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Table 1. Vitamin and Mineral Composition of Royal Jelly Products

(mg/100g)
Protease-Treated
Components Royal Jelly Royal Jelly
Minerals
Sodium 40.2 2050
Phosphorus 662 580
Iron 3.21 2.8
Calcium 40.6 44.8
Potassium 814 766
Magnesium 90.9 74.3
Copper 1.34 091
Zinc 6.61 5.62
Manganese 0.22 0.17
Selenium >0.005 0.006
Vitamins
Thiamine 0.96 0.84
Riboflavin 2.03 1.92
Vitamin B6 1.12 0.63
a-Tocopherol 0.1 >0.1
Folic acid 0.12 0.06
Pantothenic acid 12.8 14.5
Biotin 0.0467 0.0722
Inositol >2 41
Niacin 14.8 154
Choline 620 480

TA muscles were isolated, frozen in 2-methylbutane pre-
cooled in liquid nitrogen, and stored at —80°C for following
histological analysis (26).

Measurements of Muscle Weight and Isolation of
Satellite Cells

The satellite cells were isolated according to a previ-
ous study (6) with some modifications. The large hind-
limb muscles of mice including the TA muscle, triceps
surae muscle, quadriceps muscle, biceps femoris mus-
cle, gluteus maximus muscle, and iliopsoas muscle were
isolated, and the weights of the muscles were measured.
Next, nonmuscle tissues were removed under a dissec-
tion microscope; the muscles were subjected to enzymatic
dissociation with 0.2% collagenase Type II (Worthington
Biochemical Corporation, Lakewood, NJ) for 60 minutes
and then with 0.04U/mL dispase (Gibco BRL, Grand
Island, NY) for 45 minutes. The cell suspension was fil-
tered through a cell strainer (BD Bioscience, Franklin
Lakes, NJ), incubated with antimouse CD16/CD32 mono-
clonal antibody (mAb, 2.4G2, BD Bioscience) to block
Fc receptors and then with the following antibodies: fluo-
rescein isothiocyanate—labeled anti-CD31, anti-CD45
(BD Bioscience), anti-CD11b, and anti-Sca-1 antibodies
(eBioscience, San Diego, CA); PE-labeled anti-integrin-
a7 (MBL, Nagoya, Japan); and Alexa 647-labeled anti-
CD34 (BD Bioscience). The cells were counted and sorted
by FACSAria II flow cytometer (BD Bioscience) as previ-
ously shown (27).
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Immunohistochemistry and Immunocytochemistry

Frozen muscle tissues were sectioned from a region
approximately 3 mm from the top of the TA muscle (8 pm
in thickness) using a cryostat. For embryonic myosin heavy
chain (eMyHC) staining, frozen sections or cultured cells
were fixed with acetone/methanol (50%/50%) for 30 seconds
at —20°C. Specimens were blocked with 1% bovine serum
albumin and 0.1% Triton X-100 in PBS at room temperature
for 45 minutes and then incubated with anti-eMyHC anti-
body (F1.652, DSHB, Iowa City, IA) at 1:2 dilution at 4°C
overnight, followed by Rodamine-conjugated secondary
antibody staining (Chemicon International, Temecula, CA)
at room temperature in the dark for 1 hour. For PAX7 stain-
ing, cultured cells were fixed with PBS containing 4% para-
formaldehyde at room temperature for 20 minutes and then
blocked with 1% bovine serum albumin and 0.1% Triton
X-100 in PBS at room temperature for 45 minutes. After
blocking, the cells were incubated with anti-Pax-7 antibody
(R&D Systems, Minneapolis, NE) at 1:50 dilution at 4°C
overnight followed by Alexa 488—coupled antimouse IgG
antibody (Invitrogen) at 1:200 dilution at room temperature
for 1 hour. Finally, the sections or cells were mounted in
Vectashield Mounting Medium with 4’,6-diamidino-2-phe-
nylindole (DAPI) (Vector labs, Burlingame, CA). In vivo,
the regenerating capacity of the injured skeletal muscles
was evaluated by quantifying the percentage of eMyHc-
immunoreactive area per field (28). Ten randomly selected
fields at x200 magnification were measured in each sample.
Image] software was used to quantify the eMyHC-immu-
noreactive areas per field. In vitro, the degree of differentia-
tion of satellite cells of the aged mice was evaluated by the
maximum diameter of the cells by Adobe Photoshop CS2
software (San Jose, CA). The muscle sections were stained
for hematoxylin and eosin also. Images were taken using
a phase-contrast and fluorescence microscope BZ9000
(Keyence, Osaka, Japan) (29).

Western Blot Analysis

PAX7, Type 1 IGF receptor (IGF-IR), Akt, and
phosphorylated Akt (phospho-Akt) proteins were detected
by Western blot analysis. In brief, the cells were rinsed
twice with ice-cold PBS and lysed using RIPA Lysis
Buffer (Upstate, Temecula, CA). The extracted protein
fraction was electrophoresed in a sodium dodecyl sulfate
and 10% polyacrylamide gel and then transferred onto an
Immobilon transfer membrane (Millipore, Bedford, MA).
The amount of protein loaded onto the gels was 36 ng
per well. The membranes were immunoblotted with the
primary antibodies to PAX7 (DSHB) at 1:100 dilution,
GAPDH, IGF-IR, Akt, and phospho-Akt (Cell Signaling,
Boston, MA) at 1:1000 dilution. Then, the membranes
were incubated with horseradish peroxidase—conjugated
antirabbit immunoglobulin G (Cell Signaling) at 1:25,000
dilution, and the protein bands were detected with an
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enhanced chemiluminescence detection kit (Amersham,
Buckinghamshire, UK) (30).

Enzyme-Linked Immunosorbent Assay

After RJ/pRJ treatment, the mice were anesthetized with
diethyl ether, and blood samples were isolated from the infe-
rior vena cava. The serum levels of interleukin-1o (IL-1av),
1L-1B, IL-6, tumor necrosis factor-a, and IGF-1 were meas-
ured using a specific ELISA kit (R&D Systems) according
to the manufacturer’s instructions, respectively (22).

Statistical Analysis

Data are presented as mean * standard deviation.
Differences were analyzed by one-way analysis of variance
test (Post hoc, Tukey). A level of p < 0.05 was accepted
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as statistically significant. All in vitro experiments were
repeated at least three times.

REesuLTS

Isolation and Characterization of Satellite Cells

As an initial step, we tried to identify the effect of RJ/
pRIJ on satellite cells. The characterization of satellite cells
by cell surface markers has been established only very
recently (6). Therefore, according to that study, we first tried
to isolate satellite cells with some modifications. We enzy-
matically dissociated mononuclear cells from the mouse
hind-limb muscles (Figure 1A, circle: upper muscles were
isolated from a right leg, and lower muscles were isolated
from a left leg, from left to right, TA, triceps surae, quadri-
ceps, divided biceps femoris into two, gluteus maximus, and

©

CD31/CD45/CD11b/Sca-1

(60%-687%)
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Figure 1. The isolation and characterization of the satellite cells. (A) A flow cytometer sorted the satellite cells from the hind-limb muscles after enzymatic dis-
sociation (shown in circle on the left: upper muscles were isolated from a right leg and lower muscles were isolated from a left leg; from left to right: tibialis anterior,
triceps surae, quadriceps, divided biceps femoris into two, gluteus maximus, and iliopsoas muscles) by gating for 7-AAD negative, then for CD31, CD45, CD11b,
and Scal negative, and finally for integrin-o7 and CD34 positive. Numbers in the gates show percentage of the cells in each gate among total cells. (B) The light
phase-contrast microscopy shows the morphology of the isolated satellite cells cultured in proliferation medium for the indicated time periods. Scale bars: 50 um
(left three panels) and 25 pum (right two panels). (C) The sorted cells were immunoreactive with satellite cell marker Pax7 and nucleus marker DAPI after 2 days in
the proliferation medium (left two panels: Pax7 in green and DAPI in blue). After 3 days in the differentiation medium, some cells formed tube-like shapes (the third
panel from the left) and some cells were immunoreactive with an immature myotube marker eMyHc (right panel: eMyHc in red and DAPI in blue). Scale bars: 20 um
(left two panels) and 50 pm (right two panels). (D) Western blot analysis shows the levels of PAX7 protein in the satellite cells after the induction of differentiation

for the indicated time periods. The GAPDH protein is a loading control.
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iliopsoas muscle) and sorted them according to the cell sur-
face markers (Figure 1A). We characterized satellite cells as
7-AAD (a dead cell marker) negative, CD31 (an endothe-
lial cell marker) negative, CD45 (a pan-hematopoietic cell
marker) negative, CD11b (a myeloid cell marker) negative,
Scal (a mesenchymal cell marker) negative, and integrin-o.7
and CD34 positive (Figure 1A). We cultured the sorted cells
in growth medium for several days and noted the prolifera-
tion of these cells, which suggested that these cells had the
potential to re-enter the cell cycle (Figure 1B). After 2 days
in the growth medium, the sorted cells were immunoreactive
with satellite cell-specific transcriptional factor Pax7 and
nucleus marker DAPI (Figure 1C, two panels in the left).
To examine the potential of these cells to differentiate into
myotubes, we cultured the cells in differentiation medium
for 3 days (Figure 1C, two panels in the right). The cells
fused and were immunoreactive with an immature myotube
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marker embryonic myosin heavy chain (eMyHc, Figure 1C,
the right panel), suggesting that the cells differentiated into
myotubes. The sorted cells were cultured in the differentia-
tion medium, and the expression levels of Pax7 gradually
decreased in a time-dependent manner after the induction
of differentiation (Figure 1D). These data suggested that the
sorted cells had the characteristics of satellite cells and the
potential to differentiate into myotubes.

Effects of RJ/pRJ on the Satellite Cells of the Aged Mice
In Vitro

To examine the effect of RJ/pRJ on the proliferation
rate of the satellite cells of the aged mice in vitro, we iso-
lated satellite cells from aged mice and stimulated them
with RJ/pRJ for 24 hours (Figure 2A, left panel), 48 hours
(Figure 2A, center panel), or 72 hours (Figure 2A, right
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Figure 2. Effects of RJ/pRJ on the satellite cells of aged mice in vitro. (A) The satellite cells of the aged mice were treated with the indicated concentrations of
RIJ or pRIJ for 24, 48, or 72 h, and the cell proliferation rate was measured at each time point. (B) The satellite cells of aged mice were cultured in differentiation
medium with pRJ or without pRJ (control) for 5 days, then immunohistochemically stained for eMyHC in red and for DAPI in blue to evaluate their differentia-
tion into myotubes. The maximum diameter of each myotube was marked with a green line (upper panels). We randomly selected 50 myotubes per field at x400
magnification, measured the maximum diameter of each myotube for 10 randomly selected fields per sample, measured the diameter, and calculated for each group
(lower panel). Scale bars: 100 pm. (C) The satellite cells of aged mice were pretreated with pRJ (500 pg/mL) for 48 h, then the Western blot analysis detected IGF-1
receptor (IGF-IR), GAPDH, activated form of Akt (phospho-Akt), and total Akt. Insulin (10 nM) was used as a positive control. The densitometry quantified the band
intensities. The graphs show the IGF-IR band intensities normalized by the GAPDH band intensities, and phospho-Akt band intensities normalized by the Akt band
intensities. This figure is the representative of three independent experiments. Columns are mean + SD. *p < .05, **p < .01, and ***p < .0001, compared with control.
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panel) in growth medium. pRJ treatment at high concentra-
tions (500 and 1000 pg/mL) for 48 and 72 hours increased
the proliferation rate of the satellite cells compared with
controls and RJ treatment (Figure 2A). Next, to examine the
effect of RI/pRJ on the differentiation of the satellite cells
of the aged mice in vitro, we cultured the satellite cells in
differentiation medium for 5 days and immunohistochemi-
cally stained them for eMyHC (Figure 2B). The pRJ-treated
group had more eMyHc immunoreactive areas than did the
controls (Figure 2B, upper panel). The mean maximum
diameter of the myotubes was greater in the pRI-treated
group than in the controls (Figure 2, lower panel). These
results suggested that pRJ promoted the differentiation of
the satellite cells of the aged mice. We next examined an
intracellular signaling pathway of IGF-1 by Western blot
analysis. pRJ treatment increased the intensity of the band
of IGF-1R compared with controls (Figure 2C). One of the
downstream signaling pathways of IGF-1R is Akt, and pRJ
treatment increased the intensity of the band of phosphoryl-
ated Akt, which is an activated form of Akt, compared with
controls (Figure 2C). Similar to pRJ, the increased activa-
tion of Akt was also observed in satellite cells treated with
10nM insulin (Figure 2C). These results suggested that pRJ
increased the proliferation rate, promoted differentiation,
and activated the Akt-signaling pathway in the satellite cells
from the aged mice compared with the controls in vitro.

RJ-/pRI-Treated Mice Had Greater Numbers of
Satellite Cells, Muscle Weight, and Grip Strength
Than Did Controls

To examine the effects of RJ/pRJ treatment on aged mice
in vivo, we divided 21-month-old mice into five groups
and treated them with five kinds of diets for 3 months,
respectively: normal diet (controls), diet mixed with 1%
weight RJ (1% RIJ), diet with 5% weight RJ (5% RI), diet
with 1% weight pRJ (1% pR1J), and diet with 5% pRJ (5%
pRIJ). Three mice in the controls, one mouse in the 1% RJ
group, and one mouse in the 1% pRJ group died of natural
causes during the treatment period. These mice were
excluded from the analysis. During the intervention period,
the body weight increased similarly in RJ/pRJ-treated
groups and control groups (Figure 3A) (p value > .73;
effect size < 0.01). The amount of daily diet intake was
not different between the groups (Figure 3B). Comparison
of the hind-limb muscle weight per body weight between
2-, 8-, and 24-month-old mice showed progressive loss of
muscle weight with aging, suggesting the progression of
sarcopenia with aging (Figure 3C). The combined weights
of the hind-limb muscles of one leg, named one-legged
muscle, per body weight in 5% RJ, 1% pRIJ, and 5% pRJ
groups were greater than those of controls (Figure 3D). The
selected muscles included the TA, triceps surae, quadriceps,
biceps femoris, gluteus maximus, and iliopsoas muscles. To
examine the effect of PJ/pRJ on the numbers of satellite
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cells in vivo, we counted the cells. The numbers of satellite
cells in the hind-limb muscles in the 5% RJ- and 5% pRIJ-
treated groups were significantly greater than those of the
controls (Figure 3E), whereas the numbers of the satellite
cells per muscle weight were not different among the groups
(per gram; Figure 3F). These results suggested that PJ/pRJ
treatment increased the total numbers of satellite cells. ‘

To examine the effect of pRJ on the muscle strength,
we performed the wire hang test and measured the maxi-
mum duration that the mice could hang on the inverted
wire mesh. Consistent with the effect of RJ/pRJ on the
muscle mass, the 5% RJ- and 5% pRIJ-treated groups hung
for longer duration than did the controls, suggesting that
RJ/pRI improved the grip strength of the skeletal muscles
(Figure 3G). To examine the effect of RJ/pRJ on muscle
fatigue, we measured how many times the mice could
hang from the wire mesh. The 5% RJ- and 5% pRJ-treated
groups could hang more times than the controls, suggesting
that RJ/pRJ improved the fatigue of the skeletal muscles
(Figure 3H). Furthermore, within the controls, comparison
of the before and after treatment period showed decreased
hanging duration and times after the treatment period than
before, suggesting the progression of age-related atrophy in
muscle function. In contrast, no significant changes were
observed within the RJ/pRJ groups between before and
after the treatment period. These data suggested that RJ/pRJ
treatment prevented the progression of atrophy in muscle
weight and function in the aged mice.

RJ/pRJ Treatment Accelerated the Regeneration of
Injured Skeletal Muscles

We next examined the effect of RJ/pRJ treatment on
the regenerating capacity of the skeletal muscles in aged
mice in vivo by injuring the TA muscles with cardiotoxin
injection and observing their regeneration. We isolated the
muscles 5 days after the cardiotoxin injection and subjected
them to staining. Hematoxylin and eosin staining showed
greater amounts of muscle fibers in the RI/pRJ groups than
in the controls (Figure 4A, upper panels). To confirm the
regenerating capacity of the skeletal muscles, we immu-
nohistochemically stained the muscles for eMyHc, which
is a marker of immature myotubes including regenerating
muscles but not of mature muscles (Figure 4A, middle line
panels). Quantification of the eMyHc immunoreactive area
showed greater immunoreactive areas in the RJ/pRJ groups
than in the controls (Figure 4B). These results suggested
that RJ/pRJ treatment accelerated the regeneration of the
injured skeletal muscles.

RJ/pRJ Treatment Increased Serum IGF-1 Levels

Because RJ has been suggested to have an anti-inflamma-
tory effect, we examined the effect of RJ/pRJ treatment on
serum proinflammatory mediator levels in the aged mice.
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Figure 3. Effects of RJ/pRJ treatment on aged mice in vivo. Twenty-one-month-old mice were treated with a diet mixed with 1% weight RJ (1% RIJ), diet with
5% weight RJ (5% RI), diet with 1% weight pRJ (1% pRIJ), or diet with 5% pRJ (5% pR1J) for following 3 months. (A) Control, RJ, or pRJ treatment did not show
changed body weight. (B) RJ or pRJ did not change the amount of the daily diet intake. (C) The progressive loss of muscle weight with aging. (D) RJ- and pRJ-treated
groups had greater hind-limb muscle weights per body weight than did controls. (E) RJ- and pRI-treated groups had greater numbers of satellite cells in the hind-limb
muscles than did controls. (F) RJ or pRJ treatment did not change the numbers of satellite cells per muscle weight (g). (G) Five% RJ- and pRJ-treated mice hung for
longer durations than did controls. (H) Five% RJ- and pRJ-treated mice hung more times than did controls. Columns are mean + SD, n 2 5 in each group. *p < .05,
*¥p < .01, and ***p < .0001 compared with control.
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Figure 4. RJ/pRIJ treatment accelerated the regeneration of the injured skeletal muscles in aged mice. After 3 months of RJ/pRJ treatment, we injected cardio-
toxin into the tibialis anterior muscles of the aged mice to injure the muscles and isolated them 5 days later. (A) Hematoxylin and eosin staining (top panels) and
immunohistochemical staining for eMyHC (middle panels) or DAPI (bottom panels) of the injured tibialis anterior muscles. Upper lines, scale bar, 50 pm; middle
and lower lines, scale bar, 100 pm. (B) The graph shows the data calculated from quantification of the percentage of eMyHc-immunoreactive area per field for each
group (10 randomly selected fields at x200 magnification per sample were quantified). Columns are mean + SD, n 2 3 in each group. *p < .05, and ***p < .0001

compared with controls.

We chose IL-1a, IL-1p, IL-6, and tumor necrosis factor-a
as proinflammatory mediators, as previously shown (31,32),
and measured their levels in serum. The levels of these
mediators were not significantly different between RJ-/pRJ-
treated groups and controls, but the serum IL-1a concentra-
tion tended to be lower in the RJ/pRJ groups than in the
controls (Figure 5A). Because IGF-1 plays a central role in
stimulating satellite cells, we measured the serum levels of
IGF-1. The serum levels of IGF-1 were greater in the 5%
RJ- and pRJ-treated groups than in the controls (Figure 5B).

DiscussioN

In this study, using aged mice, we showed that RJ/pRJ
treatment increased the number of satellite cells, the skel-
etal muscle weight, grip strength, regenerating capacity of
injured skeletal muscles, and the serum IGF-1 levels com-
pared with controls in vivo. In vitro, compared with con-
trols, pRJ treatment increased the cell proliferation rate,

promoted differentiation, and activated the Akt-signaling
pathway in the satellite cells of the aged mice.

RIJ/pR]J treatment increased the number of satellite cells
of the aged mice, promoted their differentiation compared
with controls, which could be the mechanisms by which the
skeletal muscle weight and grip strength were increased,
and accelerated the regeneration of injured skeletal muscles
in aged mice compared with controls. Because these effects
antagonized the loss of muscle mass and strength, the results
suggested that RJ/pR]J treatment might improve sarcopenia
in aged mice. The RJ-/pRJ-treated groups hung for longer
durations than did the controls, but when we compared
between before and after the treatment period within the
same groups, the hanging duration did not change in the
RJ-/pRJ-treated groups, whereas the hanging duration
decreased after the same period in controls, suggesting that
RI/pR]J treatment might not improve but rather attenuated
the progression of the decrease in grip strength. Therefore,
the effects of RJI/pRJ on skeletal muscles might be
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Figure 5. RI/pRJ treatment increased the serum IGF-1 levels but did not affect the serum proinﬂammatory mediator levels. ELISA determined serum levels of
proinflammatory mediators and IGF-1 in aged mice treated with RJ/pRJ for 3 months. (A) RJ/pRJ treatment did not change the serum levels of the proinflammatory
mediators. (B) Five% RJ and 5% pRJ treatment significantly increased the serum IGF-1 levels. Columns are mean + SD, n = 5 in each group. *p < .05 compared

with controls.

attenuating the atrophy rather than improving the muscle
mass and strength in aged mice.

pRIJ increased the number of satellite cells of the aged
mice in vivo and in vitro, whereas RJ increased the number
of the satellite cells in vivo but not in vitro. The presence
of protease treatment in pRJ and its absence in RJ might
explain this discrepancy. Protease is present in vivo, which
indicates that all the RJ is treated with protease after their
intake in vivo, whereas protease is not present in vitro.

Because IGF-1 has favorable effects on satellite cells,
the skeletal muscles, and sarcopenia, the increased serum
levels of IGF-1 after RJ/pRJ treatment might be one of the
mechanisms of the effects of RJ/pRJ treatment. However,
the increases in the levels of IGF-1 after RJ/pRJ treatment
were moderate. Therefore, RJ/pRJ treatment may have
other mechanisms besides increasing IGF-1. Previous stud-
ies indicated that nutrition plays a central role in the reg-
ulation of the IGF-1 levels (33). The serum IGF-1 levels
decline in an age-dependent manner and are a reliable index
of protein-energy malnutrition in elderly patients (34-36).
Increased serum levels of IGF-1 after RJ/pR]J treatment may
suggest that RJ/pRJ treatment improved the malnutrition in
the aged animals. Many nutritional components in RJ/pRJ

such as vitamins, minerals (Table 1), and amino acids might
have contributed to preventing sarcopenia. Because this is a
single study, we could not evaluate the contribution of each
component to the prevention of sarcopenia. However, the
results suggested that whole RJ/pRJ improved sarcopenia
in aged mice.

Akt-signaling pathway plays a central role in muscle pro-
tein synthesis and in inhibiting muscle proteolysis. Akt acti-
vation prevents muscle atrophy including sarcopenia (37).
Moreover, the activation of Akt in myoblasts increased their
cell proliferation rate and rescued them from cell death (22).
In vitro, pRY activated the Akt-signaling pathway in satellite
cells of the aged mice. Because pRJ contains a wide vari-
ety of components (9), it is not clear which component(s)
activated Akt. However, the activation of Akt, possibly by
IGF-1, suggests that one of the mechanisms of the effects
of RJ/pRJ was via Akt. Furthermore, because RJ and pRJ
are natural products, some natural factors such as seasonal
or environmental factors may affect the percentage or qual-
ity of ingredients in RJ/pRJ. Further studies are required to
identify the mechanisms of action of RI/pRJ.

Some studies reported that IGF-1 deficiency extended life
spans in mammals (38,39). Because we did not assess life
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spans in this study, the effect of increased levels of IGF-1
by RJ/pRJ treatment on life span was not clear. However,
previous studies reported that RJ/pRJ extended the life span
in mice and Caenorhabditis elegans (10,11). Further stud-
ies are required to evaluate the effects and mechanisms of
RJ/pRJ on life span.

Dietary supplementation with 1%—5% RJ/pRJ would be
too great in an amount and would not be feasible for humans.
Generally, dietary supplementation intake in animals cannot
be directly converted into human dietary intake. Thus, we did
a pilot study to examine the effect of RJ on muscle strength
and physical performance in free-living elderly patients
(Identifier: UMINO00004057, Trial Registration: http:/
www.umin.ac.jp/ctr/index.htm). We found that the intake of
RJ (low dose: 1.2 g/day; high dose: 4.8 g/day) for 3 months
improved muscle strength and physical performance in the
elderly patients. Based on this pilot study, we are performing a
randomized, double-blinded, placebo-controlled trial to con-
firm the effects of RJ on muscle strength and physical perfor-
mance of the elderly patients (Identifier: UMIN000009648,
Trial Registration: http://www.umin.ac.jp/ctr/index.htm).

In conclusion, in vivo, RJ/pRJ treatment increased the
muscle weight, grip strength, regenerating capacity of
injured muscles, and serum IGF-1 levels compared with
controls in aged mice. In vitro, pRJ increased the cell prolif-
eration rate, promoted the cell differentiation, and activated
Akt-signaling pathway compared with controls in isolated
satellite cells from aged mice. These findings suggest that
RJ/pRIJ treatment may have a beneficial effect on the pre-
vention of age-related sarcopenia through increasing the
systemic IGF-1 levels and activating Akt-signaling path-
ways in satellite cells.
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Abstract

Objective: Obesity is a risk factor for chronic kidney disease (CKD) and cardiovascular disease. The association between
waist to height ratio (WheiR) and CKD is unclear. This study evaluated the association between WheiR and CKD.

Design and Methods: In this longitudinal cohort study, 4841 Japanese workers (3686 males, 1155 females) 18 to 67 years of
age in 2008 were followed up until 2011. CKD was defined as an estimated glomerular filtration rate of <60 mL/min/
1.73 m? (by the Modification of Diet in Renal Disease equation for Japanese) or dipstick proteinuria (=1+). Cox proportional
hazards models were used to examine the relationship between WheiR and development of CKD.

Results: A total of 384 (7.9%) participants (300 men and 84 women) were found to have new CKD. The incidence of CKD was
13.7, 24.2, 37.9 and 43.7 per 1000 person-years of follow-up in the lowest, second, third and highest quartiles of WheiR,
respectively. After adjustment for potential confounders, the adjusted hazard ratios (95% confidence interval) for CKD were
1.00 (reference), 1.23 (0.85, 1.78), 1.59 (1.11, 2.26) and 1.62 (1.13, 2.32) through the quartiles of WheiR, respectively. WheiR
had a significant predictive value for the incidence of both proteinuria and low estimated glomerular filtration rate. After
subdivision according to gender, the relationship between WheiR and the incidence of CKD was statistically significant in
the unadjusted model. However, after adjusting for potential confounders, WheiR was significantly associated with the
incidence of CKD in females, whereas it was not significant in males.

Conclusions: WheiR, which is commonly used as an index of central obesity, is associated with CKD. There was a significant
gender difference in the relationship between CKD and WheiR.
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Introduction

Chronic kidney disease (CKD) is a relatively common disorder.
Patients with CKD have an increased risk of end-stage renal disease.
Furthermore, CKD is also related to both a higher prevalence of
cardiovascular disease and premature death [1,2]. The estimated
proportion of patients with CKD in the general population is
approximately 10% in the United States, 7% in the United
Kingdom, 9—10% in Asian countries and 19% in Japan [3-7].
The prevalence of CKD has been increasing significantly with time
[8,9]. Therefore, screening, diagnosis and treatment of CKD are
important issues in preventing disease onset and progression [10,11].

A recent study reported that obesity is a primary risk factor for
cardiovascular disease, diabetes mellitus, hypertension and meta-
bolic syndrome, and that these risk factors are associated with
CKD [12]. Many authors consider that abdominal obesity is
superior to body mass index (BMI) in predicting cardiometabolic

PLOS ONE | www.plosone.org

risk, and visceral fat is known to have high metabolic and
inflammatory activity in comparison to subcutaneous fat [13-17].
Waist to height ratio (WheiR) is recognized as an effective index
for identifying central obesity, which relates to cardiometabolic
risk factors [18]. One meta-analysis has demonstrated that WheiR
is statistically superior to both waist circumference (WC) and BMI
in the evaluation of cardiometabolic risk [19]. However, few
studies have demonstrated an association between WheiR and
CKD. Thus, we hypothesized that WheiR was associated with the
incidence of CKD. We tested this hypothesis by investigating the
3-year incidence of CKD in Japanese workers.

Materials and Methods

Ethics Statement
The Institutional Review Board waived the need for informed
consent from the participants because this research was a
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retrospectively observational analysis, and the identifying infor-
mation was not included in the collected data. The ethics
committee of Yamaha Health Insurance Society approved this
study.

Study Design and Participants

We designed a retrospective longitudinal cohort study to
investigate the relation between WheiR and the incidence of
newly diagnosed CKD in Japanese employees at general health
checkups at the Yamaha Health Care Center, Hamamatsu, Japan.
Most of the participants were employees of manufacturing
companies in Hamamatsu, Japan. The Industrial Safety and
Health Law in Japan requires employers to conduct annual health
examinations of all employees. Our study utilized routinely
collected data from these checkups. Because many participants
were expected to have repeated examinations, we took advantage
of this opportunity to conduct a follow-up study on CKD.

A total of 7025 participants (5337 men and 1688 women) who
underwent general health checkup between January 2008 and
December 2008 were enrolled in the study. Participants’ ages
ranged from 18 to 67 years (mean 41.7x11.1 years). After
enrollment, the participants were followed up by general health
checkups every year. We excluded 2184 participants who were
already diagnosed with CKD (n=545), lacked some laboratory
data (n = 194) and had missing data for health behaviors (n = 3) at
baseline. In addition, we excluded the participants who were not
followed up in 2009 (n=1442). Overall, the current analysis
comprised 4841 participants (3686 men and 1155 women) with
complete data on all the health behaviors and general health
checkups. Among those participants, 673 were lost to follow up.
However, we had no information on the causes of losing to follow
up. The mean follow-up period was 2.7+0.7 years (range,
0.2—3.9), 12,926 person-years.

Data Collection and Measurements

Measurements. After an overnight fast, blood and urine
samples were obtained to measure blood levels of routine medical
checkup tests: The complete blood count was measured automat-
ically in a Sysmex XE 2100 equipment (Roche Diagnostics, Kobe,
Japan). Fasting plasma glucose (FPG), triglycerides (T'G), creati-
nine (Crt) and low-density lipoprotein (LDL) cholesterol were
measured enzymatically. High-density lipoprotein (HDL) choles-
terol was measured using the precipitation method. Hemoglobin
Alc (HbAlc) was measured using the latex agglutination method.
Uric acid (UA) was measured using uricase/POD method, Liver
function tests including y-glutamyltransferase (GGT), aspartate
aminotransferase (AST), alanine aminotransferase (ALT) were
measured using LDH-UV method. Simple qualitative urinalyses
were performed with a dipstick on flesh, mid-stream urine
collection in the morning, as a single control test. Chemical
measurements were all performed at a local laboratory (Medic,
Hamamatsu, Japan). Systolic blood pressure (SBP) and diastolic
blood pressure (DBP) were measured with the participants in a
sitting position. Height and body weight were measured with the
participants wearing lightweight clothing. WG was measured at
navel level in a standing position with light expiration.

Questionnaire interview, Participants were all required to
fill out a self-administered standardized questionnaire of “Specific
Health Checkups” in Japan, which included information about
lifestyle factors and medical history, including smoking status
(never, former or current smoker), alcohol drinking behavior (non/
rare, sometimes, everyday), regular exercise habit (exercising at
least 2 days/week, at least 30 minutes) and antihypertensive,
antidiabetic, antidyslipidemic and antihyperuricemic medications.
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Three health behaviors — smoking status, alcohol intake and
regular exercise — were selected as study variables from self-
administered questionnaires.

Definitions

BMI was calculated as weight in kilograms divided by the
square of height in meters. Estimated glomerular filtration rate
(eGFR) was calculated as ¢GFR (mL/min/1.73 m?) = 194xCrt
T109% o age %287 in men, and 194x creatinine T1O9% 5 age
~9287%0.739 in women according to the criteria of the Japanese
Society of Nephrology [20]. WheiR was calculated by dividing the
WC by body height. Low eGFR was defined as eGFR < 60 mL/
min/1.73 m? Proteinuria was defined as dipstick proteinuria
(=14). CKD was diagnosed on the basis of low eGFR and/or
proteinuria which were present in single test.

Follow-up and End Points

Participants were followed from the starting point until
December 31, 2011. The primary end point of this analysis was
an incidence of new CKD. Study participation was considered to
be complete if the participant had an occurrence of the primary
end point, was unable to be followed further because of loss of
follow-up, or had been followed through at least to December 31,
2011. The exposure time was calculated as the time between the
first visit to our institution and the point of either incidence of new
CKD or the date of the last study visit if that came first.

Statistical Analysis

All the data were expressed as the mean * standard deviation
(SD) (parametrically distributed values) or median (interquartile
range) (non-parametrically distributed values) of the indicated
numbers. We divided the study population into gender-adjusted
quartiles of the distribution of WheiR. Differences among the
quartiles of WheiR were examined by one-way analyses of
variance (ANOVA) (parametrically distributed values) or Kruskal-
Wallis test (non-parametrically distributed values). The polynomial
contrast test and Kendall tau rank correlation coefficient
(Kendall’s tau-b) were used for trend analysis of numerical and
categorical variables. Categorical variables were compared among
the quartiles of WheiR by the chi-square test. Cox proportional-
hazards models were used to calculate hazard ratios and 95%
confidence intervals (CI) for the comparison of event rates while
controlling for potential confounders. The potential confounders
were selected from clinical variables and lifestyle factors associated
with CKD (Table 1). Receiver operating characteristic (ROC)
analyses were used to compare the predictive function of different
methods in identifying individuals with Obesity, and Hanley-
McNeil test was used to examine difference between area under
the curves (AUCs). A p-value < 0.05 was regarded as statistically
significant. The computations were performed using SPSS
programs (version 11.0 J; SPSS Inc., Chicago, IL, USA).

Results

Baseline Clinical Characteristics

The upper limits of the lowest (Q1), second (Q2), and third
quartiles of WheiR (Q3) were set at 0.44, 0.47 and 0.50 for males,
and 0.43, 0.46 and 0.50 for females, respectively. The mean values
for quartiles Q1, Q2, Q3 and Q4 of WheiR were 0.41%£0.02,
0.460.01, 0.49%0.01 and 0.54+0.03 for males, and 0.41+0.02,
0.45+0.01, 0.48+0.01 and 0.55+0.05 for females, respectively.

Tables 2 and 3 show the participants’ baseline demographic and
clinical characteristics and health behaviors. There were signifi-
cant associations between WheiR and age, body weight, BMI,
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T folf;ei 1. Definitions of potential confounders:selected from clinical variables and lifestyle factors associated with CKD.

Diabetes meliitus

Decreased HDL cholesterol

Hyperuricemia:

Urine: occuit blood Dipstick hematuria (=1+)

HbA1c, hemoglobin Alc; LDL cholesterol, low-density lipoprotein cholesterol; HDL cholesterol, high-density lipoprotein cholesterol; eGFR, estimated glomerular
filtration rate
doi:10.1371/journal.pone.0088873.t001

SBP; DBP, ALT, AST, GGT, LDL cholesterol, HDL cholesterol, were found for body weight, BMI, SBP, DBP, ALT, LDL
TG, FPG, HbAlc, UA, red blood cell count (RBC), hematocrit cholesterol, FPG, HbAlc, UA, RBC, Hct, Hb, Plt and WBC,
(Hct), hemoglobin (Hb), platelet counts (Plt) and leukocyte count while significant negative trends were shown for HDL cholesterol
(WBC), but there was no relationship between WheiR and Cirt. and eGFR (all p < 0.001 with the polynomial contrast test). As
Furthermore, significant positive trends for quartiles of WheiR shown in Table 3, increasing WheiR was associated with higher

Table2 Baseline Characteristics of the Study Participants®.

Q1 Q2 Q3 Q4 p value

Age, median (interquartile range) (year) 34 (18-67) 40 (18-66) 44 (18-63) 49 (18-67) <0.001
e

Height (cm) 168.7£7.9 167.5x7.8 166.7£7.6 165.1£8.6 <0.001

G

‘Body Mass Index (kg/m?) . 19.1£15 209%1.7 22418 25.6x3.1 <0.001

2T

Diastolic Blood Pressure (mmHg)- 68.1+8.9 71.2+9.8 73.610.1 76.9%:10.1 <0.001

Alanine aminotransferase (IU/L) 15 (3-135) 18 (4-107) 20 (5-165) 25 (5-282) <0.001

LDL Cholesterol (mg/dL) 101.6+25.5 115.0+28.4 122.6+29.5 132.2+30.2 <0.001

S

| HDL-cholesterol

R i =

| (mg/dL) 70.7+16.7 67.1x17.3 63.2X16.7 58.0+15.1 <0.001

eGFR (ml/min/1.73 m?) ' 83.2+123 80.3%12.6 78.2£12.6 783%12.2 <0.001

e e

HbA1c (%) 52x04 53*0.5

55%0.7 <0.001

Red blood cell count (10*/uL) 484.3%41.1 48541426 488.9+41.7 4984+413 <0.001

15.0%1.0 15.2+0.9 15.2£1.0 156%+1.0 <0.001

Hematocrit (%) 43.9+3.6 442+3.7 44.3+3.9 45.1+3.9 <0.001

Leukocyte count (10°/L) 56%1.5 59*15 51%15 6.4x1.7 <0.001

a Data are expressed as n (%) or mean * SD or median (interquartile range)

Q1, lowest quartiles; Q2, second quartiles; Q3, third quartiles; Q4, quartiles; HDL cholesterol, high-density lipoprotein cholesterol; LDL cholesterol, low-density
lipoprotein cholesterol; eGFR, estimated glomerular filtration rate; HbA1c, hemoglobin Aic

doi:10.1371/journal.pone.0088873.t002
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Table 3. Clinical Characteristics of the Study Participants®®.

Waist to Height Ratio and CKD

Q1

34 (2.8%)

29 (2.4%)

H erurice‘mia 1101 (91.5%)

Never smokers 747 (61

Current Smokers

Non/Rare

a Data are expressed as n (%).

b Definitions of these confounding factors are shown in Table 1.
WheiR, waist to height ratio; Q1, lowest quartiles; Q2, second quartiles; Q3, third quartiles; Q4, quartiles; LDL cholesterol, low-density lipoprotein cholesterol; HDL
cholesterol, High-density lipoprotein cholesterol; eGFR, estimated glomerular filtration rate.

doi:10.1371/journal.pone.0088873.t003

proportion of hypertension, diabetes mellitus, increased LDL
cholesterol, decreased HDL cholesterol, hypertriglyceridemia, and
hyperuricemia (all p < 0.001 with Kendall’s tau-b), while the
proportion of urine occult blood and regular exercise did not
associate with quartiles of WheiR.

The Incidence of CKD in Relation to Quartiles of WheiR

A total of 384 (7.9%) participants including 300 men and 84
women received a new diagnosis of CKD during the study period,
and 45, 79, 122 and 138 diagnoses were received in Q1, Q2, Q3
and Q4 of WheiR, respectively. The overall incidence of CKD
was 29.7 per 1000 person-years. A graded relationship existed
between WheiR and the incidence of CKD (Table 4).

In the unadjusted analysis, Cox proportional-hazards models
revealed that the risk of CKD rose with each increasing quartile of
WheiR. In a test for interaction between the quartiles of WheiR
and follow-up time, there was no violation of the proportional-
hazards assumption. In the multivariable analysis, the significant
graded association between WheiR and the hazards ratio for CKD
persisted after adjustment for age, gender, smoking status, alcohol
drinking behavior, regular exercise, hypertension, increased LDL
cholesterol, decreased HDL cholesterol, hypertriglyceridemia,
hyperuricemia, urine occult blood, hemoglobin and preserved
eGFR at baseline (Table 4). However, after further adjustment for
BMI, WheiR was no longer a risk factor for the incidence of CKD.

Because significant negative trend was also shown for eGFR at
baseline though the quartiles of WheiR (Table 2), we next
performed further assessment for the relationship among eGFR,
WheiR and a risk of CKD to eliminate the effect of baseline eGFR
level. We divided the study participants into gender-, and eGFR at
baseline (€GFR =80 ml/min/1.73 m? or <80 ml/min/1.73 m?
- adjusted quartiles of the distribution of WheiR, and then, we
calculated the hazards ratios for the incidence of CKD. In

PLOS ONE | www.plosone.org

Q2 Q3 Q4

p value

221 (18.3%)

105 (8.7%)

229 (18.9%

329 (27.2%) 482 (39.8%)

128 (10.6%) 202 (16.7%, 351 (29.0%)

1039 (85.9%)

999 (82.5%) 924 (76.4%)

681 (56.3%) 652 (53.8%) 645 (53.3%)

328 (27.1%) 297 (24.5%)

438 (36.2%) 450 (37.2%) 507 (41.9%)

299 (24.7%) 305 (25.2%) 273 (22.6%)

participants with decreased eGFR (eGFR < 80 ml/min/1.73 m?),
the unadjusted hazards ratio (HR) (95% confidence interval (CI))
for the incidence of CKD was 1.00 (reference), 1.67 (1.17, 2.39,
p=0.005), 2.64 (1.76, 3.45, p < 0.001) and 2.39 (1.70, 3.36, p <
0.001) though the quartiles of re-classified WheiR, respectively.
After adjustment for age, gender, smoking status, alcohol drinking
behavior, regular exercise, hypertension, increased LDL choles-
terol, decreased HDL cholesterol, hypertriglyceridemia, hyperuri-
cemia, urine occult blood and hemoglobin, this significant graded
association between re-classified WheiR and the hazards ratio for
CKD persisted (adjusted HR (95%CI); 1.00 (reference), 1.41 (0.98,
2.03, p=0.064), 1.81 (1.28, 2.58, p=0.001) and 1.61 (1.12, 2.34,
p=0.011) though the quartiles of re-classified WheiR, respective-
ly). However, in participant with preserved eGFR (eGFR
=80 ml/min/1.73 m?), these associations were not observed
(adjusted HR (95%CI); 1.00 (reference), 0.71 (0.21, 2.37,
p=0.575), 0.81 (0.25, 2.59, p=0.721) and 2.12 (0.73, 6.16,
p =0.036) though the quartiles of re-classified WheiR, respective-

Iy).

The Incidence of Low eGFR and Proteinuria in Relation to
Quartiles of WheiR

Table 5 shows the unadjusted and adjusted hazard ratios for low
eGFR and proteinuria. In the unadjusted model, there was a
significant graded association between WheiR and the incidence of
both low eGFR and proteinuria, and these relationships persisted
after adjustment for age, gender, smoking status, alcohol drinking
behavior, regular exercise, hypertension, increased LDL choles-
terol, decreased HDL cholesterol, hypertriglyceridemia, hyperuri-
cemia, urine occult blood, hemoglobin and preserved eGFR at
baseline. After further adjustment for BMI, WheiR associated with
the incidence of neither proteinuria nor low eGFR.
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Table 4. Incidence of CKD in Relation to Quartiles of Waist to height ratio (WheiR).

Quartile of Incidence (/1000 Unadjusted hazards Adjusted hazards Adjusted hazards
WheiR person-years) ratio(95% Cl), p value ratio (95% Cl)? p value ratio (95% CI)® p value

Q4 473 3.31 (2.36, 4.65) 1 62 (113, 2.32) 0.009 1 ‘14 (067, 1 91)

a (mode! 2) Adjusted for age, gender, smoking status, alcohol drinking behavior, regular exercise, hypertension, increased low-density I|poprotem cholesterol, decreased High-density lipoprotein cholesterol hypertriglyceridemia,
hyperuricemia, diabetes mellitus, urine occult blood, hemoglobin and preserved eGFR at baseline.

b (model 3) Adjusted for model 2 plus body mass index. Cox proportional-hazards models were used to calculate hazard ratios and 95% confidence intervals. Definitions of these confounding factors are shown in Table 1.
WheiR, waist to height ratio; Cl, confidence interval, Q1, lowest quartiles; Q2, second quamles, Q3, third quartiles; Q4, highest quartiles

doi:10.1371/journal.pone.0088873.t004

Table 5. Incidence of Proteinuria and Low eGFR in Relation to Quartiles of Waist to height ratio (WheiR).

Quartile of Unadjusted hazards Adjusted hazards Adjusted hazards
WheiR ratio (95% Cl) p value ratio (95% CI)® p value ratio (95% CI)® p value

200 (1 35, 2.94)

Q3 1.16 (042, 3.19) 0.778 1.21 (042, 3.49) 0.724 0.89 (0.20, 3.95) 0.88

0.001 0.011 0.366

p for trend

a (model 2) Adjusted for age, gender, smoking status, alcohol drinking behavior, regular. exercise, hypertension, increased low-density lipoprotein cholesterol, decreased high-density lipoprotein cholesterol, hypertriglyceridemia,
hyperuricemia, diabetes mellitus, urine occult blood, hemoglobin and preserved eGFR at baseline.

b (model 3) Adjusted for model 2 plus body mass index. Cox proportional-hazards models were used-to calculate hazard ratios and 95% confidence intervals. Definitions of these confounding factors are shown in Table 1.
WheiR, waist to height ratio; Cl, confidence interval; Q1, lowest quartiles; Q2, second-quartiles; Q3, third quartiles; Q4, highest quartiles.

doi:10.1371/journal.pone.0088873.t005
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Table 6. Incidence of CKD in Relation to Quartiles of Waist to height ratio (WheiR) Stratified by Gender.

Quartile of
Gender WheiR

Unadjusted hazards
ratio (95% Cl)

Q4 2.73 (1.91, 3.90)

Female Q1 (reference)

<0.001

p for trend

Adjusted hazards ratio
(95% Cl)a

1.25 (0.84, 1.86) 0.269

Adjusted hazards ratio
(95% Cl)b

p value

0.71 (0.39, 1.30) 0.267

0.001 0.041

of these confounding factors are shown in Table 1.

doi:10.1371/journal.pone.0088873.t006

Gender Differences in the Relationship between the
Incidence of CKD and Quartiles of WheiR

Next, we investigated the association between gender, WheiR
and the incidence of CKD. Table 6 shows the unadjusted and
adjusted hazard ratios for CKD for males and females. In the
unadjusted analysis, a graded relationship existed between WheiR
and the risk of CKD in both males and females. However, after
adjusting for potential confounders including BMI, WheiR was
significantly associated with the incidence of CKD in females,
whereas it was not significant in males.

Comparison of the Predictive Values of CKD in Each
Surrogate Maker of Obesity

We also investigated the relationship between other markers of
obesity including WC and BMI, and the incidence of CKD. To
assess these relations, we divided the study participants into
gender-adjusted quartiles of the distribution of WG and BML
Table 7 shows the unadjusted and adjusted hazards ratios for
CKD in each surrogate marker. In the unadjusted analysis, a
graded relationship existed between both WC and BMI, and the
risk of CKD. In the multivariable analyses, the significant graded
association between these markers and the hazards ratio for CKD
persisted after adjustment for potential confounders.

We also investigated the association between gender, WC, BMI
and the incidence of CKD. In the unadjusted analyses, a graded
relationship existed between each WC and BMI, and the risk of
CKD in both gender. However, after adjusting for potential
confounders, WC was not associated with the incidence of CKD in
males.

The Performance of the WheiR for Predicting CKD
Finally, we performed the ROC analyses to examine which
surrogate markers of body fat including WheiR, WG and BMI
were superior predictors of the incidence of CKD. As shown in
figure 1A, The AUG of WheiR was higher than those of both WC
and BMI (WheiR, WC and BMI: 0.628 (95% Confidence interval;
0.601-0.655), 0.611 (0.584, 0.638), p=0.015, and 0.607 (0.579,
0.635), p=0.012, respectively). Figure 1B and 1C shows the
gender difference of predicting values for the incidence of CKD.

PLOS ONE | www.plosone.org

a Adjusted for age, smoking status, alcohol drinking behavior, regular exercise, hypertension, increased low-density lipoprotein cholesterol, decreased high-density
lipoprotein cholesterol, hypertriglyceridemia, hyperuricemia, diabetes mellitus, urine occult blood, hemoglobin and preserved eGFR at baseline.
b (model 3) Adjusted for model 2 plus body mass index. Cox proportional-hazards models were used to calculate hazard ratios and 95% confidence intervals. Definitions

WheiR, waist to height ratio; Cl, confidence interval; Q1, lowest quartiles; Q2, second quartiles; Q3, third quartiles; Q4, highest quartiles

The AUC of WheiR was similar to those of both WC and BMI
(WheiR, WC and BMI: 0.619 (0.587, 0.650), 0.604 (0.572, 0.635),
p=0.117, and 0.604 (0.572, 0.636), p=10.052, respectively.) in
male gender (Figure 1B), and the AUC of WheiR was also similar
to those of both WC and BMI (WheiR, WC and BMI: 0.660
(0.610, 0.710), 0.656 (0.604, 0.708), p=10.060, and 0.628 (0.572,
0.685), p=0.604, respectively) in female gender (Figure 1C).

Discussion

In this study, we found that the WheiR was an independent
predictor for the incidence of CKD in the Japanese workers who
participated. A graded relationship existed between quartiles of
WheiR and the incidence of CKD. Compared with the lowest
quartile, the incidence of CKD was 1.6 times higher in the highest
quartile. WheiR had a strong predictive value for the incidence of
both proteinuria and low eGFR. However, these relationships
were abolished after adjustment BMI. There was a significant
gender difference in the relationship between CKD and WheiR.
After subdivision according to gender, the relationship between
WheiR and the incidence of CKD was statistically significant in
the unadjusted model in both genders. However, after adjusting
for potential confounders including BMI, WheiR was significantly
associated with the incidence of CKD in females, whereas it was
not significant in males.

It is well-established that overall and central obesity are
associated with cardiovascular risk factors such as hyperglycemia,
diabetes, hypertension, dyslipidemia and metabolic syndrome
[21,22]. WheiR, WC and BMI could similarly predict cardiome-
tabolic risk factors [22]. Most public health literature is focused on
the use of BMI to identify obesity. However, BMI does not
distinguish between muscle and fat, visceral and subcutaneous fat,
or peripheral and central adiposity. A previous study indicated
that WC strongly correlated with visceral fat as measured by
computed tomography [23]. Furthermore, because height is also
one of the factors that influences fat accumulation and distribu-
tion, WheiR might be a more accurate way to track fat distribution
and accumulation than weight circumference [18]. Thus, we used
WheiR as an index for central obesity.
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T able’f 7. Comparison of the Predictive Values of CKD in Each Surrogate Maker of Obesity.

Quartile of

Marker WheiR

Gender

mass index Q1

for trend

Body mass index: Q1 (reference)

Body mass index Q1 (reference)

p for trend

Unadjusted hazards
ratio (95% Cl)

Q4 3.06 (2.19, 4.30)

Q3 2.63 (1.78, 3.90)

Q2 3.45 (1.40, 847)

Q4 6.27 (2.60, 14.89)

Q3 2.75 (1.34, 5.63)

Adjusted hazards ratio

(95% CI)? p value

141 (0.98, 2.02) -

1.67 (1.16, 2.39) 0.006

(reference)

(reference)

1.78 (1.19, 2.67) 0.005

<0.001 0.019

0.007 2.99 (1.21, 7.39) 0.018

<0.001 3.93 (1.61, 9.60) 0.003

(reference)

0.006 2.33 (1.12, 4.86) 0.023

<0.001 0.009

doi:10.1371/journal.pone.0088873.t007

Obesity and metabolic syndrome are known as independent risk
factors for CKD [24,25]. In previous studies, obesity has been
implicated in the development focal segmental glomerulosclerosis
and glomerulomegaly [26,27]. Visceral adipose tissue secretes
inflammatory cytokines such as interleukin-6 and tumor necrosis
factor a, which are associated with both obesity-related glomer-
ulopathy and metabolic syndrome [28-32]. It is not clear if it is
central obesity or the related cardiometabolic risk factors that
initiate renal injury. In the current study, the association between
the WheiR and CKD remained robust even after adjusting for
confounding factors, including cardiometabolic risk factors. This
result suggested that the risk for CKD was not solely attributable
to metabolic syndrome, which is consistent with a previous study
that showed WheiR was significantly associated with CKD,
independent of hypertension and diabetes [33].

In our results, WheiR was an independent predictor for the
incidence of CKD in participants with eGFR < 80 mL/min/

PLOS ONE | www.plosone.org

a Adjusted for age, smoking status, alcohol drinking behavior, regular exercise, hypertension, increased low-density lipoprotein cholesterol, decreased high-density
lipoprotein cholesterol, hypertriglyceridemia, hyperuricemia, diabetes mellitus, urine occult blood, hemoglobin and preserved eGFR-at baseline. Cox proportional-
hazards models were used to calculate hazard ratios and 95% confidence intervals. Definitions of these confounding factors are shown in Table 1.

Cl, confidence interval; Q1, lowest quartiles; Q2, second quartiles; Q3, third quartiles; Q4, highest quartiles.

1.73 m?, however, this association was not significant in partic-
ipants with eGFR =80 mL/min/1.73 m®> We speculated that this
result was affected by inclusion of participants at different degree
of proteinuria. Although several participants were diabetic,
dyslipidemic and hypertensive in our study, we did not evaluate
the microalbuminuria and had no information concerning the
presence of proteinuria or kidney diseases without the results of
self-administrated questionnaire before the study began. The lack
of these data partially affected our results of the association
between WheiR and the future appearance of a renal dysfunction.

Our results indicated the WheiR was an independent risk factor
for the incidence of both low eGFR and proteinuria. However, the
endpoint for the incident of proteinuria might lack the statistical
and biological power, because p values were at the threshold of
significance. Dipstick urinalysis might not be a reliable screening
method for proteinuria. Previous study reported that the
sensitivity, specificity and positive and negative predictive values
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Figure 1. Receiver operating characteristic analyses describing the predictive value of each surrogate marker of obesity. (A) The area
under the receiver operating characteristic curve (AUC) of waist to height ratio (WheiR), body mass index (BMI) and waist circumference (WC) were
calculated as 0.628 (95% Confidence interval; 0.601-0.655), 0.611 (0.584, 0.638), and 0.607 (0.579, 0.635), respectively in all study participants. (B) and
(Q) Participants were stratified by gender. The AUCs of WheiR, BMI and WC were 0.619 (0.587, 0.650), 0.604 (0.572, 0.635), and 0.604 (0.572, 0.636),
respectively, in male gender (B), and 0.660 (0.610, 0.710), 0.656 (0.604, 0.708), and 0.628 (0.572, 0.685), respectively, in female gender (C).

doi:10.1371/journal.pone.0088873.g001

of the dipstick test for detection of protein were 80.0%, 95.0%,
22.2% and 99.6% [34].

We found gender differences in the association between WheiR
and the risk of CKD. Previous studies have reported that WheiR
was more frequently associated with renal injury in females than
males [33,35]. Although it remains unclear how gender influences
the correlation between WheiR and CKD, several hypotheses
have proposed. First, the lack of an association between the
WheiR and CKD in males suggested that the risk factors might be
different between males and females and that factors other than
central obesity might be more important in males. Second, anemia
might contribute to the progression of CKD, especially in females.
Because hypoxia can be exacerbated by lower hemoglobin levels,
anemia might have a role in the progression of CKD. In our
participants, the hemoglobin levels were lower values in females
than those in males through the quartiles of WheiR (Table 2).
However, in our study, after adjustment for potential confounders
including hemoglobin, WheiR was still an independent predictor
for CKD. Finally, another possibility is that sex hormones might
have a role in the interaction with this association. Further studies
are necessary to elucidate the mechanism by which gender
differences have an influence on these relationships.

PLOS ONE | www.plosone.org

In this study, we also evaluated the predictive values of other
markers of obesity. Our results indicated that BMI also had a
strong predictive value as same as WheiR (Table 4, 7).
Interestingly, as shown in Table 6, WheiR was still an independent
risk factor for the incidence of CKD after adjustment for potential
confounder including BMI in only females. This finding supported
the gender differences in the association between WheiR and the
risk of CKD.

The current study has several limitations. First, we did not
evaluate the changes in WheiR in individual participants during
the study period. Second, self-reported information regarding
daily regular exercise, alcohol intake and smoking status is prone
to underreporting, and misreporting could be a source of bias.
Third, we did not investigate whether participants underwent
kidney biopsy, thus, the etiology of the CKD associated with
WheiR was not identified. However, the proportion of hyperten-
sive and diabetes in participant with developing CKD were higher
than those in participants without developing CKD (data not
shown). These associations suggested that some of the etiology of
CKD might be glomerular sclerosis and/or diabetic nephropathy.
Fourth, we could not completely exclude the participants who had
any infections, malignances or other peculiar disorders, because
our self-administered standardized questionnaire did not require
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filling out about these information. Finally, there might be
selection bias related to the healthy worker effect.

In conclusion, WheiR, which is one of the markers of central
obesity, has the potential to be a useful surrogate marker for
predicting the future development of CKD. There was a
significant gender difference in the relationship between CKD
and WheiR. Further study is needed to clarify the efficacy of
interventions reducing the WheikR to decline the risk of CKD.
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Beta Cell Telomere Attrition in Diabetes: Inverse
Correlation Between HbA1c and Telomere Length
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Context: Although accelerated B cell telomere shortening may be associated with diabetes which
shows a dramatically increased incidence with aging, g cell telomere length in diabetes has never
been explored.

Objective: The objective of the present study was to examine telomere length in the g cells of
patients with diabetes.

Design and patients: \We determined telomere length in 8 and a cells of pancreases obtained at
autopsy from 47 patients with type 2 diabetes and 51 controls, all over 60 years of age.

Main outcome measure: The normalized telomere-centromere ratio (NTCR), an index of telomere
length, was determined for 8 (NTCRB) and « (NTCRa) cells by quantitative fluorescence in situ
hybridization.

Results: The NTCRB was reduced by 27+25% and NTCRa by 15+ 27% in the patients with diabetes
relative to the controls (P <0.01 for both). Importantly, the degree of shortening was significantly
(P <0.01) greater in B cells than in « cells. The histogram of NTCR distribution was significantly
skewed to the left in the patients with diabetes relative to the controls for both 8 and « cells,
indicating preferential depletion of longer-telomere islet cells. HbA1c was negatively correlated
with B cell telomere length, and the telomeres were significantly shorter in patients who had used
hypoglycemic agents than in those who had not.

Conclusion: The telomeres of S cells are shortened in patients with type 2 diabetes. There may be
a vicious cycle involving B cell telomere attrition and sustained hyperglycemia.
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he worldwide incidence of type 2 diabetes has in-
T creased rapidly in the past two decades. Diabetes
causes microand macrovascular complications which de-
grade the quality of life (QOL) of affected patients and
impose a huge economic burden on global health systems
(1). The prevalence of type 2 diabetes increases with age,
and the number of elderly patients with diabetes has been
increasing explosively. In patients with type 2 diabetes,
both increased insulin resistance and attenuated insulin
secretion from pancreatic 3 cells are common features (2,
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3). In association with aging, insulin resistance increases
with a reduction of lean body mass and a relative increase
of fat mass. At the same time, the mass of pancreatic 8 cells
decreases with aging in relation to their diminished pro-
liferative capacity and depressed cell cycle activity (4-8).
This strongly suggests that the accelerated loss of B cells
may contribute to impaired insulin secretion and the de-
velopment and progression of type 2 diabetes in humans.

Telomeres are repetitive G-rich DNA sequences located
at the ends of linear eukaryotic chromosomes, and play a
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2 Beta cell telomere attrition in diabetes

pivotal role in preventing genomic instability (9). It is
thought that telomeric repeats protect chromosomes
against degeneration, reconstruction, fusion, and loss
(10). With the exception of immortal, carcinomatous and
germ cells, the telomeres of all cells shorten with each cell
division due to end-replication attrition (10, 11), and for
this reason telomere length has been used as a marker of
cellular senescence: cells stop dividing when telomeres
shorten to a critical length (12).

Telomere shortening has been observed in the periph-
eral blood cells of patients with type 2 diabetes (13-15),
and is associated with increased prevalence of diabetic
complications (16, 17) and mortality (18). In the pancre-
ases of mice with shortened telomeres due to lack of the
telomerase RNA component, islet size is reduced and the
replication capacity of the B cells is limited (19). In addi-
tion, telomere shortening has been reported to compro-
mise B-cell signaling and survival in mice (20). However,
telomere length in the B cells of patients with type 2 dia-
betes has never been evaluated. Against this background,
in the present study we analyzed the telomere length of B
cells in patients with type 2 diabetes.

Materials and Methods

Specimens of pancreatic tail tissue were obtained from 47
consecutively autopsied patients with type 2 diabetes and
51 consecutively autopsied control patients without dia-
betes. The patients in both groups had common diseases
such as malignancies, stroke, coronary heart disease
(CHD) and pneumonia (see below). All of the patients
were Japanese, over 60 years of age, and had died at Tokyo
Metropolitan Geriatric Hospital. We adopted the maxi-
mum HbA1c in the past as an index of the degree of hy-
perglycemia in each patient. Diabetes was diagnosed if the
maximum recorded HbAlc was 6.5% or over, or if the
patient had a history of treatment with hypoglycemic
agents (HA), including oral hypoglycemic agents and in-
sulin. We defined ‘nondiabetic’ as a past maximum
HbA1c of < 6.5% and no medical history or diagnosis of
diabetes mellitus and treatment with antidiabetic drugs.
The onset of diabetes had not been abrupt in any of the
patients, and type 2 diabetes had been diagnosed by ex-
perienced diabetologists. Patients with type 1 diabetes, or
diabetes with endocrine disorders or pancreatic diseases,
were excluded, as were those with pancreatic cancer. BMI
was calculated from the height and weight measured at
autopsy. For serum creatinine, triglyceride, total choles-
terol and HDL cholesterol, the data obtained upon last
hospitalization were used, and if no admission data were
available, the most recent data obtained before admission
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were used. The estimated glomerular filtration rate
(eGFR) was calculated using the equation: eGFR (mL/
min/1.73 m?) = 194 - serum creatinine 1:0%* - age 0287 .
0.739 (if female) (21), where the unit of creatinine is mg/
100 mL.

The paraffin-embedded pancreatic tail samples were
sliced into sections for telomere length determination us-
ing the immunofluorescence method. The sections used
were examined histopathologically by specialists in ana-
tomical and surgical pathology (J.A., T.Arai and K.T.,
who were unaware of the clinical data) and sections with
marked accumulation of inflammatory cells and/or autol-
ysis were not included in this study. Approval for the study
was obtained from the ethics committee of Tokyo Met-
ropolitan Geriatric Hospital and Institute of Gerontology.

Telomere lengths of the cells were measured by the
quantitative fluorescence in situ hybridization (FISH) (Q-
FISH) method, as described previously (22-24). Briefly,
Cy3-labeled PNA probes for the telomere and fluorescein
isothiocyanate (FITC)-labeled probes for the centromere
were hybridized on each sample slide, and the respective
signal intensities were determined. Because there is no
guarantee that the entire nucleus is captured within a tissue
section, the total corrected telomere signal (integrated op-
tical density) for each nucleus is further normalized by the
corresponding integrated optical density of the centrom-
ere. We have previously verified in a fluorescence flow
study (data not shown) that the mean optical density of
our centromere probe was constant among human blood
cells from individuals of various age groups and cultured
fibroblasts, TIG-1. Pancreatic « cells and B cells were dis-
tinguished using a guinea pig anti-insulin antibody
(No.N1542, Dako, Glostrup, Denmark), a guinea pig an-
tiglucagon antibody (No.M182, Takara Bio Inc., Shiga,
Japan), and a secondary goat antiguinea pig antibody la-
beled with Cy-5 (ab6567, Abcam plc, Cambridge, UK)
after FISH. At least 100 (106-304) « and B cells were
analyzed for each case. As an index of telomere length, we
first calculated the telomere:centromere ratio (TCR), and
subsequently carried out normalization of the TCR to ob-
tain the normalized TCR (NTCR) by dividing the TCR of
pancreatic cells by that of TIG-1, stained simultaneously
on the same slide, as described previously (22-24).

The median NTCR values for 8 cells (INTCRB) and «
cells (NTCRa) were used as a representative value for each
cell type in individual patients. Fractional shortening of
NTCR in a patient with diabetes relative to the controls
was calculated as follows: (1-(NCTR of a patient with
diabetes / mean value of NTCR for the controls)) x 100
(%)

Mann-Whitney U test, paired ¢ test, Spearman’s rank
correlation test, multiple regression analysis and histo-
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