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BACKGROUND: Epidemiological studies have indicated that noise exposure is associated with an
increased risk of type 2 diabetes mellitus (T2DM). However, the nature of the connection between
noise exposure and T2DM remains to be explored.

OBJECTIVES: We explored whether and how noise exposure affects glucose homeostasis in mice as
the initial step toward T2DM development.

METHODS: Male ICR mice were randomly assigned to one of four groups: the control group and
three noise groups (N20D, N10D, and N1D), in which the animals were exposed to white noise
at 95 decibel sound pressure level (dB SPL) for 4 hr per day for 20 successive days, 10 successive
days, or 1 day, respectively. Glucose tolerance and insulin sensitivity were evaluated 1 day, 1 week,
and 1 month after the final noise exposure (IDPN, 1WPN, and 1IMPN). Standard immuno-
blots, immunohistochemical methods, and enzyme-linked immunosorbent assays (ELISA) were
performed to assess insulin signaling in skeletal muscle, the morphology of f cells, and plasma
corticosterone levels.

RESULTS: Noise exposure for 1 day caused transient glucose intolerance and insulin resistance,
whereas noise exposure for 10 and 20 days had no effect on glucose tolerance but did cause
prolonged insulin resistance and an increased insulin response to glucose challenge. Akt phosphory-
lation and GLUT4 translocation in response to exogenous insulin were decreased in the skeletal
muscle of noise-exposed animals.

CONCLUSIONS: Noise exposure at 95 dB SPL caused insulin resistance in male ICR mice, which
was prolonged with longer noise exposure and was likely related to the observed blunted insulin
signaling in skeletal muscle.
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Introduction
Noise, defined as “unwanted sound,” is one
of the most widespread sources of environ-
mental pollution. Beyond its effects on the
auditory system, noise exposure has been asso-
ciated with several adverse health outcomes,
including hypertension, myocardial infarction,
and impaired cognitive performance (Basner
et al. 2014; Cheng et al. 2011; Cui et al.
2012; Fonseca et al. 2012). Thus, although
the predominant concern with noise exposure
is auditory damage, increasing attention has
been paid to the nonauditory effects of noise.
Type 2 diabetes mellitus (T2DM) is a
chronic, progressive disease characterized
by relative insulin deficiency resulting from
a combination of insulin resistance and
decreased B-cell function. Although its exact
etiology remains unclear, T2DM has been
recognized as a quintessential multifactorial
disease resulting from numerous interac-
tions between genetic predisposition and
environmental factors (Mensink 2005). The
incidence of T2DM is increasing worldwide
to such a dramatic extent that it has been
called an “epidemic,” which, like many other
global health crises, is largely attributable
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to unhealthy aspects in modern society,
including environmental pollution.

Recently, exposure to residential traffic
noise was found to be associated with
an increased risk of T2DM in a Danish
population-based cohort with > 57,000
participants (Serensen et al. 2013), suggesting
a possible effect of noise on the development
of diabetes. Both observational and experi-
mental studies in human and animal subjects
have indicated that noise exposure (both acute
and chronic) can act as a stressor to irritate
the sympathetic nervous system and increase
stress hormones (including catecholamines
and glucocorticoids), which in turn may result
in detrimental health outcomes (Basner et al.
2014; Kight and Swaddle 2011; Miinzel et al.
2014; Pascuan et al. 2014). Furthermore,
excess stress hormones such as corticosterone
have been reported to be associated with the
development of T2DM in human subjects and
rodent models (Beaudry and Riddell 2012;
Geer et al. 2014; Yuen et al. 2013; Zardooz
et al. 2006). Thus, we hypothesize that noise
exposure is a potential contributor to diabetes
and that the stress response might serve as
an underlying mechanism linking noise and

T2DM. Considering the alarming increases in
the prevalence of both T2DM (Zimmet et al.
2014) and noise pollution (Basner et al. 2014;
Holzman 2014), it is important to explore
the potential effects of noise exposure on the
development of T2DM. In the present study,
we evaluated the changes in mouse glucose
homeostasis after broadband noise exposure
at 95 dB SPL for 4 hr/day for 1, 10, or 20
consecutive days.

Methods
Animals

Five-week-old wild-type ICR mice were
obtained from the Qinglongshan Animal
Center (Nanjing, China, SCXK(SU)2012-
0008). To avoid uncertain sex-dependent
differences, we included only male mice in
the study. In total, 288 mice were subjects in
this study (Table 1). All of the mice passed
the Preyer reflex test (ear flick in response to
a handclap) (Jero et al. 2001). The mice were
housed in conventional cages with a 12-hr
light/dark cycle (lights on at 0700 hours)
and had free access to food (standard rodent
chow diet, SHOOBREE; Xietong Organism,
Jiangsu, China) and water. After a 1-week
acclimation period, the animals were randomly
assigned into one control group and three noise
groups. The animals in the noise groups were
exposed to a broadband noise at 95 decibel
sound pressure level (dB SPL) for 4 hr per
day between 0800 and 2000 hours for periods
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of 20 days (N20D group), 10 days (N10D
group), or 1 day (N1D group) (Figure 1).
The animals in each of the noise groups were
further divided into three subgroups according
to the end points when the assessments were
performed: 1 day, 1 week, and 1 month after
the final noise exposure (IDPN, 1WPN, and
IMPN, respectively). The mice in the control
group were divided into the same subgroups
according to the end time points and served as
age-matched controls. The animals were treated
humanely and with regard for alleviation of
suffering. All of the animal procedures were
approved by the University Committee for
Laboratory Animals of Southeast University,
China. Technicians involved in all tests were
blinded to the exposure status.

Noise Exposure

Conditions of noise exposure at 95 dB SPL
for 4 hr per day were chosen for this explor-
atory study of the potential role of noise on
the development of diabetes because these
conditions are comparable with the upper
limit of the safety allowance presently recom-
mended by the U.S. Occupational Safety and
Health Administration (OSHA 1983). The
animals were acclimatized to the setting of
noise exposure for 30 min and were separated
in metal net cages, awake, and unrestrained
during noise exposure. Electrical Gaussian
noise generated by a System III processor from
Tucker-Davis Technologies (TDT, Alachua,
FL, USA) was delivered to the speakers after
power amplification. The acoustic spectrum of
the sound was distributed primarily between
0.1 kHz and 20 kHz. The noise level was
monitored using a 1/4-in. (6.35 mm) micro-
phone linked to a sound level meter (Larson
Davis 824; PCB Group, Inc., Depew, NY,
USA). The conditions for sham exposure
were identical except that the noise was
not turned on.

Auditory Brainstem Response (ABR)

Auditory function was assessed by measuring
ABR thresholds at 1DPN. The animals were
anesthetized with ketamine plus xylazine
[40 mg/kg + 10 mg/kg, respectively, intra-
peritoneally (i.p.)], and their body temperatures
were maintained at 38°C with a thermostatic
heating pad. Three subdermal needle electrodes
were used to record the ABR. Stimulus genera-
tion and response acquisition were performed
using TDT hardware and software (BioSig).

Intraperitoneal Glucose Tolerance
Test

For an intraperitoneal glucose tolerance test
(IPGTT), blood samples were taken from
the tail veins of mice that had fasted for
16 hr before (0 min) and 5, 10, 30, 60, and
120 min after an i.p. injection of glucose (2 mg
D-glucose/g body weight). The blood glucose
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level was measured using a portable glucose
monitor (Bayer Contour; Bayer HealthCare
LLC, Whippany, NJ), and the serum insulin
level was measured with an insulin enzyme-
linked immunosorbent assay (ELISA) kit
(catalog number EZRMi-13k; Millipore,
Billerica, MA, USA). The blood glucose and
serum insulin levels recorded during the
IPGTT were used to evaluate glucose tolerance
and the insulin response to glucose challenge,
respectively. The areas under the curves (AUCs)
for blood glucose (AUC|pGTT glucose) and
serum insulin (AUCpGTT insulin) iD response
to glucose administration were calculated using
SigmaPlot software (Systat Software, Inc., San
Jose, CA). The blood glucose and serum insulin
levels before glucose loading (0 min) were also
used to represent the fasting blood glucose level
(FBG) and fasting serum insulin level (FSI). A
homeostasis model assessment of insulin resis-
tance (HOMA-IR) was calculated as [FBG (in
millimoles/liter) x FSI (in microunits/milli-
liter)]/22.5 (Andrikopoulos et al. 2008; Kiechl
et al. 2013). Because there was no significant
difference between the N1D group and
the control in glucose tolerance and insulin
response at 1\WPN, the insulin response during
the IPGTT of the N1D group at IMPN was
not studied.

Insulin Tolerance Tests

Mice that had been fasted for 4 hr were
injected i.p. with regular human insulin
(Humulin, 0.75 U/kg body weight). The

blood glucose concentrations were moni-
tored before (0 min) and 15, 30, 45, 60,
90, and 120 min after insulin injection. The
AUC for the blood glucose—time function
(AUCITT glycose) Was calculated using
SigmaPlot software.

Tissue and Blood Harvest

Trunk blood (for corticosterone analysis) was
collected into dry tubes immediately after rapid
decapitation. Following centrifugation at 4°C,
the resulting serum was separated and stored
at —80°C for later corticosterone level analysis.
The pancreas was dissected, weighed, and fixed
for immunohistochemistry by immersion in
4% (wlv) paraformaldehyde solution.

To collect the soleus muscle, mice were
sacrificed by decapitation 20 min after i.p.
injection of insulin (Humulin, 0.75 U/kg
body weight). Then, the soleus muscles were
dissected and immediately frozen in liquid
nitrogen for immunoblotting analysis or were
immersed in 4% (w/v) paraformaldehyde
solution for immunohistochemistry.

To investigate the potential impact of
noise on B-cell proliferation, additional mice
were used in each group. Animals were given
50 mg/kg bromodeoxyuridine (BrdU) (catalog
number B5002; Sigma-Aldrich, St. Louis,
MO) i.p. twice daily (every 12 hr, early in the
morning and late in the evening) for 7 succes-
sive days before the pancreases were harvested
(Dor et al. 2004; Ellenbroek et al. 2013),
except for the N1D group, to which BrdU

Table 1. Numbers of animals used in each of the assessments.

IPGTT, blood and ITT, soleus

Evaluation of {3 cell
proliferation by BrdU

Evaluation of {3 cell
proliferation by BrdU

Group pancreas harvest? muscle harvest? injection for 1 day® injection for 7 days? Total
Control

1DPN 8 8 8 8 32

TWPN 8 8 8 24

TMPN 8 8 8 24
N1D

1DPN 8 8 8 24

TWPN 8 8 8 24

1TMPN 8 8 16
N10D

1DPN 8 8 8 24

TWPN 8 8 8 24

TMPN 8 8 8 24
N20D

1DPN 8 8 8 24

TWPN 8 8 8 24

1MPN 8 8 8 24
Total 96 96 16 80 288
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Abbreviations: 1DPN, 1 day after termination of noise exposure; TMPN, 1 month after termination of noise exposure;
1WPN, 1 week after termination of noise exposure; BrdU, bromodeoxyuridine; IPGTT, intraperitoneal glucose tolerance
test; ITT, insulin tolerance test; N1D, mice exposed to noise for 1 day; N10D, mice exposed to noise for 10 days; N20D,
mice exposed to noise for 20 days.

Body weights of mice were measured 1 day before the experimental period and repeated at the end time points
immediately before IPGTT or ITT. @PGTT on 16-hr fasted mice began at 0900 hours. After the test, the mice were given
free access to food and water. Three to four hours later (i.e., 1400-1500 hours), blood (for corticosterone analysis)
and pancreases were collected immediately after the mice were sacrificed by decapitation. #ITT on 4-hr fasted mice
began at 0900 hours. After the test, the mice were given free access to food and water. Three to four hours later (i.e.,
14001500 hours), the mice were sacrificed by decapitation 20 min after insulin injection, and then soleus muscles were
collected. The mice were given BrdU twice (0800 and 2000 hours) on the day of noise exposure. At 1DPN, the mice
were sacrificed by decapitation, and the pancreases were collected. “The mice were given BrdU twice (0800 and 2000
hours) daily for 7 successive days before the pancreases were harvested at 1DPN, TWPN, and 1MPN.
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was given only for 1 day before they were
killed at 1IDPN. We gave the 1-day BrdU
injection to study the N1D group at IDPN
because the effects of noise on B-cell prolif-
eration are likely to occur only during and/or
shortly after noise exposure if they occur at
all. Seven days of treatment with BrdU before
harvesting the pancreases at IDPN would
label a large portion of B cells that had prolif-
erated before the noise exposure and would
therefore thin out the effects of the noise.

All of the sample collections were
performed between 1400 and 1500 hours to
avoid variations related to the circadian rhythm.

Immunohistochemistry and
Morphological Analysis

Cryosections (12 pm) of the pancreas and
soleus muscles were cut and permeabilized
with 0.01% TWEEN, blocked with 5%
bovine serum albumin (BSA) for 1 hr at 37°C
and then incubated overnight at 4°C with
primary antibodies. Anti-GLUT4 (ab33780;
Abcam, Cambridge, UK) was used for soleus
muscle sections, and anti-insulin (SC-9168;
Santa Cruz Biotechnology, Inc., Dallas,
TX) was used for pancreas sections. After
being washed with PBS, the sections were
incubated with Alexa Fluor 488—conjugated
chicken anti-rabbit antibodies (A-21441,
Molecular Probes, Eugene, OR). The DNA
fluorochrome 4’,6-diamidino-2-phenylindole
(DAPI) was used to stain the nuclei. Images
were acquired using an inverted fluorescence
microscope (Olympus IX71, Tokyo, Japan)
and were subjected to morphometric analysis
using the Image] software package (Schneider
et al. 2012). The processing and analysis were
consistent between images.

For morphological examination of
the pancreases, an average value of 8 to 10
sections, 200 pm apart from each other, was
taken as a measure for the specimen. B-cell
mass (milligrams per pancreas) was calculated
by multiplying the relative insulin-positive
area (the percentage of insulin-positive area
over the total pancreas area) by the pancreas
weight (Heit et al. 2006). The B-cell size was
determined by dividing the total area of the 3
cells by the number of B cells (the number of
DAPI-stained nuclei in insulin-positive cells).
The relative insulin content in the [ cells was
calculated as the average intensity of insulin
immunofluorescence per  cell after normal-
izing to the background. For B-cell prolif-
eration assays, sections were double-stained for
insulin and BrdU (anti-BrdU, catalog number
ab6326; Abcam, Cambridge, UK). The ratio
of insulin/BrdU double-positive cells to total
insulin-positive cells in islets was calculated.

To determine the level and distribu-
tion of glucose transporter 4 (GLUT4) in
the soleus muscle, six to eight consecutive
sections (100 pm apart) from one specimen
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were stained for GLUT4. The relative
GLUT4 content in the muscle cells was calcu-
lated using the average intensity of GLUT4
immunofluorescence per cell after normalizing
to the background.

Protein Preparation and Western
Blot Analysis

Soleus muscle samples were homogenized
in ice-cold radioimmunoprecipitation assay
(RIPA) buffer (P0013C; Beyotime, Jiangsu,
China) supplemented with complete protease
inhibitor cocktail (Roche, Germany) and
PhosSTOP (Roche, Germany). The protein
concentrations in the supernatants obtained
by centrifugation were measured usng a
BCA protein assay kit (Pierce Biotechnology,
Rockford, IL). The protein extracts (40 pg)
for each preparation were separated by 10%
sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) and were then
electrotransferred onto polyvinylidene fluoride

(PVDF) (Millipore, Bedford, MA, USA). After

blocking with 5% nonfat milk, the membranes
were incubated with primary antibodies over-
night at 4°C. The following antibodies were
used: anti-AKT (catalog number 4685; Cell
Signaling Technology, Beverly, MA, USA),
anti-phospho-AKT Ser473 (catalog number
4058; Cell Signaling Technology), anti-
GLUT4, and anti-GAPDH (catalog number
AT0002; CMC-TAG, San Diego, CA, USA).
The membranes were then washed and incu-
bated with horseradish peroxidase—conjugated
secondary antibodies. The protein bands were
visualized using an ECL Kit (catalog number
WBKLS0050; Millipore, Billerica, MA), and
a densitometry analysis was performed using
Image]. GAPDH was used as an internal
control for quantitative analysis.

Measurement of Corticosterone
Levels

The serum corticosterone level was measured
using a corticosterone ELISA kit (Nanjing
Jiancheng Bioengineering Institute, Jiangsu,
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Figure 1. Experimental timeline. The animals were randomly assigned to four groups: the control group
and three noise groups, in which the animals were subjected to 20 successive days, 10 successive days,
or 1 day of noise exposure (N20D, N10D, and N1D, respectively) as indicated by the gray area within the
20-day period. Sham exposure, as indicated by the blank segments in the 20-day period, was performed
for the animals in the control group for 20 days and for the animals in the N10D and N1D groups on the
days when the noise exposure was not given. BrDU, bromodeoxyuridine; IPGTT, intraperitoneal glucose
tolerance test; ITT, insulin tolerance test. (A) To study the effects of noise exposure on glucose metabo-
lism, the animals in each group were further subdivided into three subgroups according to when the
end-point evaluation was performed [1 day, 1 week, and 1 month after the final noise exposure (1DPN,
TWPN, and 1MPN, respectively)]. (B,C) To analyze B-cell proliferation, the mice were given 50 mg/kg BrdU
intraperitoneally twice daily (every 12 hr, early in the morning and late in the evening) for 1 day [panel (B),
only for the study of the N1D group at 1DPN] or for 7 successive days [panel (C)], and then the mice were

sacrificed at the end time points.
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China) according to the manufacturer’s
instructions. The results are expressed as
nanograms/milliliter of serum.

Statistics

The data were analyzed using SigmaPlot 12.5
(Systat Software, Inc., San Jose, CA, USA)
and expressed as the mean * standard error
(SE). The normality of the raw data and resid-
uals were tested with the Shapiro-Wilk test.
Because of skewed distributions, the values
of B-cell size, the relative insulin fluorescence
intensity in B cells, and the percentages of
proliferating B cells were logarithmically
transformed (logyg) for statistical analysis.
Depending on the type of measurement,
two-way or one-way analysis of variance
(ANOVA) was performed with a focus on
the effect of noise exposure (grouping).
Differences among insulin or glucose concen-
tration curves during the IPGTT or the ITT
were evaluated using two-way repeated-
measures ANOVAs against the factors of
noise exposure (group) and time after the
injection of glucose or insulin. Post-hoc
pairwise comparisons between each noise
group and the control group were performed
(Tukey’s method) after a significant effect of
noise exposure was obtained. Significance was
assumed at p < 0.05.

Results

Effects of Noise Exposure on
Hearing Threshold and Body
Weight in Mice

The hearing threshold was estimated in
ABR tests. A two-way ANOVA against
noise and frequency revealed no significant
threshold difference between the control and
the noise-exposed animals even at 1IDPN
(see Figure S1), suggesting that the present
noise exposures did not induce significant
hearing loss. The mean body weight of every
group increased over the entire duration
of the study, but the growth patterns of
the noise groups were different from those
of the control group (see Figure S2). At
1DPN, the N10D and N20D groups had
a significantly lower body weight than the
control. However, no significant differences
were observed between groups at IWPN and
IMPN because of the increased growth rates
in the noise groups after IDPN.

Effects of Noise Exposure on
Glucose Tolerance and Insulin
Response to the Glucose
Challenge in Mice

Before glucose administration (0 min),
all groups showed comparable FBG
(Figure 2A—C). After glucose administration,
blood glucose at 1IDPN was significantly
higher in the N1D group than in controls
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(Figure 2A), but there were no significant
differences in any group at 1WPN or IMPN
(Figure 2B,C). Fasting blood insulin (0 min)
was significantly higher in N10D and N20D
mice at 1DPN than in controls (Figure 2D).
The insulin response to glucose administra-
tion was significantly increased in N20D
mice at IDPN and in N10D and N20D at
1WPN, but it was not significantly different
from controls in any group at IMPN
(Figure 2D-F). The insulin response during
IPGTT was not tested at IMPN in the N1D
group because of the negative result at IWPN.

Effects of Noise Exposure on
Insulin Sensitivity in Mice

At 1DPN, all noise groups exhibited decreased
insulin sensitivity, indicated by increased
HOMA-IR values (significant for N10D and
N20D mice), significantly increased blood
glucose levels during the insulin tolerance
test, and larger AUCITT glycose (Figure 2G)))
compared with controls. At IWPN, the N1D
group showed insulin sensitivity similar to
that in the control group, whereas the N10D
and N20D groups showed higher-than-
control glucose levels at 15 and 30 min after
insulin injection (Figure 2K). Although the
N20D group exhibited a higher HOMA-IR
value and a larger AUCITT glycose at 1WPN
(Figure 2H,K), no differences were observed
between any of the groups at IMPN
(Figure 2LL).

Multiple regression analysis showed that
the factors of noise exposure duration and
the interval between the end of exposure and
assessment were significantly associated with
the insulin sensitivity index (AUCyTT_glycose)
(r = 0.516, p < 0.001). Pearson’s correla-
tion analysis (see Figure S3) showed that
AUCITT glycose Was positively correlated with
noise exposure duration (7= 0.333, p < 0.001)
but negatively correlated with the time
between the end of exposure and outcome
assessment (7 = —0.395, p < 0.001), indicating
that insulin resistance increased with the
duration of noise exposure and then decreased
over time after the noise exposure ended.

Effects of Noise Exposure on Insulin
Signaling in the Soleus Muscle

As illustrated in Figure 3A, the GLUT4 signal
was predominantly localized near the nucleus
and on the cell membrane in the control mice.
The GLUT4 signal decreased in all three noise
groups at 1IDPN and in the N10D and N20D
groups at 1WPN. Significant effects of noise
were demonstrated at these two time points
by the semi-quantitative analyses shown
in Figure 3B.

The immunoblot results (Figure 3C-E)
indicated that, compared with the control
mice, GLUT4 levels and Akt phosphorylation
were significantly reduced in all noise groups
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at 1DPN and in the N10D and N20D
groups at 1WPN, whereas at 1IMPN, there
were no significant differences from controls
for either outcome in any group.

Effects of Noise Exposure on
B-cell Morphology

The pancreas weights of all animals tested at
different time points were indistinguishable
(data not shown). Although the mean [B-cell
mass of the N10D and N20D groups was
higher than the mean in controls at IWPN,
there were no significant differences from
controls for any exposure group at any time
point (Figure 4B). B-cell size was significantly
larger in the N20D mice than in controls at
1WPN and 1MPN (Figure 4C). A signifi-
cantly decreased insulin signal intensity was
observed in noise-exposed mice at 1DPN
(Figure 4A,D).

To label the proliferating 3 cells, a subset
of each group of mice was given BrdU i.p.
for 7 successive days before the pancreases
were harvested, except for the N1D group, to
which BrdU was given for only 1 day before
euthanasia at 1DPN to avoid the effects (if
they existed) of 1 day of noise exposure on
BrdU incorporation to be diluted by an addi-
tional 6 days of BrdU labeling before noise
exposure. As illustrated in Figure 4E-H, there
were no significant effects of noise exposure on
BrdU incorporation into 3 cells, indicating no
significant difference in B-cell proliferation.

We did not observe the B-cell morphology
in the NID group at 1IMPN because
there was no significant change in B-cell
morphology and insulin response during the
IPGTT of the N1D group at 1WPN.

Analysis of Serum Corticosterone

The serum corticosterone concentrations
are shown in Figure 5; these results indicate
significant effects of noise exposure only
at 1DPN, which was when serum cortico-
sterone was significantly elevated in every
noise-exposed group compared with the
control group.

Discussion

Noise pollution is more severe and more
widespread than ever before because of the
rapid urbanization and industrialization of
modern society (Basner et al. 2014; Holzman
2014). For our exploratory study of the
potential effects and underlying mechanisms
of noise exposure on glucose homeostasis,
we exposed mice to 95-dB SPL noise for
4 hr per day, consistent with the regula-
tory limit for industrial noise exposure in
the United States (OSHA 1983). However,
noise exposure at or beyond this level may
also occur in nonoccupational settings, such
as at sporting events, loud concerts, and
motorized sporting facilities, where peak
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Figure 2. Effects of noise exposure on glucose homeostasis in mice. N1D, N10D, and N20D indicate mice that were exposed to 1, 10, and 20 days of noise, respec-
tively. (A-C) Blood glucose levels recorded during the intraperitoneal glucose tolerance test (IPGTT) in 16 hr-fasted mice performed at 1 day, 1 week, and 1 month
after termination of noise exposure (1DPN, TWPN, and 1MPN, respectively). (D—F) The serum insulin levels recorded during the IPGTT in 16 hr-fasted mice were
obtained at 1DPN, TWPN, and 1MPN. (G-/) The homeostasis model assessment—insulin resistance (HOMA-IR) in 16 hr-fasted mice was estimated at 1DPN,
1TWPN, and TMPN. (J-L) The blood glucose levels during the insulin tolerance test (ITT) in 4 hr-fasted mice were assessed at 1DPN, TWPN, and 1MPN. Insets are
the corresponding results of the IPGTT and ITT analyzed by the area under the curve (i.e., AUCipgT.giucoses AUCipgT-insutine OF AUCTTglucose)- Because the glucose
tolerance and insulin response of the N1D group were the same as those of the controls at 1WPN, we did not measure the insulin response during the IPGTT of
N1D at 1MPN. The values are presented as the means + SEM of 8 mice per group.

*p < 0.05, **p < 0.01 and ***p < 0.001 in post-hoc comparisons between each noise group and the controls after two-way repeated measures analysis of variance (ANOVA) or one-way
ANOVA, showing a significant effect of noise.
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sound levels of 110-117 A-weighted decibels
(dBA) (equivalent to continuous exposure at
85-97 dBA) have been reported (Cranston
et al. 2013; Ivory et al. 2014). The present
data indicated that although noise exposure
did not cause significant hearing loss (as

Noise exposure and insulin resistance in mice

indicated by comparable ABR thresholds in
the control and noise-exposed groups), it did
cause temporary insulin resistance that was
prolonged with longer noise exposure and
was consistent with the evidence of blunted
insulin signaling in skeletal muscle. Our work

suggests that noise exposure, particularly if
prolonged, might be an environmental factor
conferring individual vulnerability to T2DM.

T2DM is characterized by decreased
insulin sensitivity in peripheral tissues and
resulting perturbation of insulin secretion
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Figure 3. Effect of noise exposure on insulin signaling in the soleus muscle. N1D, N10D, and N20D indicate mice that were exposed to 1, 10, and 20 days of noise,
respectively; 1DPN, TWPN, and 1MPN refer to time intervals of 1 day, 1 week, and 1 month after termination of noise exposure, respectively. (A) Representative
images of soleus sections subjected to GLUT4 (green) and 4’,6-diamidino-2-phenylindole (DAPI) (blue) immunofluorescence staining. The insets show higher
magnifications of GLUT4-enriched cells signified by arrowheads. In the control mice, GLUT4 immunoreactivity was predominantly localized to the cell membrane
and was concentrated in a granular pattern in the periphery of the cell. GLUT4 staining in the cell membrane and in the cytosolic fraction was notably weaker in
the N10D and N20D mice at 1DPN and TWPN than in the matched controls. All images were captured using a 20x objective. (B) The relative GLUT4 fluorescence
intensity in the cells 20 min after exogenous insulin injection was normalized to the background and compared across groups. The results indicated a significant
decrease in GLUTA4 fluorescence intensity in all noise-exposed groups at 1DPN and in both the N10D and N20D groups at TWPN. (C) The levels of GLUT4, GAPDH,
phosphorylated Akt (p-Akt), and total Akt (T-Akt) were detected with immunoblotting, and representative Western blots are presented. (0,E) The levels of Akt
phosphorylation and GLUT4 were quantified and normalized to age-matched controls. The average of each age-matched control group was set to 1. The values
are presented as the means = SEM of 8 mice per group.

*p<0.05, **p<0.01 and ***p < 0.001 in post-hoc comparisons between each noise group and the control after a one-way analysis of variance (ANOVA), showing a significant effect of noise.
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Figure 4. Effects of noise exposure on 3 cells in mice. N1D, N10D, and N20D indicate mice that were exposed to 1, 10, and 20 days of noise, respectively; 1DPN,
1TWPN, and TMPN refer to time intervals of 1 day, 1 week, and 1 month after termination of noise exposure, respectively. (4) Representative confocal images of
pancreatic sections subjected to insulin (green) immunofluorescence staining. (B-D) Bar graph showing the B-cell mass (B), B-cell size (C), and relative insulin
fluorescence intensity in B cells (D) in pancreatic sections. (E) Representative confocal images of pancreatic sections of N1D and age-matched control mice
subjected to insulin (green), bromodeoxyuridine (BrdU) (red), and 4’,6-diamidino-2-phenylindole (DAPI) (blue) immunofluorescence staining. Examples of BrdU—-
insulin* cells are indicated by arrows, examples of BrdU*-insulin* cells are indicated by arrowheads. (F) Bar graph showing the percentages of BrdU*-insulin* cells
among insulin* cells in pancreatic sections from the N1D and age-matched control groups. (G) Representative confocal images of pancreatic sections from N10D,
N20D, and age-matched control mice subjected to insulin (green), BrdU (red), and DAPI (blue) immunofluorescence staining. Examples of BrdU™-insulin* cells are
indicated by arrows, examples of BrdU*-insulin* cells are indicated by arrowheads. (H) Bar graph showing the percentages of BrdU*-insulin* cells among insulin*
cells in pancreatic sections from the N10D, N20D, and age-matched control groups. The timelines for BrdU below the x-axes of panels (F) and (H) showing the
BrdU infusion protocols employed in corresponding studies. BrdU was administered twice daily for 7 successive days before the pancreases were harvested at
the end time points (F,H), except for the N1D group, to which BrdU was given only for 1 day before they were killed at 1DPN (F). All images were captued using a
40x objective. The values are presented as the means + SEM of 8 mice per group.

*p<0.05,**p<0.01 and ***p < 0.001 in post-hoc comparisons between each noise group and the control group after one-way analysis of variance (ANOVA), showing a significant effect
of noise. To correct for variance nonnormality, the data were log;o transformed for statistical analysis [panels (C,D,F,H)].
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[American Diabetes Association (ADA) 2014].
The global epidemic of T2DM has been
attributed to interactions between genetic
susceptibility factors and increased exposure
to environmental risk factors, although obesity
is also likely to be an important contributor
through its effects on insulin resistance (Kahn
et al. 2006). In the present study, noise-
exposed animals did not show a higher body
weight than controls at IDPN, 1WPN, or
IMPN, minimizing the possibility that
body weight mediated the effects of noise on
glucose metabolism. Conversely, body weights
of the noise-exposed animals were lower than
that of the control at 1DPN, although there
were no differences in initial body weight
among the groups. This result is in accord
with those of previous reports stating that
chronic noise exposure decreased body weight
in rats (Alario et al. 1987) as a result of the
increased energy expenditure caused by the
noise-induced stress response (Alario et al.
1987; Kight and Swaddle 2011). After the
cessation of noise exposure, the N10D and
N20D groups exhibited accelerated weight
gain, which resulted in the equal body weights
of the noise groups at IWPN and 1IMPN. We
did not collect information on food consump-
tion and metabolism during the experiment;
consequently, underlying mechanisms that
might explain the weight changes observed in
the present study remain elusive.

Skeletal muscle is the primary site of
insulin-dependent glucose disposal (Nandi
et al. 2004). In skeletal muscle, by binding
and activating the insulin receptor, insulin
phosphorylates and activates Ake, which in
turn leads to the translocation of GLUT4
from intracellular locations to the plasma
membrane, where it facilitates the transport
of glucose into the cell (Brewer et al. 2014).
Our finding of blunted Akt phosphorylation
and decreased cell-surface GLUT4 in the
skeletal muscle of both the N10D and N20D
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Figure 5. Effects of noise exposure on serum
corticosterone (CORT) levels in mice. N1D, N10D,
and N20D indicate mice that were exposed to 1, 10,
and 20 days of noise, respectively; 1DPN, TWPN,
and TMPN refer to time intervals of 1 day, 1 week,
and 1 month after termination of noise exposure,
respectively. The data are expressed as the means
+ SEM for 8 mice in each group.

*p < 0.05 and **p < 0.01 in post-hoc comparisons between
each noise group and the control group after one-way
analysis of variance (ANOVA), showing a significant effect
of noise.
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animals at 1DPN and 1WPN provides
further evidence of insulin resistance in the
noise-exposed animals.

Insulin resistance is the key pathological
feature of T2DM, but insulin resistance by
itself does not necessarily lead to diabetes. The
optimal control of glucose metabolism also
depends on the capacity for insulin synthesis
and secretion by B cells (Cerf 2013; Tarabra
et al. 2012). If the pancreatic P cells can suffi-
ciently increase insulin release to overcome
the reduced efficiency of insulin activity,
normal glucose tolerance will be maintained
(Kahn et al. 2006). In contrast, if insulin
resistance culminates in the failure of islet
[-cell compensation, overt diabetes will ulti-
mately develop (Tiganis 2011). In the present
study, noise-exposed animals had normal
fasting blood glucose accompanied by higher
fasting serum insulin and an elevated insulin
response to glucose injection, consistent with
a compensatory increase in pancreatic 3-cell
insulin secretion.

The process of B-cell compensation
is a combination of an increase in glucose-
stimulated insulin secretion and B-cell mass
expansion (Rabhi et al. 2014). We compared
the islet morphology of noise-exposed and
control animals. No significant differences
were observed in the B-cell mass or B-cell
proliferation among the groups. The insulin
fluorescence intensity assay revealed that
along with the elevated fasting serum insulin
level at 1DPN, the insulin-positive signal
in B cells from the noise-exposed mice was
significantly lower than that of the control,
implying a functional up-regulation of insulin
secretion at that time point. With time, the
insulin signal in B cells recovered, but the
[3-cell size increased, particularly in the N20D
mice at 1WPN and 1MPN, implicating
B-cell compensation through hypertrophy,
which may have contributed to the normal
glucose tolerance exhibited in these animals.

Noise can induce a complex stress response
involving the hypothalamo—pituitary—adrenal
(HPA) axis (Samson et al. 2007). Previous
studies have reported significant increases in
plasma corticosterone levels during and after
various noise exposures (Gannouni et al. 2013;
Gonzalez-Perez et al. 2011; Manikandan et al.
2006). One day after noise exposure ended,
plasma corticosterone levels were significantly
higher in all noise groups than in controls
regardless of the duration of noise exposure.
This finding suggests that the noise induced
stress reactions and that the animals did
not adapt to the noise even after prolonged
exposure (Samson et al. 2007).

Persistently elevated cortisol levels have
been proposed to result in insulin resistance
and are associated with the development of
T2DM (Sjéstrand and Eriksson 2009). For
example, subjects with a syndrome of cortisol
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excess (Cushing syndrome) showed increased
insulin resistance (Nosadini et al. 1983).
Insulin resistance has been induced by cortisol
administration in man (Rizza et al. 1982)
and in mice (van Donkelaar et al. 2014).
Sleep deprivation is a neurobiologic and
physiologic stressor that has been shown to
increase cortisol concentrations and to decrease
insulin sensitivity in humans (Donga et al.
2010; McEwen 2006; Spiegel et al. 1999).
Furthermore, increased corticosterone was
considered to be a contributor to increased
insulin resistance induced by repeated restraint
stress in rats (Zardooz et al. 2006). Therefore, a
disturbance in a stress hormone such as cortisol
caused by noise exposure might be a poten-
tial contributor to the development of insulin
resistance observed in the present study.

However, even after noise exposure was
terminated and serum corticosterone levels
had reached control levels, insulin resistance
continued for > 1 month. This persistent
decrease in insulin sensitivity might not
be attributable merely to changes in blood
glucocorticoid levels. Thus, our study strongly
suggests that a second, somewhat delayed
mechanism is involved in noise-induced
insulin resistance.

Conclusion

We found that noise exposure at levels consis-
tent with those in industrial settings was
associated with insulin resistance in male ICR
mice. To our knowledge, this is the first study
to identify this relationship in a laboratory
setting. To further confirm the contribution
of environmental noise pollution to diabetes
risk, additional laboratory studies should be
performed using lower noise levels that are
consistent with those in urban environments.
These findings should also be confirmed in
female mice. Factors that may contribute
to insulin resistance at the tissue level (e.g.,
inflammatory mediators, such as cytokines and
chemokines, and reactive oxygen species, such
as superoxide or hydroxyl radicals) (Sjéstrand
and Eriksson 2009; Tiganis 2011), should
also be investigated (through immunoblots,
immunohistochemical methods, and quantita-
tive polymerase chain reaction) to pinpoint the
exact mechanisms of the diabetogenic effects of
noise exposure.
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