxatives. Results
were likely to be promising since the rate of diarrhea was re-
duced to 12.0% (3 out of 25 patients) together with the use of
500mg of metformin in most patients (24 out of 25 patients).

In conclusion, we found six risk factors to cause metfor-
min-induced diarrhea: age =65, female, BMI =25, initial dai-
ly dose of 750mg, ALT =30IU/L and ALP =2701U/L. The
incidence of diarrhea was linearly elevated as the number of
these risks increased. Thus, checking the risk factors for met-
formin-induced diarrhea may aid medical staffs to pre-caution
the possible occurrence of metformin-induced diarrhea to the
patients together with the use of antidiarrhoics, subsequently
expecting to improve the adherence of metformin by reducing
the prevalence of metformin-induced diarrhea.
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Abstract

in liver, glucose utilization and lipid synthesis are inextricably intertwined. When glucose availability exceeds its utilization,
lipogehesis increases, leading to increased intrahey atic lipid content and l{poprotem secretion. Although the fate of three-
carbon metabolutes is largely determmed by flux r e t ough t relevant enzymes msuhn plays a permnsswe role in thxs
process. But

glycosylatxon and reducmg the | pro ein stabﬂlty xO1 |nhlbrts hlgh glucose~ or O-Gleh Ac transferase (OGD)- mduced liver-

pyruvate kinase (L-PK) promoter activity by decreasmg Chrebp. recruitment to the L PK promoter. Conversely, FoxO1
ablation in liver leads to the enhanced O-glycosylation and increased protein level of Chrebp owing to decreased its
ubiquitination. We propose that FoxO1 regulation of Chrebp O-glycosylation is a mechanism linking hepatic glucose
utilization with lipid synthesis.
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Introduction mediates glucose action on glycolysis and lipid synthesis [6].
Among its targets are liver-pyruvate kinase (Lpk), one of the rate-
limiting enzymes of glycolysis [7], and lipogenic genes, such as
acetyl-CooA. carboxylase (dcaca) and fatty acid synthase (Fasn) {8].
Chrebp is activated wvia protein phosphatase 2A-dependent
dephosphorylation m response to xylulose-5-phosphate (Xu-5-P)
generated by the pentose monophosphate shunt [9]. Dephosphor-
vlated Chrebp translocates to the nucleus and activates target gene
transcription [10].

Impetus for the present studies came from prior observations
that genetic ablation of FoxO1 in liver increases systemic insulin
sensitivity, and results in lower hepatic glucose production
increased glycogen storage, and increased lipogenesis [11-12].
We reasoned that this model could be deconstructed for the
purpose of identifying the physiological mechanism linking glacose
with lipid metabolism. We identify a genetic, biochemical, and
molecular pathway linking FoxO1 with Chrebp, and propose that
it represents the connection between altered glucose and lipid
metabolism in type 2 diabetes.

The liver plays a central role In integrating glucose and lipid
metabolism, effectively exchanging carbons from one energy
source to the other for storage and utilization [1]. This process
requires both hormone signaling and feedback control by
substrate flux. Examples of the latter are the diversion of
three-carbon precursors from glycolysis to esterification of FFA to
generate triglycerides, and the shunting of citrate from glycolysis
to fatty acid synthesis by way of acetyl-CoA carboxylase and
malonyl-CoA [2]. Examples of the former are the ecffects of
insulin on expression of genes that rate-control glucose utilization
and its conversion into lipids, like glucokinase, glucose-6-
phosphatase, pyruvate kinase, and pyruvate dehydrogenase
kinase [1]. In physioclogical situations, the two control mecha-
nisms cohabit peacefully. But in the metabolic syndrome, there is
an apparent discrepancy between the inmability of msulin to
suppress glucose production, and its preserved ability to promote
de novo lipogenesis. Various theories have been advanced, but
none of them is entirely satisfactory [3].

Key transcriptional mediators of insulin signaling and glucose
signaling are FoxO1 and Chrebp. FoxOl is an Akt substrate and
regulates glucose production and bile acid synthesis [4-5]. Chrebp

PLOS ONE | www.plosone.org 1 October 2012 | Volume 7 | Issue 10 | 47231



Methods

Antibodies

We purchased antibodies against Chrebp from Novus Biolog-
icals, O-GlcNAc from Covance, OGT (DM-17) from Sigma,
FoxOl (9462) from Cell Signaling, FoxOl (H-128), Ubiquitin
(P4D1), Tubulin (B-7) from Santa-Cruz, HA (12CA35) from
Roche. We used these antibodies for immunoprecipitation or
immunoblotting according to manufacturer’s protocol.

Expression vectors and Adenoviral vectors

We have previously described expression vectors encoding Flag-
tagged FoxO1-ADA and His-HA-Ubiquitin [13], and adenoviral
vectors encoding HA-tagged wild type and FoxO1-ADA [14].
pcDNA3-HA-OGT and pCMV4-Flag-Chrebp are gifts from
Mark Montminy (Salk Institute, La Jolla, CA) and Howard Towle
(Univ of Minnesota, Minneapolis, MN), respectively. We gener-
ated a synthetic L-PK luciferase vector containing 3x charbohy-
drate response element in the L-PK promoter (pGL3-3xL-PK-
ChoRE).

Cell culture, siRNA transfection, and viral transduction
We purchased primary culture of mouse hepatocyte from
Primary Cell Co., Ltd (Sapporo, Japan) and cultured the cells in
DMEM supplemented with 10% FCS. The FoxO l-specific siRNA
sequence is 5'-ACGGAGGATTGAACCAGTATA-3". The OGT
specific siRNA sequence is 5'-CGACATGCCTTGCGGCTGA -
3'. siRNA was transfected using DharmaFECT Duo (Dharma-
con). In some experiments, we infected primary hepatocytes with
adenovirus at MOI of 10 or 30, 5 hrs before treatments with high
glucose. All experiments were repeated at least three times.

Luciferase assays and Chromatin immunoprecipitation
assays

We performed luciferase assays as previously described [15]
using pGL3-3xL-PK-ChoRE. We performed ChIP assays in
mouse primary hepatocytes or mouse liver extracts with primers;
3"-GATTTGAGCCTTTGATCCAGGCTC-3’ and 5
AAGTTCCCTCCATCTATACAGTGC-3' according to the
previously described methods {13]. All experiments were repeated
at least three times.

immunoprecipitation and Western blotting

We lysed cultured cells in RIPA buffer containing protease
inhibitors (Roche). After centrifugation, cell extracts were diluted
with Co-IP buffer (50 mM Tris, 150 mM NaCl, 0.1% NP-40,
10% glycerol, 5 mM MgCly), immunoprecipitated and analyzed
by immunoblotting.

mRNA isolation and real-time PCR

We isolated mRINA from primary hepatocytes or mouse liver
extracts using the Micro Fast Track 2.0 kit (Invitrogen). We
performed real-time RT-PCR using ImProm-II™ Reverse
Transcription Sysiem (Promega) and LightCycler System (Roche).
Primer sequences used for real-time PCR are as follows, lor
Chrebp; 5'- CTG GGG ACC TAA ACA GGA GC -3’ and 5'-
GAA GCC ACC CTA TAG CTC €CC -3/, for L-PK; 3'- GGG
CCG CAT CTA CAT TGA C =3 and 5'- GTC CCT CTG
GGC CAA TTT T-3'. We carried out cach reaction in triplicate,
using a standard curve with the relevant ¢DNA for each primer
set.

PLOS ONE | www.plosone.org
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FoxO1 and Chrebp O-Glycosylation

O-GlcNAc enzymatic labeling

We performed metabolic labeling of Chrebp with tetraacety-
lated azide-modified N-acetylglucosamine (GlcNAz) in mouse
primary hepatocytes. After immunoprecipitation with anti-Chrebp
antibody, we detected O-glycosylation modification using biothin-
avidin system.

Animal generation and analyses

We generated liver specific FoxO1 knockout mice using FoxO1
flox/flox mice [16] and Albumin-cre transgenic mice (a kind gift
from Akihiro Harada, Osaka University). The wild-type, null and
Foxo "™ alleles were detected using PCR with primers 5'-GCT
TAG AGC AGA GAT GTT CTC ACA TT-3', 5'-CCA GAG
TCT TTG TAT CAG GCA AAT AA-3" and 5'-CAA GTC CAT
TAA TTC AGC ACA TTG A-3'. Individually caged mice were
housed in a temperature-controlled facility. All animal care and
experimental procedures were approved by the Institutional
Animal Care and Experimentation Committee at Gunma
University. H-E staining was performed using 4- pm-thick paraffin
sections following the standard methods. Hepatic triglyceride (T'G)
contents were measured as described previously [17].

Results

FoxO1 inhibits Chrebp transcriptional activity by
suppressing O-glycosylation and reducing protein
stability of Chrebp

Although insulin as well as glucose flux regulate hepatic glucose
utilization and lipid synthesis, the underlying molecular mecha-
nisms have not been fully understood. Because FoxOl is a
downstream effector of insulin signaling and Chrebp is a key
transcriptional regulator of glycolysis and lipogenesis, we tested
whether FoxO1 is involved in the regulation of Chrebp. When we
overexpressed constitutively active form of FoxO1, FoxOI-ADA
(a mutant FoxO1l with the following amino acid substitutions:
T24A, S253D, and S316A) [18], in primary hepatocytes, mRINA
level of Lpk, a target of Chrebp, was significantly decreased, despite
unchanged levels of Chrebp mRINA (Fig. 1A). Therefore, we next
investigated Chrebp protein levels in these samples. As shown in
Figure 1B, FoxO1-ADA expression significantly decreased Chrebp
protein level (Fig. 1B, second panel from the top). Because it has
been reported that Chrebp protein is stabilized by modification of
O-glycosylation [19], we investigated it and found that FoxOl-
ADA expression decreased Chrebp O-glycosylation (Fig. 1B, top
panel and the bottom graph). Consistent with the previous report
[19], O-glycosylation and protein level of Chrebp were increased
by high glucose (25mM) in primary hepatocytes (Fig. 1B).
Conversely, when we knocked down FoxOl using an adenovirus
expressing FoxQ1l-specific siRINA in primary hepatocytes, Chrebp
O-glycosylation was increased independent of glucose concentra-
tions in the medium (Fig. 1C, top panel and the bottom graph).

Because protein level, but not mRINA level of Chrebp was
decreased by FoxOI1-ADA, we next checked whether FoxO1l-
ADA expression affects protein degradation of Chrebp by
evaluating ifs ubiquitination. As shown in Fig. 1D, FoxO1-ADA
expression enhanced poly-ubiquitination of both endogenous (left
two lanes) and exogenously expressed Chrebp (right two lanes),
indicating that changes in Chrebp ubiquitination might explain
the decreased protein levels observed in our experiments. Indeed,
chromatin immunoprecipitation revealed that overexpression of
FoxO1-ADA suppressed high-glucose-induced recruitment of
Chrebp to the Lpk promoter (Fig. 1E). Furthermore, results of
luciferase assays using the Lpk promoter indicated that FoxOl-
ADA inhibited high-glucose-induced or OGT-expression-induced
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Figure 1, FoxQ1-ADA expression and the knockdown of FoxO1 affect Chrebp O-glycosylation, protein stability and transcriptional
activity in primary hepatocytes. (A, B, D and E) Mouse primary hepatocytes infected with adenovirus expressing FoxO1-ADA or LacZ were
cultured with 5 mM or 25 mM glucose. The cell lysates were subjected to real-time RT-PCR for Chrébp or L-PK (A), immunoprecipitation with anti-
Chrebp antibody followed by blotting with anti-O-GlcNAc antibody (B) or anti-ubiquitin antibody (D). The cell lysates were also subjected to
chromatin-immunoprecipitation assay using anti-Chrébp antibody and the primers for L-PK promoter (E). (C) Mouse primary hepatocytes infected
with adenovirus expressing specific siRNA for FoxO1 or control siRNA were cultured with 5 mM or 25 mM glucose and the cell lysates were
immunoprecipitated with anti-Chrebp antibody followed by blotting with anti-O-GlcNAc antibody. Input represents expression levels of Chrebp,
FoxO1-ADA, endogenous FoxO1 and Tubulin. Quantitative analyses were performed by assessment of O-glycosylation level compared with the
protein level of Chrebp using densitometry, showing as a bar graph below the results of blotting (B and C). (F) Mouse primary hepatocytes co-
transfected with pGL3-3XI-PK-ChoRE and OGT or LacZ were infected with adenovirus expressing FoxO1-ADA or LacZ at indicated MOI and cultured
with 5 mM or 25 mM glucose for 24 hr. The cell lysates were used for luciferase assays. Experiments were repeated at least three times. Data
represent mean % SEM. *P<0.05.

doi:10.1371/journal.pone.0047231.g001

Chrebp transcriptional activity (Fig. 1F). Taken together, these Chrebp O-glycosylation is regulated by OGT

results show that FoxO1 inhibits Chrebp transcriptional activity by We used western blotting with anti-GlcNAc antibody to show
suppressing O-glycosylation and reducing protein stability of  that Chrebp is O-glycosylated in the presence of elevated glucose
Chrebp. concentrations (Fig. 1B). To confirm the modification of Chrebp
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O-glycosylation, we also used enzymatic labeling with GleNAz in
primary hepatocytes. As shown in Figure 2A, we detected GleNAz

incorporation into Chrebp protein only in the presence of

GlcNAz, indicating that Chrebp is directly modified by O-
glycosylation. We next investigated whether high glucose-induced
Chrebp O-glycosylation is mediated by OGT. When we
transfected primary hepatocytes with OGT, Chrebp O-glycosyl-
ation was significantly increased even in low glacose condition
(Fig. 2B, top panel and bottom graph). It is notable that OGT was
coimmunoprecipitated with Chrebp, and that this interaction was
enhanced by high glucose (Fig. 2B, second panel from the top).
Conversely, when OGT was depleted by specific siRNA for OGT
in primary hepatocyles, both high ghicose- and glucosamine-
induced O-glycosylation of Chrebp were decreased (Fig. 2C, top
panel and bottom graph). Thus, Chrebp interacts with OGT in
high glucose condition, leading to Chrebp O-glycosylation.

A B

FoxO1 and Chrebp O-Glycosylation

Increased Chrebp O-glycosylation, protein stability, and
recruitment to the Lpk promoter in FoxO1 knockout liver
To assess the effects of FoxOl ablation in liver on Chrebp
protein, we generated liver-specific FoxO1 knockout mice (L-
FoxO1-KO) by crossing Albumin-Cre mice with FoxO1 flox mice
[16]. We isolated hvers from L-FoxO1-KO and control mice
following a 24-hr fast or 3-hr re-feeding after 24-hr fast, and
performed western blotting or ChIP assays using liver lysates. In
the liver of L-FoxOI-KO mice, Chrebp O-glycosylation and
protein levels were significanty increased, and—more interestingly-
OGT interaction with Chrebp was enhanced in both fasted and
refed conditions compared with the liver of control mice (Fig. 3A,
top two panels). Consistent with the increase in Chrebp protein
level, Chrebp poly-ubiquitination were significantly reduced in the
liver of L-FoxO1-KO mice in both fasted and refed conditions
(Fig. 3B). We also found that Chrebp recruitment to the Lpk
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Figure 2. Chrebp O-glycosylation is regulated by OGT. (A) Mouse primary hepatocytes were transfected with Flag-Chrebp and labeled with
tetraacetylated azide-modified N-acetylglucesamine {GlcNAz). The cell lysates were immunopricipitated with anti-Flag antibody or normal mouse
globlin (NMG) and subjected to detection of O-glycosylation by biothin-avidin system as described in Materials and Methods. Input indicates the
expression leyel of Flag-Chrebp in each lane. (B and C) Mouse primary hepatocytes were transfected with HA-OGT (B) or siRNA for OGT (C) along with
empty vector or control siRNA, respectively and cultured with 5 mM or 25 mM glucose for 24 hr. in some experiments, 10 mM glucosamine (GIcN)
was added in the medium. The cell lysates were immunoprecipitated with anti-Chrebp antibody followed by blotting with anti-O-GIcNAc or anti-HA
antibody. Input indicates the expression level of Chrebp, HA-OGT, endogenous OGT or tubulin. Quantitative analyses were performed by assessment
of O-glycosylation level compared with the protein level of Chrebp using densitometry, showing as a bar graph below the results of blotting (B and
Q). Experiments were repeated at least three times. Data represent mean = SEM. *P<0.05.

doi:10.1371/journal.pone.0047231.g002
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Figure 3. Chrebp O-glycosylation, protein stability, and recruitment to the L-PK promoter are increased in FoxO1 knockout liver. (A
and B) The liver samples isolated from L-FoxO1-KO and the control mice at the points of 24 hr fasted or 3 hr refed after 24 hr starvation were
subjected to immunoprecipitation with anti-Chrebp antibody foliowed by blotting with anti-O-GIcNAc, anti-OGT (A) or anti-ubiquitin antibody (B).
Input indicates the expression levels of Chrebp, FoxO1 or tubulin. Quantitative analyses were performed by assessment of O-glycosylation (A) or
ubiquitination (B) levels compared with the protein level of Chrebp using densitometry, showing as a bar graph below the results of blotting. (C) The
liver extracts were also subjected to chromatin immunoprecipitation assay using anti-Chrebp antibody and primers for the L-PK promoter.
Quantitative analyses were performed using densitometry. Input indicates extracted DNA prior to immunaprecipitation. Experiments were repeated
at least three times. Data represent mean * SEM. *P<C0.05. (D) Hematoxylin-and-eosin (H-E) staining of the liver sections from 24 hr fasted L-FoxO1-
KO and the control mice. Magnification, x100. (E) Hepatic triglyceride (TG) contents in 24 hr fasted or 3 hr refed (after 24 hr starvation) L-FoxO1-KO
and the control mice (n=6 for each group). Data represent mean * SEM.

doi:10.13714journal.pone.0047231.g003

promoter was enhanced in the liver of L-FoxO1-KO mice
compared with controls (Fig. 3C), consistent with our previous
results showing that Ipk mRNA was increased in liver-specific
FoxO1 knockout mice [11].

We next investigated the physiological consequences of FoxOl
ablation in the liver. Because we showed FoxO1 ablation in the
liver enhanced Chrebp protein stability and Chrebp recruttment
to its target gene promoter, we predicted that hepatic lipid

PLOS ONE | www.plosone.org

contents should be increased in L-FoxO1-KO mice. However,
histological analysis using the hiver sections showed no morpho-
logical difference between L-FoxO1-KO and control mice
(Figure 3D). Furthermore, hepatic triglyceride contents were
unchanged in L-FoxO1-KO mice in both fasted and refed
conditions (Figure 3E).
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Discussion

Our studies identify a direct molecular link between insulin
signaling pathways regulating hepatic glucose production and
those regulating glycolysis and Lpogenesis. In addition to Chrebp,
another critical transcription factor for lipogenesis is sterol
regulatory element-binding protein lc (Srebp-lc¢) [20]. Although
the transcriptional activity of Srebp-lc is mainly regulated by the
cleavage of its NHy-terminal domain and nuclear wanslocation
[21], it is also known that Srebp-lc is regulated by insulin at the
transcriptional level via liver X receptor (LXR) [22]. Recendy, it
has been shown that Chrebp, like Srebp-lc, is a direct target of
LXR [23], indicating that Chrebp may be also regulated at the
transcriptional level by insulin. Our data demonstrate a different
mechanism of regulation, as we show that protein, but not mRINA
levels of Chrebp are regulated by various metabolic conditions in
primary hepatocytes and mouse liver. We also show that Chrebp is
O-glycosylated by high glucose (in hepatocytes) and re-feeding (in
liver), leading to increased protein level of Chrebp, owing to
decreased ubiquitination.

Glucose taken into hepatocytes is mainly converted to pyruvate
or glycogen to produce or store energy. However, excess glucose
enters into hexosamine biosynthetic pathway (HBP), leading to the
production of UDP-N-acetylglucosamine (UDP-GIcNAc). By
using UDP-GlcNAc as the donor substrate, O-GlcNAc transferase
(OGT) catalyzes O-glycosylation modification of proteins on Ser/
Thr residues. Although only ~2-3% of intracellular glucose enters
the HBP [24], it is known that hyperglycemia increases glucose
flux into HBP and subsequent O-glycosylation of various proteins
[25]. Furthermore, transgenic mice overexpressing OGT show
diabetic phenotype due to insulin resistance [26]. Taken together,
these data suggest that the increase in O-glycosylation is associated
with the pathophysiology of diabetes. Recently, three key
transcription factors for glucose metabolism, FoxO1, Pge-1a and
Torc? (Crtc2) have been reported to be regulated by O-
glycosylation modification [27-30]. Furthermore, Guinez et al.
reported that Chrebp is also regulated by O-glycosylation, leading
to the increase in Chrebp protein level and its transcriptional
activity [19].

FoxO1 is a member of the forkhead box containing protein of
the O subfamily, which regulates metabolism as well as cellular
proliferation, apoptosis, differentiation and stress resistance [4].
FoxO1 transcriptional activity is regulated by insulin through
phosphorylation by Akt and following nuclear exclusion [31-33].
We previously reported that FoxO1l plays a central role in
regulating glucose production in liver through the regulation of
gluconeogenic genes, such as glucose-6-phosphatase (G6Pase) and
phosphoenolpyruvate-carboxykinase (PEPCK) [34] [12]. We also
previously reported that hepatic FoxO1 ablation leads to slight
increases in Fasn and Lpk, two critical Chrebp targets, without
affecting Chrebp mRINA levels (11]. Thus, in addition to the
function of FoxO1l to increase gluconcogenesis, we propose here
that FoxO1 also decreases glucose utilization and lipid synthesis by
reducing Chrebp activity. Because insulin essentially inhibits
FoxOl transcriptional activity through nuclear exclusion, nsulin
increases glucose utilization and lipid synthesis as well as decreases
glucose production (Fig. 4).

In this study, we showed FoxO1 ablation in the fiver enhanced
Chrebp protein stability and Chrebp recruitment to its target gene
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Figure 4. Proposed model for the role of FoxO1 integrating
glucose utilization and lipid synthesis through regulation of
Chrebp O-glycosylation.
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promoter. Thercfore we predicted that hepatic lipid synthesis
should be increased in L-FoxO1-KO mice. However, hepatic lipid
contents were unchanged in these mice (Fig. 3D and 3E). One
possible explanation for this phenotype was that because
hyperglycemia-induced oxidative stress leads to FoxO1 activation
by acetylation-dependent mechanism as we previously reported
[13], the effect of FoxO1 on lipid metabolism might only become
apparent in hyperglycemic conditions. Another explanation was
that because not only Chrebp but also Srebplc or LXR contribute
to the regulation of hepatic lipid metabolism, the effect of FoxO1
ablation might be compensated by the other factors @ vivo.

Considering that different amino acid residues are targeted by
O-glycosylation (Ser/Thr) us. ubiquitination (Lys), it remains
unclear how increased O-glycosylation is associated with de-
creased ubiquitination of Chrebp. However, one possible mech-
anism 1s that O-glycosylation may change protein structure,
affecting the susceptibility of ubiquitination and subsequent
protein degradation [35]. In future studies, it will be of importance
to unveil the mechanism by which FoxOl inhibits Chrebp O-
glycosylation.
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Abstract

AIM: To clarify the efficiency of the criterion of meta-
bolic syndrome to detecting non-alcoholic fatty liver
disease (NAFLD).

METHODS: Authors performed a cross-sectional study
involving participants of a medical health checkup pro-
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gram including abdominal ultrasonography. This study
involved 11 714 apparently healthy Japanese men and
women, 18 to 83 years of age. NAFLD was defined by
abdominal ultrasonography without an alcohol intake of
more than 20 g/d, known liver disease, or current use
of medication. The revised criteria of the National Cho-
lesterol Education Program Adult Treatment Panel 1I
were used to characterize the metabolic syndrome.

RESULTS: NAFLD was detected in 32.2% (95% CI:
31.0%-33.5%) of men (7 = 1874 of 5811) and in 8.7%
{95% CI: 8.0%-9.5%) of women (n = 514 of 5903).
Among obese people, the prevalence of NAFLD was as
high as 67.3% (95% CI: 64.8%-69.7%) in men and
45,8% (95% CI: 41.7%-50.0%) in women. Although
NAFLD was thought of as being the liver phenotype of
metabolic syndrome, the prevalence of the metabolic
syndrome among subjects with NAFLD was low both in
men and women. 66.8% of men and 70.4% of women
with NAFLD were not diagnosed with the metabolic
syndrome. 48.2% of men with NAFLD and 49.8% of
women with NAFLD weren’t overweight [body mass
index (BMI) = 25 kg/m’]. In the same way, 68.6% of
men with NAFLD and 37.9% of women with NAFLD
weren't satisfied with abdominal classification (= 90
cm for men and = 80 cm for women). Next, authors
defined it as positive at screening for NAFLD when
participants satisfied at least one criterion of metabolic
syndrome. The sensitivity of the definition “at least 1
criterion” was as good as 84.8% in men and 86.6% in
women. Separating subjects by BMI, the sensitivity was
higher in obese men and women than in non-obese
men and women (92.3% vs 76.8% in men, 96.1% vs
77.0% in women, respectively).

CONCLUSION: Authors could determine NAFLD effec-
tively in epidemiological study by modifying the usage
of the criteria for metabolic syndrome.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is a common
clinical condition with histological features that resemble
those of alcohol-induced liver injury, but occurs in pa-
tients who do not drink an excessive amount of alcohol
(ethanol > 20 g/d)™*. This disease is often associated
with obesity™, type 2 diabetes mellitus™™”, dyslipidemia®,
and hypertension'. Fach of these abnormalities carties
a cardiovascular disease risk, and together they are often
categorized as the insulin resistance syndrome or the
metabolic synd_tomemﬁ],

NAFLD is now considered to be the hepatic repre-
sentation of the metabolic syndrome””"™.

Conventional radiology studies used in the diagnosis
of fatty liver mclude ultrasound (US), computed tomog-
raphy, and magnetic resonance (MR) itnaging. Othet than
these radiological studies, we have no sensitive and low
invasive screening method for NAFLD. Alanine amino-
transferase (ALT) > 30 IU/L was usually used as the cut
off level of screening NAFLD!"*'”. This threshold had a
sensitivity of 0.92 for detecting the fatty-fibrotic pattern
proven by ultrasound among obese children™. However,
ALT was within normal levels in 69% of those who had
increased liver fat'”. Similarly, in the Dallas Heart Study,
79% of the subjects with a fatty liver (liver fat content
> 5.6%) had normal serum ALT®". This implies that a
normal ALT does not exclude steatosis. Aspattate amino-
transferase (AST) and gamma glutamyltransferase (GGT)
also correlate with hiver fat content independent of obe-
sit_v[zu, but are even less sensitive than serum ALT.

It was well known that NAFLD was associated with
the metabolic syndrome and patients with NAFLD tend
to be accompanied with the abnormal component of the
metabolic syndrome. Howevet, the efficiency of the cri-
terion of metabolic syndrome for detecting NAFLD has
not yet been clarified. We aimed to clarify the efficiency
and perform a cross sectional study among appatent
healthy Japanese.

MATERIALS AND METHODS
Study design

We performed a cross-sectional study involving partici-

%
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pants of a medical health checkup program including
abdominal ultrasonography. The program was conducted
in the Medical Health Checkup Center at Murakami Me-
morial Hospital, Gifu, Japan. The purpose of the medi-
cal health checkup program is to promote public health
through eatly detection of chronic diseases and the evalu-
ation of their underlying risk factors. Known as a “huwman
dock”, medical services of this kind are very popular in

Japan.

Study population

All the subjects participating in such health checkup pro-
grams at Murakami Memomnial Hospital between January
2004 and December 2008 wete invited to join this study.
The study was approved by the ethics committee of Mu-
rakami Memoual Hospital.

Data collection and exclusion criteria were described
previouslym In short, we collected the data from urinaly-
sis, blood cell counts, blood chemistry and abdominal
ultrasonography. The medical history and lifestyle factors
wete collected by using a self-administered questionnaire.
Exclusion criteria were an alcohol intake of more than
20 g/d, known liver disease, ot current use of medica-
tion which could influence the metabolic syndrome
such as anti-diabetic drugs, anti-hypertensive drugs, ant-
dyslipidemic drugs, anti-gout drugs, and/or anti-obesity
drugs[&1 g

According to the revised National Cholesterol Edu-
cation Program Adult Treatment Panel Il (NCEP-ATP
™ or the new International Diabetes Federation (IDF)
definition’™, subjects who had three or more of the fol-
lowing criteria were diagnosed as having the metabolic
syndrome. Fatty livet was defined on the basis of ultraso-
nographic findings™. Of 4 known criteria (hepatorenal
echo contrast, liver brightness, deep attenuation, and
vascular blurring), the participants wete required to have
hepatorenal contrast and liver brightness to be given a
diagnosis of fatty liver™.

Duting study petiod, we invited 20 012 participants
in the health checkup program to entoll in the study. Of
those, a total of 17 262 Japanese participants (10 329 men
and 6933 women) were enrolled after giving imformed
consent to be included in the study. We excluded 621
participants (420 men and 201 women) who had known
liver disease. In addition, 3330 participants (3042 men and
288 women) who consumed mote than 20 g of ethanol
per day and 1579 participants (1056 men and 541 women)
who were currently receiving medication wete excluded.
As a result, this study ultimately consisted of 11714 par-
ticipants (5811 men and 5903 women). The mean * SD
age was 45.5 T 9.4 years (range: 18 years to 83 years) for
men and 44.3 £ 9.3 vears (range: 18 vears to 79 years) for
women, respectively. The mean body mass tndex (BMI)
was 23.2 £ 3.1 kg/’m2 (range: 14.3 to 41.0 kg/mz) in men
and 21.1 * 3.0 kg/m’ (range: 14.0 to 58.3 kg/m”) in wom-
en, respectively. The mean abdominal circumference was
81.2 = 8.1 cm (range: 57.3 cm to 127.5 cm) in men and
71.4 + 8.2 cm (range: 49.0 cm to 145.0 cm) in women, re-
spectively.
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Total 1 (%) Obese i1 (%) Non-obese 2 (%)
5811 1441 4370
1874 (32.2) 970/(67.3) 904 (20.7%)
791(13.6) 703 (48.8) 88(2)
1967 (33.8) 704 (48.9) 1263 (28.9)
1294 (22.3) 575 (39.9) 719 (16.5)
1736 (29.9) : 654 (45 4) 1082 (24.8)
1063 (18.3) 579 (13.2)
(21 599 (13.7)
295 (6.8)

Atleast1 criterion or elevated ALT

5340

5903 34
514(8.7) 256 (4.8)
878 (14 9) 430 (76:4) 4884

. 176 (31:3) 503 (9 4)
185 (32.9)
265 (47.1)

73 (13)

511 (90 '8)

498.(93)

515 (91.5) 1915 (35.9)

NAFLD: Nonalcoholic fatty liver disease; US: Abdominal ultrasonography; BMI: Body mass index; HDL: High density lipoprotein; MS: Metabolic
syndrome; rNCEP-ATPII: Revised National Cholesterol Education Program Adult Treatment Panel 1 definition; IDF: International diabetes federation

definition; ALT: Alanine aminotransferase.

Statistical analysis

The R version 2.9.0 (available from http:/ /wwwt-project.
org/) was used for statistical analyses. Two groups of
subjects were compared by using the unpaited ~test and
the chi-square test, and a P < 0.05 was accepted as a sig-
nificant level.

RESULTS

Basic characteristics of study population

The metabolic syndrome defined by revised NCEP-ATPII
definition was detected in 15.0% (95% CIL 14.1%-16.0%)
of men (# =873 of 5811) and in 5.1% {95% CI: 4.5%-5.7%)
of women (z = 300 of 5903). The metabolic syndrome
defined by IDF definition was detected in 8.2% (95% CI:
7.5%-9.0%) of men (7 = 479 of 5811) and in 4.3% (95%
CI: 3.8%-4.8%) of women (# = 254 of 5903) (Table 1).
Among obese people, the metabolic syndrome defined by
revised NCEP-ATPII definition was detected in 40.1%
(95% CI: 37.6%-42.7%) of men and in 30.9% (95%
CI: 27.1%-34.9%) of women, and the metabolic syn-
drome defined by IDF definition was detected in 30.7%
(95% CI: 28.4%-33.2%) of men and in 28.8% (95% CI:
25.1%6-32.7%) of women, respectively (Table 1).

4%

FTER N
Reishiaengs  WIG | www wjgnet.com

Association of NAFLD with gender difference, or body
fat accumulation

NAFLD was detected in 32.2% (95% CI: 31.0%-33.5%)
of men (7 = 1874 of 5811) and in 8.7% (95% CI:
8.0%%-9.5%) of women (# = 514 of 5903). The preva-
lence of NAFLD in men was four times higher than
those 11 women (Table 1). Among obese people, the
prevalence of NAFLD was as high as 67.3% (95% CI:
64.8%6-69.7%%) in men and 45.8% (95% CI: 41.7%-50.0%%)
in women (Table 1). NAFLD was associated with body
fat accumulation strongly both in men and women.

. When we separated by quartile the subjects accord-
ing to their BMI or abdominal circumference, half of
NAFLD men and three quarters of NAFLD women
were classified in the superior quartile. The prevalence
of NAFLD was increased according to the increase of
BMI or abdominal circumference (Figure 14). The role
of BMI for NAFLD was equal to that of abdominal
circumference both in men and women. The ratio of
NAFLD in the supedor quartile/total NAFLD was high-
er in women than in men. The prevalence of individuals
who met two or more of the MS criteria other than waist
circumference was increased according to the mcrease of
BMI or abdominal circumference (Figure 1B).
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A 100% Men BMI (kg/m?) 50% Women BMI (kg/m?)
80% - 40% +
60% - 30% +
40% 20% +
20% - 10% +
0% | EEE l 0% — m
< 21.175 | = 21.175 | = 23.028| = 24.975 < 19.101 | = 19.101 | = 20.699 | = 22.653
NonNAFLD 1380 1159 921 477 NonNAFLD | 1470 1452 1406 1061
B NAFLD 72 294 531 977 @ NAFLD 6 24 69 415
100%  Men Waist circumferences (cm) 50% - Women Waist circumferences {cm)
80% 40% -
60% - 30% -
40% - 20% -~
20% . 10% -
0% | EEEm . 0% = .
< 75.6 = 75.6 = 81 = 86.2 < 65.5 > 65.5 = 70.2 =763
NonNAFLD | 1386 1122 938 491 NOnNAFLD | 1444 1482 1373 1090
s NAFLD 66 266 574 968 mNAFLD | 3 18 102 391
B 100% Men BMI (kg/m?) 50% - Women BMI (kg/m®)
80% 40% |-
60% L 30% -
40% L 20% L
20% L 10% L
0% J I - 0% . mmmm e '
< 21.175 | 221,175} = 23.028 | = 24.975 < 19.101 | = 19.101 | > 20.699| = 22.653
1328 1130 944 665 1451 1418 1369 1125
B2 MS criteria 124 323 508 789 m2 MS criteria 25 58 106 351
100% Men Waist circumferences (cm) 50% r Women Waist circumferences (cm)
80% ~ 40% +
60% - 30% -
40% L 20% -
20% | 10% L
0% | [ l - 0% |_mmm BB
< 75.6 = 75.6 = 81 = 86.2 < 65.5 = 65.5 =70.2 = 76.3
1347 1095 944 681 1426 1455 1352 1130
@2 MS criteria 105 293 568 778 w2 MS criteria 21 45 123 351

Figure 1 We separated the subjects by quartile according to their body mass index or abdominal circumference. A: The bar indicated the prevalence (%) of
individuals with NAFLD; B: Individuals who meet two or more of the MS criteria other than waist circumference according to BM! or waist circumference quartiles. 2
MS criteria means individuals who meets two or more of the MS criteria other than waist circumference. NAFLD: Nonalcoholic fatty fiver disease; BMI: Body mass
index; MS: Metabolic syndrome.
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Men BMI (kg/m’)
BMI = 25 kg/m’ but nonNAFLD
8.1%

BMI = 25 kg/m’ and NAFLD
16.7%

BMI < 25.kg/m* and nonNAFLD
59.6%

BMI < 25 kg/m* and NAFLD
15.6%

Men Waist circumferences (cm)
Waist = 90 cm and NAFLD

Waist = 90 cm but nonNAFLD /~ 10.1%

3.5%

-

o —

T

Waist < 90 cm and NAFLD
22.1%

Waist < 90 cm and nonNAFLD
64.3%

Women BMI (kg/m”)
BMI = 25 kg/m? but nonNAFLD )
5.2% B ~  BMI = 25 kg/m and NAFLD
\

4.4%

BMI < 25 kag/m® and NAFLD
4.3%

BMI < 25 kg/m? and nonNAFLD

86.1%
Women Waist circumferences (cm)
Waist = 80 cm but nonNAFLD Waist = 80 cm and NAFLD
9.5% 5.4%
P
/

Waist < 80 cm and NAFLD
3.3%

Waist < 80 cm and nonNAFLD
81.8%

Figure 2 This figure indicates the prevalence of non-alcoholic fatty liver disease and alcoholic fatty liver disease with or without patients being overweight
(BMI = 25 kg/m®) or having elevated abdominal circumferences (= 90 cm for men and = 80 cm for women), Data was.expressed as prevalence (%). NAFLD
accompanied with being overweight occurred in 51.8% of NAFLD men (970/1874) and 50.2% of NAFLD women (258/514). NAFLD accompanied by elevated abdomi-
nal circumference occurred in 31.4% of NAFLD men (588/1874) and 62.1% of women (319/514). NAFLD: Non-alcoholic fatty liver disease; BMI: Body mass index.

Role of the criteria of the metabolic syndrome in
defecting or diagnosing NAFLD in obese or non-obese
population
Although NAFLD was associated with obesity or body
fat accumulation strongly, the population that was nei-
ther overweight (BMI = 25 kg/m”) nor had elevated
abdominal circumference was not small (Figure 2). Actu-
ally, 48.2°% of men with NAFLD and 49.8% of women
with NAFLD were not overweight (BMI = 25 kg/m?).
Similarly, 68.6% of men with NAFLD and 37.9% of
women with NAFLD did not satisfy increased abdomi-
nal circumference classification. Half of the NAFLD
group was classified as non-obese, but the prevalence of
NAFLD among the non-obese population was lower.
These facts means an effective method is needed to de-
-tect NAFLD among the non-obese population. Then,
we separated the subjects into two groups, obese group
or non-obese group, and investigated the efficacy of the
criteria of metabolic syndrome for detecting NAFLD in
each group.

Among the criteria for metabolic syndrome, the cd-

(4 4
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terion of abdominal circumferences (2 80 cm) had high
sensitivity (87.6%) for detecting NAFLD in women who
were overweight (BMI = 25 kg/m’) (Table 2). Tn other
words, abdominal circumference was effective for detect-
g NAFLD in obese women. However, the criterion of
abdominal circumference had low sensitivity (36.3%) in
non-obese women. The sensitivity of abdominal circum-
ference (2 90 cm) was very low (5.8%) in non-obese
men. Even in obese men the sensitivity was not high
(55.3%). Other crteria for metabolic syndrome had high-
er sensitivity in obese men and women than in the non-
obese population but sensitivity never exceeded 60%.

As a scteening tool for NAFLD, the sensitivity of el-
evated ALT (ALT > 30 TU/L) was 49.7% in men, which
exceeded the sensitivity of the criteria of metabolic syn-
drome, but it was 17.7% in women, which was lower than
all metabolic syndrome criteria were. On the other hand,
the specificity of elevated ALT was as high as 90.6% in
men and 98.0% in women, but the criteria of metabolic
syndrome had equally high specificity.

Next, we defined it as positve at screening for NAFLD
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Men Women
Sensitivity Total %  Obese % Non-obese % Pvalue Total % Obese % Norn-obese % P value
5 criteria of the metabolic syndrome

Increased abdominal circumference 31.40 55330 5.80 <0.001 6210 87.60 36.30 <0.001
Elevated fasting glucose level 49.10 52.10 45.90 0:008 36:80 4220 31.30 0.013
Elevated blood pressure 3470 4410 24.60 <0.001 31.90 4150 2230 <0001
Decteased HDL cholesterol level 4410 4910 38.80 <0.001 50.40 56.60 4410 0.006

Elevated triglyceride level 3520 41.00 28.90 <0.001 17.90 20.50 15.20 0.15
Elevated ALT (ALT > 30 IU/L) 47.90 59.20 35.80 <0.001 17.70 24.00 11.30 <0.001
MS defined by INCEP-ATP I 33.20 48.60 16.80 <0.001 32,50 45.00 19.90 <0.001
MS defined by IDF 21.00 1 270 <0.001 29.60 43.40 15.60 <0.001
criterion 84.80 76.80 <0.001 86.60 96.10 77.00 < 0,001
Criteria 61.00 46.90 <0.001 61.10 77.50 4450 <0.001
criterion or elevated ALT 96,40 8420 <0.001 87.40 96.90 7970 <0.001
<0.001 3310 93.00 <0.001
<0.001 78:00 91:70 <0.001
<0.001 7440 93.40 <0.001
1 HDL cholesteral level <0.001 61.00 81.50 <0.001
‘triglyceride level <0.001 93.40 98.40 <0:001
' )1U <0.001 94.80 98.20 <0.001
<0:001 81.00 98:50 <0.001
<0.001 83.60 99.00 <0.001
<0.001 13.80 67.20 <0.001
cast 2 <0.001 4520 92.40 <0.001
Atleast 1 criterion or elevated ALT <0.001 13.10 65.40 <0.001

NAFLD: Nonalcoholic fatty liver disease; US: Abdominal ultrasonography; BMI: Body mass index; HDL: High dense lipoprotein; MS: Metabolic syndrome;
NCEP-ATPH: Revised National Cholesterol Education Program Adult Treatment Panel I definition; IDF: International Diabetes Federation definition;

ALT: Alanine aminotransferase.

when participants satisfied at least one ot two components
of metabolic syndrome. The sensitivity of the definition
“at least 1 critedon” was 84.8% in men and 86.6% in
women. Separating subjects with BMI, the sensitivity was
higher in obese men and women than in non-obese men
and women (92.3% »r 76.8% i men, 96.1% »s 77.0% in
women, respectively).

The prevalence of subjects with NAFLD who also
had the metabolic syndtome is indicated in Figure 3.
Although NAFLD was thought of as being the liver
phenotype of metabolic syndrome, the prevalence of the
metabolic syndrome among subjects with NAFLD was
low both in men and women. Among men with NAFLD,
66.8% were not diagnosed with the metabolic syndrome
defined by revised NCEP-ATPIH definition, and 79.0%
were not diagnosed with the metabolic syndrome as de-
fined by revised IDF definition. Even in women, 70.4%
and 67.5%, respectively, were not diagnosed withmeta-
bolic syndtome by revised NCEP-ATPII definition and
revised IDF definition. These results mean that a large
number of participants diagnosed with the metabolic syn-
drome have NAFLD, but a lazge number of participants
with NAFLD were not diagnosed with the metabolic syn-
drome, whether we used revised NECP-ATPI criteria or
IDF criteria.

DISCUSSION

In this study, we clarified the impact of the criteria of the
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metabolic syndrome for diagnosing NAFLD in a healthy
population. The metabolic syndrome was associated with
abdominal obesity and its crtenia include waist circumfer-
ence™™?* and NAFLD was reported to be associated
with abdominal obesity. However, our results indicated
there was no significant difference between BMI and waist
circumferences as the strength of association with NAFLD
ot the accumulation of metabolic syndrome criteria.

The presence of multiple metabolic disordets such as
diabetes mellitus, obesity, dyslipidaemia and hypertension
is associated with 2 potentially progressive, severe liver dis-
ease™ Previous reports demonstrated that prevalence of
NAFLD increased to 10%-80% in individuals with obe-
sity, 35%-90% in individuals with type 2 diabetes mellitus,
30%-56% in individuals with hypertension, and 26%0-58%
in individuals with dyslipidemia’~*>". Another study in a
Japanese population showed that prevalence of NAFLD
increased to 43% in individuals with impaired fasting
glucose and 62% in individuals with type 2 diabetes mel-
litus™. Some studies estimate the prevalence of NAFLD
be up to 15%-30% of the genetal populationlg’m’m, and
the prevalence of metabolic syndrome was estimated fo be
up to 25% of the general populaﬁonm]. In those patients
with the metabolic syndrome, liver fat content 1s signifi-
cantly increased up to 4-fold higher than those without the
metabolic syndrome™, and the incidence of NAFLD has
been shown to be increased 4-fold in men and 11-fold in
women with the metabolic syndiomewl‘

Qur data cleatly indicated that 21% to 33% of sub-
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