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Drinking water temperature affects cognitive function and
progression of Alzheimer’s disease in a mouse model
Jiang-ping Wei1,2, Wen Wen1,2, Yuan Dai2,3, Li-xia Qin1,2, Yue-qiang Wen2,4, Dayue Darrel Duan5 and Shi-jun Xu1,2

Lifestyle factors may affect mental health and play a critical role in the development of neurodegenerative diseases including
Alzheimer’s disease (AD). However, whether the temperatures of daily beverages have any impact on cognitive function and AD
development has never been studied. In this study, we investigated the effects of daily drinking water temperatures on cognitive
function and AD development and progression in mice and the underlying mechanisms. Cognitive function of mice was assessed
using passive avoidance test, open field test, and Morris water maze. Wild-type Kunming mice receiving intragastric water (IW,
10mL/kg, 2 times/day) at 0 °C for consecutive 15 days displayed significant cognitive defects accompanied by significant decrease
in gain of body weight, gastric emptying rate, pepsin activity, and an increase in the energy charge in the cortex when compared
with mice receiving the same amount of IW at 25 °C (a temperature mimicking most common drinking habits in human),
suggesting the altered neuroenergetics may cause cognitive decline. Similarly, in the transgenic APPwse/PS1De9 familial AD mice
and their age- and gender-matched wild-type C57BL/6 mice, receiving IW at 0 °C, but not at 25 °C, for 35 days caused a significant
time-dependent decrease in body weight and cognitive function, accompanied by a decreased expression of PI3K, Akt, the
glutamate/GABA ratio, as well as neuropathy with significant amyloid lesion in the cortex and hippocampus. All of these changes
were significantly aggravated in the APPwse/PS1De9 mice than in the control C57BL/6 mice. These data demonstrate that daily
beverage at 0 °C may alter brain insulin-mediated neuroenergetics, glutamate/GABA ratio, cause cognitive decline and neuropathy,
and promote AD progression.
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INTRODUCTION
It is widely recognized that lifestyle factors may affect brain health
and play a critical role in the development of neurodegenerative
diseases such as dementia and Alzheimer’s disease (AD) [1, 2].
Water/beverage consumption is one of the most important lifestyle
factors and plays a critical role in metabolism and brain health [3].
There is a wide range of individual differences in the amount of daily
water intake as well as individual preferences for drink temperature.
For example, most people in China prefer warm or hot drinks such
as hot tea or boiled water in all seasons, but many people in the
United States prefer cold or iced drinks even in the winter.
Interestingly, the incidence of AD in China is less than 1/3 of that in
the United States [4]; however, whether beverage temperature has
impacts on cognitive function and AD development and thus causes
the difference in the incidence of AD has never been investigated.
In this study, therefore, we first examined the effects of drinking

water at temperatures that correspond to the most common
habits of humans, specifically, ice water (0 °C), cold water (4 °C),
and normal water (25 °C), on a daily basis on cognitive function in
normal wild-type Kunming mice; we found that the intragastric

admission of 0 °C water, but not 25 °C water, induced significant
cognitive decline. We then investigated the effects of drinking 0 °C
water and 25 °C water on a daily basis on cognitive function and
neuropathy in transgenic APPswe/PS1De9 familial AD mice and
age- and gender-matched wild-type C57BL/6 mice. We further
studied the possible underlying mechanisms and their impacts on
the development and progression of AD.

MATERIALS AND METHODS
Animals and experimental protocols
To examine the effects of beverage temperature on cognitive
performance, normal drinking water (25 °C), cold water(4 °C), and
ice water (0 °C) were used to mimic the most common drinking
habits of humans. After an adaptive intragastric feeding period of
7 days, wild-type Kunming mice (male, 6 weeks old, 28 ± 2 g,
Institute of Laboratory Animals of Sichuan Academy of Medical
Sciences, Chengdu, China) were divided randomly into two groups
and were intragastrically administered 25 °C, 4 °C, and 0 °C water
(10 mL/kg, 2 times/day) for the following 15 consecutive days.
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To examine the effects of beverage temperature on AD
development and progression, after an adaptive intragastric
feeding period of 7 days, the familial AD transgenic APPswe/
PS1De9 (APP/PS1) (A) mice and age- and gender-matched C57BL/
6 wild-type (W) mice (male, 3 months old, 28 ± 2 g, Beijing
Huafukang Bioscience Co. Inc., Beijing, China) in the control
groups (the A-25 °C mice and W-25 °C mice) were intragastrically
administered normal temperature water (25 °C) (10 mL/kg,
2 times/day) for the following consecutive 35 days, while the
mice in the test groups (the A-0 °C mice and W-0 °C mice) received
the same amount (10 mL/kg, 2 times/day) of 0 °C ice water for the
following consecutive 35 days.
All animals were provided free and unlimited access to normal

chow and water, housed under suitable temperature (22 ± 2 °C)
and humidity (65% ± 5%) conditions in an animal observation
room, and treated according to ethical practices adhering to
international regulations (NIH Guide for the Care and Use of
Laboratory Animals, NIH Publication No. 85–23, 1985, revised
1996) and animal protocols approved by the ethical committee of
the Institute of Material Medica Integratio and Transformation for
Brain Disorders.

Behavioral test
The passive avoidance test was performed with a PAT-8
video analysis system (TechMan Soft, Sichuan, China) and an
apparatus consisting of eight lit rooms and paired dark rooms of
equal size (15.5 cm × 14 cm × 21 cm). The test was performed
daily for 2 consecutive days. Before the test, the mice were
habituated to the experimental environment for 30 min and
allowed to familiarize themselves with the apparatus for 5 min; the
mice were individually placed in a lit room and allowed free
access to the corresponding dark room when a trap door was
opened. Subsequently, the mice were individually placed in a lit
room, and the trap door was closed. The video analysis system
began recording when the door was opened, and the escape
latency (ET) and error frequency of the mice were determined
over 5 min.
The OFT-100 open field experiment system consisting of a

cuboid box (62.5 × 74 × 51 cm3) was used to perform the open
field test. The bottom of the box was mapped by the system. The
mice were habituated to the experimental environment for 30 min
and were allowed to familiarize themselves with the apparatus for
5 min before the test. Afterwards, the mouse was placed in the
central location, and the video analysis system started to record
movement in 5 min intervals. The ratio of time spent inactive and
moving, the total distance traveled, the distance traveled in the
center zone, and velocity were calculated.
A Morris water maze (MWM) system (Noldus, Netherlands)

consisting of a swimming pool (120 cm in diameter, 50 cm in
height) and a platform (6.5 cm in diameter and 15 cm in height)
was used to assess spatial learning and memory in mice before
and after the treatment. The pool was filled with water (23 ± 2 °C)
to a depth of 16 cm and divided into four quadrants: the
southeast, northeast, southwest, and northwest quadrants. The
escape platform was fixed in a permanent position 1 cm under the
water surface in the southeast quadrant throughout the course of
the MWM test. In the hidden platform experiment, a mouse was
placed in the water in the northwest quadrant facing the pool
wall and allowed to swim until it found the hidden platform within
60 s. If the mouse could not find the platform within 60 s, it was
gently guided to the platform and kept there 10 s, and the ET was
recorded as 60 s. Training trials were performed twice a day for
5 days. The spatial probe trial was performed on the next day at
the end of the hidden platform experiment. The platform was
removed, and a mouse was placed in water in the northwest
and allowed to swim freely for 120 s. The ET in the hidden
platform experiment on 5 successive days and the percentage of
time spent in the quadrant containing the platform, the number of

times the target quadrant was crossed, the percentage of
distance traveled in the target quadrant, the number of platform
crossings, the time spent in the quadrant containing the platform,
swimming speed, and trajectory were recorded in the spatial
probe trial.

Gastric emptying rate (GER)
All Kunming mice were fasted but allowed access to drinking
water on day 14, and 24 h later, they were lavaged with 0.2 mL
0.1% methyl orange solution for 90 min. Twenty minutes later, the
mice were sacrificed by cervical dislocation, and a suspension of
the gastric contents was collected in 10mL distilled water. The
suspension (pH 6–6.5) was centrifuged at 2000 r/min for 10 min.
The absorbance of the supernatant (A1) and benchmark (A2)
was detected with an ultraviolet spectrophotometer at 420 nm.
The GER was calculated according to the following formula [5]:
GER= (A1− A2)/A2 × 100%.

Pepsin activity assay
Glass capillaries (φ 1mm× 10 cm) were filled with freshly prepared
egg white and inserted into hot water (85 °C) to solidify the egg
white in the capillary. The supernatant of the prepared succus
gastricus (1 mL) was placed in a cuvette with plugs, and then
15mL of 0.05 mol/L hydrochloric acid was added to the cuvette
and mixed. The plugs were tightened after two prepared capillary
tubes were inserted and then the cuvette was incubated in a
thermostatic bath for 24 h at 37 °C. The length of the transparent
part of the capillary was measured, and the mean and pepsin
activities (U/ml) were calculated according to the following
formula [5]: pepsin activity=mean2 × 16.

Hematoxylin and eosin (HE) staining
Paraffin-embedded right hemispheres were cut into 5 μm-thick
sections and then stained successively with HE (Thermo Fisher,
USA). The pathomorphological changes in the hippocampi and
cortices of the mice were examined.

Determination of the energy charge (EC)
The EC in the hippocampus and cortex was measured with HPLC
as described previously [6]. In brief, the samples were analyzed by
an ODS HYPERSIL C18 chromatographic column (5 μm, 250mm×
4.6 mm; Thermo Fisher) with 0.05 mol/L phosphate buffer salt (A;
pH= 6.5) and methanol (B) as the mobile phase. The column
temperature was 25 °C, and the sample chamber temperature
was 10 °C. The injection volume was 10 µL, and the flow rate was
1.0 mL/min. The UV detection wavelength was 254 nm. The EC
was calculated according to the following formula:

EC ¼ ATP½ � þ 0:5 ADP½ �ð Þ= ATP½ � þ ADP½ � þ AMP½ �ð Þ:

Real-time PCR
Total RNA was extracted from the hippocampus and cortex with a
Thermo Scientific GeneJET RNA Purification Kit (Thermo Fisher,
USA), and reverse transcription was performed with a Thermo
Scientific RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher, USA) according to the manufacturer’s manual. Real-time
PCR was performed with SYBR Premix DimerEraserTM (Perfect Real
Time) (TaKaRa, Japan) on a Real-time PCR Detection System (Bio-
Rad, USA). Each sample was analyzed in triplicate with the
following primers: PI3K, forward: 5′-ACC AGC AGG ATC AAG TTG
TCA-3′, reverse: 5′-GAA GTA CGG GTG TACT CCTCAT-3′; Akt,
forward: 5′-ACTT CTC AGT GGC ACA ATG CCA-3′, reverse: 5′-CAT
GGA AGG TGC GCT CAA TGAC-3′; GAPDH, forward: 5′-AGG TCG
GTG TGA ACG GAT TTG-3′, reverse: 5′-TGT AGA CCA TGT AGT
TGA GGTCA-3′. The relative mRNA expression of PI3K and Akt
relative to that of GAPDH was calculated by 2−ΔΔCt as described
previously [7].

Beverage Temperatures on Cognition and Alzheimer’s Disease
JP Wei et al.

46

Acta Pharmacologica Sinica (2021) 42:45 – 54



Western blot analysis
Harvested hippocampi and cortices were homogenized with RIPA
lysis buffer, and the total protein concentrations were detected by
a BCA assay kit (Multi Sciences, China). The target proteins were
separated by electrophoresis on 8% SDS-PAGE gels and trans-
ferred to PVDF membranes. The membranes were blocked with
5% BSA at 25 °C for 90 min and then incubated overnight at 4 °C
with the following primary antibodies: anti-GAPDH (1:2000,
Servicebio, China), anti-phospho-PI3K, anti-PI3K, anti-Akt, and
anti-phospho-Akt (1:1000, Cell Signaling Technology, USA). The
membranes were incubated with HRP-conjugated goat anti-rabbit
IgG secondary antibodies (1:1000, Multi Sciences, China) at 25 °C
for 90min after the membranes were washed 3 times with TBST.
Then, the blots were visualized by enhanced chemiluminescence
with an Ultra ECL Kit (Multi Sciences, China). The grayscale value of
each protein was assessed using Quantity One software (Bio-
Rad, USA).

Immunohistochemistry
Immunohistochemistry of the right hemispheres was performed
as previously described [8]. Citrate buffer (pH= 6.0) was used for
antigen retrieval, and the sections were incubated with primary
antibody (PI3K, 1:40; Akt, 1:200; Aβ, 1:300, Cell Signaling
Technology, USA; NeuN, 1:200, Abcam, UK) overnight at 4 °C and
then incubated with secondary antibody for 30 min at 37 °C. The
sections were stained with hematoxylin after color development
with a DAB kit. Images of Akt and PI3K staining at three identical
locations (the hippocampus, the cortex, and between the cortex
and hippocampus) were collected for each sample, and the
average optical density of each sample was then calculated based
on the average optical density of each image determined by
Image-Pro Plus 6.0 (Media Cybernetics, USA). Images of Aβ
staining were obtained, and senile plaques were counted to

assess the changes in Aβ after the mice were administered
ice water.

Enzyme-linked immunosorbent assay (ELISA)
Appropriate cortical tissues were homogenized with normal saline
(1 mg:9 µL) containing cOmplete tablets (Roche, Basel, Switzer-
land) on ice for 10min and then centrifuged at 3500 r/min for
10min at 25 °C. The supernatant was then separated and used to
determine the concentrations of insulin (Excell Bio, China),
glutamate and γ-aminobutyric acid (GABA) (Nanjing Jiancheng,
China) in the brain tissue with kits.

Statistical analysis
All data are shown as the mean ± SEM. The sample sizes (n) of
both C57BL/6 and APP/PS1 mice required for the passive
avoidance test were estimated by power analysis and calculated
according to the following equation and based on previously
published data: n= 2(μα+ μβ)

2σ2/δ2, where α= level of signifi-
cance (type I error rate), β= probability of failing to detect an
existing difference (type II error rate (1-β is referred to as the
power of the study)), μα=mean value at α, μβ=mean value at β,
σ= population standard deviation, δ=margin of error on
estimate [9, 10]. The mean ET in the MWM was analyzed by
two-way ANOVA followed by the least significant difference test,
and the number of days acted as the repeated-measure factor
between sessions [11]. All of the other data were analyzed by the
Anderson–Darling test. Samples with a normal distribution were
analyzed by one-way ANOVA. If the sample variance was not
homogeneous, as determined by Fisher’s least significant differ-
ence test, the Kruskal–Wallis test was used. Nonparametric tests
were used for data that were not normally distributed. Student’s t
test was performed for comparisons between two groups.
Differences were considered statistically significant when P <

Fig. 1 Effects of drinking water temperature on the learning ability, memory, body weight, and gastric function of Kunming mice. Equal
amounts of water (10mL/kg) at temperatures corresponding to the most common habits of humans, namely, normal temperature (25 °C) and
ice water (0 °C) were given to the mice intragastrically 2 times/day for 15 consecutive days. a The escape latency in the passive avoidance test
was calculated. Mean ± SEM; *P < 0.05, n= 6. b The body weight was measured and calculated every 2 days. Mean ± SEM; n= 6, *P < 0.05 and
**P < 0.01 vs. 25 °C; #P < 0.05 and ##P < 0.01 vs. 4 °C. The gastric emptying rate (c n= 3) and pepsin activity (d n= 3) were measured and
calculated. Mean ± SEM; *P < 0.05 and **P < 0.01.
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0.05. All statistical tests were performed using SPSS software
package 16.0 for Windows.

RESULTS
Effects of the temperature of intragastrically administered water
on the cognitive performance of KM mice
To examine the effects of beverage temperature on cognitive
performance, we designed experiments to administer animals
with intragastric water (IW) at three different temperatures that
mimic the most common drinking habits of humans, namely,

normal water (25 °C), cold water (4 °C), and ice water (0 °C). In
addition to being given free access to normal chow and regular
drinking water, the mice in each group were administered IW
(10mL/kg, 2 times/day) at a temperature of 25, 4, or 0 °C daily. ET
and body weight were monitored for 15 days. The GER, gastric
pepsin activity, and the EC in the cortex were measured at the end
of the protocols on day 15.
Figure 1a shows the ET of the mice after daily treatment with IW

at a temperature of 25, 4, or 0 °C for 15 days. The ET of the mice in
the 0 °C IW group was shorter than that of the 4 °C IW group (P >
0.05 vs. 0 °C, n= 6) and the 25 °C IW group(P < 0.05 vs. 0 °C, n= 6).

Fig. 2 Effects of the daily administration of 0 °C IW on the cognitive function and body weight of APP/PS1 mice. a The body weight of
wild-type C57BL/6 (W, n= 5) and APP/PS1 mice (AD model, A, n= 4) was monitored before and after the administration of intragastric water
(IW, 10mL/kg, 2 times/day) at a temperature of 0 °C (the W-0 °C and A-0 °C groups) or 25 °C (the W-25 °C and A-25 °C groups) for 35 consecutive
days. Mean ± SEM; *P < 0.05, **P < 0.01, and ***P < 0.001 vs. the W-25 °C group; #P < 0.05, ##P < 0.01, and ###P < 0.001 vs. the W-0 °C group; $P < 0.05
vs. the A-25 °C group. b The cognitive performance of APP/PS1 mice in the passive avoidance test, as determined by the escape latency.
Mean ± SEM; *P < 0.05 and **P < 0.01. c Escape latency in the Morris water maze test. Mean ± SEM; *P < 0.05 and ***P < 0.001 vs. the W-25 °C
group; &P < 0.05 and &&P < 0.01 vs. the baseline of each group. d The number of target quadrant crossings in the spatial probe test. Mean ±
SEM; *P < 0.05, **P < 0.01, and ***P < 0.001. e The percentage of distance traveled in the target quadrant in the spatial probe test. Mean ± SEM;
*P < 0.05 and **P < 0.01. f The number of platform quadrant crossings in the spatial probe test. Mean ± SEM; *P < 0.05. g The time spent in the
quadrant containing platform in the spatial probe test. Mean ± SEM; *P < 0.05 and **P < 0.01. h Representative traces of each group.
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While daily treatment with 4 °C IW caused a slight shortening of
the ET, no statistical significance was observed (P > 0.05 vs. 25 °C,
n= 6). These results indicated that compared with daily treatment
with 25 °C IW, daily treatment with 0 °C IW caused a significant
decline in cognitive function.
As shown in Fig. 1b, compared with the mice treated with 25 °C

IW and 4 °C IW, the mice treated with 0 °C IW had a great
reduction in body weight gain from day 3 and significantly
reduced body weight gain from day 9, suggesting that 0 °C IW
may cause gastrointestinal and energy metabolism dysfunction.
We therefore examined the GER and pepsin activity of the mice
treated with IW at different temperatures. As shown in Fig. 1c, the
GER of the mice treated with 0 °C IW was significantly lower than
that of mice treated with warmer water (25 °C IW). Furthermore, 0 °
C IW also significantly reduced pepsin activity (Fig. 1d). These
results indicated that ice water can directly compromise gastro-
intestinal function, reducing the GER and pepsin activity.
Therefore, we further investigated whether 0 °C IW affects the

EC in the brain. While no significant differences in the concentra-
tion of ATP (131.11 ± 9.88 nmol/L vs. 135.83 ± 22.67 nmol/L, n= 6,
P= 0.6282), ADP (2.16 ± 0.72 nmol/L vs. 2.43 ± 0.78 nmol/L, n=
6, P= 0.2571), or AMP (3.77 ± 0.30 mol/L vs. 3.55 ± 0.66 mol/L, n=
6, P= 0.9230) in the cortex were observed between the 0 °C IW
and 25 °C IW groups, the EC of mice in the 0 °C IW group was
significantly higher than that in the 25 °C IW group (0.034 ± 0.003
vs. 0.041 ± 0.006, n= 6, P= 0.0443). In addition, we noticed that
the ratio of ADP/ATP (0.014 ± 0.002 vs. 0.019 ± 0.004, n= 6, P=
0.0370) in the mice treated with 0 °C IW was significantly
increased, while the ratio of AMP/ATP (27.59 ± 1.21 vs. 26.17 ±
3.18, n= 6, P= 0.4956) was not significantly different. These
results suggested that 0 °C IW caused a significant increase in the
EC and altered neuroenergetics, which may cause a decline in
cognitive function [12–14].

Effects of daily administration of 0 °C IW on the development and
progression of AD
Based on the experimental evidence that the daily administration
of 0 °C IW significantly alters energy metabolism and causes a
disturbance of neuroenergetics and a decline in cognitive function
in KM mice, we hypothesized that beverage temperature may play
a crucial role in the development and progression of AD. To test
this hypothesis, we further investigated the effects of the daily
administration of 0 °C IW and 25 °C IW on the development of
cognitive decline in AD by using familial AD transgenic APPswe/
PS1De9 (APP/PS1) mice and age- and gender-matched wild-type
C57BL/6 mice.
Similar to what was observed in the wild-type KM mice, the

increase in the body weight of the wild-type C57BL/6 mice treated
with 10mL/kg 0 °C IW 2 times/day (W-0 °C) for 35 consecutive
days was lower than that of the wild-type control mice treated
with the same amount of 25 °C IW (W-25 °C), as shown in Fig. 2a.

The ET of the W-0 °C mice was significantly shorter than that of the
W-25 °C mice (Fig. 2b). These data are similar to what was
observed in the KM mice and further confirmed that 0 °C IW may
retard not only body weight increase but also cognitive function.
Similarly, the increase in the body weight of the APP/PS1 model
mice treated with 0 °C IW (10ml/kg, 2 times/day) (A-0 °C) for 35
consecutive days was lower than that of the APP/PS1 control mice
treated with the same amount of 25 °C IW (A-25 °C). The body
weight of the mice in the A-0 °C group was significantly lower than
that of the mice in the W-0 °C group (Fig. 2a). The ET of the A-0 °C
mice was significantly shorter than that of the A-25 °C mice, the W-
25 °C mice and the W-0 °C mice (Fig. 2b), strongly suggesting that
the 0 °C ice water may cause cognitive decline and promote the
development and progression of AD in APP/PS1 mice.
Therefore, the MWM test was used to further examine the

effects of 0 °C IW on spatial learning and memory in APP/PS1 and
wild-type mice. As shown in Fig. 2c, a time-dependent shortening
of the ET was observed in all groups of mice. Compared with
baseline, the ET of mice in the W-25 °C group was significantly
shorter on Day 4 (P < 0.05, n= 5) and Day 5 (P < 0.01, n= 5), while
the ET of mice in the W-0 °C group was significantly shorter on Day
5 (P < 0.05, n= 5), indicating a decline in spatial learning and
memory in the W-0 °C mice. When compared with that of the W-
25 °C mice, the ET of the W-0 °C mice was significantly prolonged
on Day 4 (P < 0.05) and Day 5 (P < 0.001), further confirming that
0 °C IW caused a decline in the cognitive function of these wild-
type mice. In the APP/PS1 mice, however, although there was no
significant difference in the ET compared with baseline among the
mice in the A-25 °C and A-0 °C groups after Day 5, the relative
shortening of the ET of the APP/PS1 mice was 0.64 times that of
the C57BL/6 mice, indicating that the spatial learning ability and
memory of the APP/PS1 mice were already compromised.
Moreover, as shown in Fig. 2h, the APP/PS1 mice were mainly
active at the edge of the pool, while the wild-type mice were more
active outside the edge of the pool, which indicated that the
spatial memory of the APP/PS1 mice was impaired. Meanwhile,
the intensity of activity of the W-0 °C group in the quadrant
containing the platform was lower than that of the W-25 °C group,
and the frequency of activity of the A-0 °C group in the quadrant
that contained the platform was higher than that of the A-25 °C
group. Furthermore, in the spatial probe test, although there was
no significant difference in the percentage of time spent in the
platform quadrant observed among these groups, the number
target quadrant crossings made by the W-25 °C and A-25 °C mice
was significantly higher than that made by the W-0 °C and A-0 °C
mice, respectively (Fig. 2d). The relative decrease in the number of
target quadrant crosses made by the APP/PS1 mice was 1.02
times that made by the C57BL/6 mice. Meanwhile, the percentage
of distance traveled in the target quadrant, the number of
platform crossings, and the time spent in the quadrant containing
the platform by the W-0 °C group were lower than those of the

Fig. 3 Effect of the daily administration of 0 °C IW on neuropsychiatric changes in APP/PS1 mice. The open field test was used to observe
the neuropsychiatric changes in wild-type C57BL/6 mice (W, n= 5) and APP/PS1 mice (AD model, A, n= 4) after they were administered
intragastric water (IW, 10mL/kg, 2 times/day) at a temperature of 0 °C (the W-0 °C and A-0 °C groups) or 25 °C (the W-25 °C and A-25 °C groups)
for 35 consecutive days, and the total distance traveled (a), velocity (b), and distance traveled in the center zone (c) were recorded. Mean ±
SEM; *P < 0.05, **P < 0.01, and ***P < 0.001.
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W-25 °C group, and those of the A-25 °C group were lower than
those of the W-25 °C group (Fig. 2e–g). The percentage of distance
traveled in the target quadrant and the time spent in the quadrant
containing the platform by the A-0 °C group was lower than those
by the A-25 °C group (Fig. 2e, g), and the percentage of distance
traveled in the target quadrant by the A-0 °C group was also lower
than that by the A-25 °C group. In addition, no significant

difference in swimming velocity was observed among the groups
(18.75 ± 0.61 and 19.67 ± 1.03 cm/s for the W-25 °C and W-0 °C
groups, respectively, n= 5, P > 0.05; 16.83 ± 1.63 and 15.84 ±
1.42 cm/s for the A-25 °C and A-0 °C groups, respectively, n= 4,
P > 0.05), indicating that the observed changes in spatial learning
were not caused by individual differences in the swimming ability
of the mice. The performance of the APP/PS1 mice in the spatial

Fig. 4 Effects of the daily administration of 0 °C IW on insulin signaling pathways. After the wild-type C57BL/6 mice (W, n= 5) and APP/PS1
mice (AD model, A, n= 4) were administered intragastric water (IW, 10mL/kg, 2 times/day) at either 0 °C (the W-0 °C and A-0 °C groups) or
25 °C (the W-25 °C and A-25 °C groups) for 35 consecutive days, the concentration of insulin (a) and mRNA levels of PI3K (b) and Akt (c) were
measured. Then, Western blotting was used to further examine the protein expression and phosphorylation of PI3K and Akt (d–h). The protein
expression of PI3K (upper row) and Akt (lower row) under the conditions in e and f was further examined by immunohistochemistry (i) to
confirm the findings observed by Western blot analysis. Mean ± SEM; W-25 °C and W-0 °C, n= 5; A-25 °C and A-0 °C, n= 4; *P < 0.05, **P < 0.01,
and ***P < 0.001.
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probe test were consistent with previous reports [15, 16]. The
results suggested that long-term daily consumption of drinking
water at a temperature of 0 °C exacerbated cognitive decline in
the APP/PS1 mice.
Figure 3 shows the neuropsychiatric changes in the mice

observed in the open field test. The total distance traveled by the
mice in the W-0 °C group was significantly longer than that
traveled by the mice in the W-25 °C group (P < 0.001); similarly, the
total distance traveled by the mice in the A-0 °C group was
significantly longer than that traveled by the mice in the A-25 °C
group (P < 0.01), indicating that 0 °C IW increased the total
distance traveled (Fig. 3a). At the same time, compared with
25 °C IW, 0 °C IW also significantly increased the velocity of both
wild-type and APP/PS1 mice (Fig. 3b). Moreover, the distance
traveled in the center zone by the mice in W-0 °C and A-0 °C
groups was markedly shorter than that traveled by the mice in W-
25 °C and A-25 °C groups (Fig. 3c), indicating that 0 °C IW caused
emotional changes and increased anxiety, as demonstrated by the
increases in distance traveled and velocity and decreases in
the distance traveled in the center zone. In addition, when
compared to the wild-type control mice, the APP/PS1 mice treated
with 25 °C IW or 0 °C IW traveled a significantly shorter distance.
These results further indicated that 0 °C IW exacerbated neurop-
sychiatric changes and anxiety in the APP/PS1 AD mice.

Effects of the daily administration of 0 °C IW on the insulin
signaling transduction pathway in brain tissues
Since the daily administration of 0 °C IW caused a significant
increase in the EC and since insulin plays a key role in the
regulation of energy production and balance in the brain [17], we
further examined whether insulin signaling in the brain is affected
by ice water treatment. The concentration of insulin in the cortex
of the mice was measured. As shown in Fig. 4a, the insulin
concentration in the W-0 °C and A-0 °C mice was significantly
lower than that in the W-25 °C (P < 0.01) and A-25 °C mice (P <
0.001), respectively. Therefore, the daily consumption of 0 °C
drinking water may reduce the concentration of insulin in brain
tissues.
PI3K and Akt are two key downstream signaling messengers of

insulin-mediated energy regulation pathways [18]. Therefore, it is
important to examine whether the expression of PI3K and Akt in
brain tissues is affected by the daily consumption of 0 °C drinking
water. The mRNA expression of PI3K (Fig. 4b) and Akt (Fig. 4c) in
the W-0 °C and A-0 °C mice was significantly lower than that in the
W-25 °C and A-25 °C mice, respectively. Then, we used immuno-
histochemistry to examine the protein expression of PI3K and Akt
in brain tissues. As shown in Fig. 4d, the expression of PI3K and
Akt in the W-0 °C mice (0.25 ± 0.01 and 0.20 ± 0.01, respectively,
n= 5) was significantly lower than that in the W-25 °C mice (0.27
± 0.01 and 0.22 ± 0.01, respectively, n= 5, P < 0.01). Similarly, the
protein expression of PI3K and Akt in the A-0 °C mice (0.24 ± 0.01
and 0.20 ± 0.01, respectively) was also significantly lower than that

in the A-25 °C mice (0.26 ± 0.01 and 0.24 ± 0.01, respectively, n= 4,
P < 0.05). To further confirm the protein expression of PI3K and Akt
determined by immunohistochemistry, we used western blotting
to analyze protein expression (Fig. 4e). The results showed that the
expression of PI3K in the W-0 °C mice (0.32 ± 0.03 vs. 0.27 ± 0.01
n= 5, P < 0.05) was obviously lower than that in the W-25 °C mice
and that the expression of PI3K in the A-0 °C mice was also
significantly lower than that in the A-25 °C mice (0.32 ± 0.04 vs.
0.17 ± 0.04 n= 4, P < 0.01). Meanwhile, the expression of Akt in the
W-0 °C mice and A-0 °C mice was significantly lower than that in
the W-25 °C mice (0.97 ± 0.07 vs. 0.77 ± 0.09 n= 5, P < 0.05) and A-
25 °C mice (0.90 ± 0.10 vs. 0.58 ± 0.13 n= 4, P < 0.05), respectively.
Next, we detected the phosphorylation levels of PI3K (p-PI3K)

and Akt (p-Akt) (Fig. 4e–g). The p-PI3K/PI3K ratio in the W-0 °C
mice and A-0 °C mice was markedly lower than that in the W-25 °C
mice and A-25 °C mice, respectively. The p-Akt/Akt ratio in the A-
0 °C mice was evidently higher than that in the A-25 °C mice.
Therefore, the daily consumption of 0 °C IW for 35 days caused a
significant decrease in the expression of PI3K and Akt in brain
tissues.

Effects of the daily administration of 0 °C IW on the balance of
neurotransmitters
Glutamate and GABA are important neurotransmitters that
maintain the physiological balance of nervous excitation and
inhibition [19]. Thus, we next examined whether the temperature
of IW affects the concentrations of glutamate and GABA in the
cortices of mice. As shown in Fig. 5a, c, the glutamate
concentration in the brains of the W-0 °C mice was distinctly
lower than that in the brains of the W-25 °C mice. The glutamate
concentration in the brains of the A-0 °C mice was significantly
lower than that in the brains of the A-25 °C mice. The decrease in
the concentration of glutamate in the APP/PS1 mice was 0.77
times that in wild-type C57BL/6 mice treated with 0 °C IW. In
contrast, the GABA concentration in the brains of the W-0 °C mice
was significantly higher than that in the brains of the W-25 °C
mice, and the GABA concentration in the brains of the A-0 °C mice
was significantly higher than that in the brains of the A-25 °C mice.
The increase in the concentration of GABA in the APP/PS1 mice
was 0.41 times that in the wild-type C57BL/6 mice. Therefore, the
daily consumption of 0 °C drinking water caused a significant
change in the balance between glutamate and GABA, which may
have contributed to the changes in the behavioral performance of
the mice in the corresponding groups.

Neuropathological effects of the daily administration of 0 °C IW
The above findings of a significant change in energy metabolism
prompted us to further investigate whether the daily administra-
tion of 0 °C IW induces pathomorphological changes in brain
tissues. As shown in Fig. 6a, while no significant Aβ plaques (red
arrow) were observed in either the W-25 °C mice or the W-0 °C
mice, the number of Aβ plaques in the A-0 °C mice (14.5 ± 2.5, n=

Fig. 5 Effects of the daily administration of 0 °C IW on the balance of excitatory/inhibitory neurotransmitters. After the wild-type C57BL/6
mice (W, n= 5) and APP/PS1 mice (AD model, A, n= 4) were administered intragastric water (IW, 10mL/kg, 2 times/day) at either 0 °C (the W-0 °C
or A-0 °C group) or 25 °C (the W-25 °C and A-25 °C group) for 35 consecutive days, the concentrations of GABA (a) and glutamate (b) in cortical
tissues were measured by ELISA, and the GABA and glutamate ratio was calculated (c). Mean ± SEM; *P < 0.05, **P < 0.01, and ***P < 0.001.
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4) was significantly higher than that in the A-25 °C mice (7.0 ± 1.0,
n= 4, P < 0.0085 vs. A-0 °C). Therefore, the daily administration of
0 °C IW promoted amyloid lesions in the cortices of APP/PS1 mice.
In addition, it also induced partially scattered nerve cell arrange-
ment (green arrow), a decrease in the number of neurons and an
enlarged gap (blue arrow) in the CA3 region of the brain (Fig. 6b) in
the APP/PS1 mice. We used NeuN staining to further examine
whether the daily administration of 0 °C IW causes damage to
hippocampal and cortical neurons. As shown in Fig. 6c, the number
of NeuN-positive cells in W-25 °C and A-25 °C mice was higher than
that in W-0 °C and A-0 °C mice, respectively. The density (IOD/area)
of NeuN-positive cells in W-25 °C mice was significantly higher than
that in W-0 °C mice (0.34 ± 0.01 vs. 0.42 ± 0.01, P < 0.0021). Similarly,
the density (IOD/area) of NeuN-positive cells in A-25 °C mice was
significantly higher than that in A-0 °C mice (0.31 ± 0.01 vs. 0.40 ±
0.01, P < 0.0005). Together, these results strongly suggested that
the long-term daily consumption of 0 °C drinking water promoted
the development of AD in APP/PS1 mice.

DISCUSSION
Many previous studies have shown that unhealthy lifestyles may
affect brain health and play a critical role in the pathogenesis and

development of neurodegenerative diseases such as cognitive
decline, dementia, and AD [1, 2]. One of the most important
lifestyle factors in metabolism and brain health is the daily
consumption of beverages, including water [3, 20–22]. While most
studies emphasize the importance of the quantity and quality of
beverages, very little is currently known about the impact of
beverage temperature on cognitive function and AD develop-
ment. In this study, we provide the first compelling experimental
evidence that the long-term daily consumption of 0 °C water not
only impairs cognitive function but also promotes AD develop-
ment and progression. We further explored the underlying
mechanisms of the effects of ice water on cognitive function
and found that the daily consumption of 0 °C water caused (1) a
decrease in pepsin activity and an increase in the EC that resulted
in impaired function of insulin signaling pathways and a
significantly decrease in the protein expression of PI3K and Akt
in the cortex and hippocampus; (2) an imbalance in the synthesis
of neurotransmitters (glutamate vs GABA) in the brain; and (3) an
increase in Aβ plaques and neuronal injury in the hippocampi and
cortices of familial AD (APP/PS1) mice. These findings shed new
light on the significant impact of lifestyle, specifically the
temperature of drinking water or beverages, on the pathogenesis
of cognitive dysfunction, and the development of AD. These

Fig. 6 Effect of the daily administration of 0 °C IW on amyloid lesions and neuropathy in the cortices and hippocampi of APP/PS1 mice.
After the wild-type C57BL/6 mice (W) and APP/PS1 mice (AD model, A) were administered intragastric water (IW, 10mL/kg, 2 times/day) at
either 0 °C (the W-0 °C and A-0 °C groups) or 25 °C (the W-25 °C and A-25 °C groups) for 35 consecutive days, amyloid lesions and neuropathy
in the cortex and hippocampus were observed by immunohistochemistry and H&E staining, respectively. a Yellowish-brown or black-brown
senile plaques (red arrow) in the cortex and hippocampus of each mouse were counted (×200). b Lesions in the cortex and hippocampus
were observed, and lesions with scattered nerve cells (green arrow) and enlarged gaps (blue arrow) in the CA3 region of the hippocampus are
shown (×100; magnification: ×400). c Representative NeuN staining of cells in each group. Brown or black-brown cells are NeuN-positive
cells (×200).
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findings also provide novel mechanistic insights into the effects of
food/beverage temperature on cognitive function and dementia.
These findings are important for the prevention and treatment
of AD.
It is well known that water metabolism plays a significant role in

both gastrointestinal function and cognitive function, which is
closely related to gastrointestinal function through the gut–brain
axis [22, 23]. To date, however, there has been no report on the
role of drinking water temperature on cognitive function.
In this study, we provide the first evidence that the long-term

daily consumption of iced water can aggravate cognitive decline.
Although the number of mice subjected to the passive avoidance
test was relatively small, the results are significant and compelling
because the sample sizes were determined by power analysis, the
3R principle of animal use in experiments and previous studies
[9, 10]. Our power analysis (n= 2 × (μα+ μβ)

2 × σ2/δ2) based on the
ET data from the passive avoidance experiment indicated that our
sample size (wild-type mice, n= 5; APP/PS1 mice, n= 4)was
sufficient for statistical analysis of these data. Similar samples sizes
for the passive avoidance and MWM tests have been used in other
published papers [9, 10].
We next examined whether drinking water temperature affects

gastric function, pepsin activity, and cognition and memory
through the gut–brain axis. We found that the daily consumption
of 0 °C drinking water for 14 consecutive days significantly
decreased the GER and pepsin activity in wild-type KM mice and
that these decreases were accompanied by decreases in body
weight and ET (Fig. 1). The decline in gastrointestinal function led
to insufficient energy supply to the brain and an increased EC in
brain tissues. Similar results were observed in wild-type C57BL/6
mice and APP/PS1 AD mice treated with 0 °C IW for 35 consecutive
days (Fig. 2). We also found that the insulin pathway, which is
critical for the regulation of energy metabolism, was down-
regulated, as demonstrated by significant decreases in the
concentrations of insulin and its two key downstream messengers
in the brain. This may be the major mechanism responsible for the
ice water-induced decline in cognitive and memory and exacer-
bation of AD progression.
It is well established that insulin binds to its receptor and leads

to the automatic phosphorylation of insulin receptor substrate-1
[24]. It then activates PI3K/Akt to participate in glycometabolism.

Numerous previous studies have shown that insulin signal
disorder or insulin resistance contributes to the pathogenesis
of AD [25–27]. This process may be related to the activation of
glycogen synthase kinase 3β, which can induce Aβ accumulation
and tau protein phosphorylation [28]. Recent evidence suggests
however, that tau deletion aggravates insulin resistance in tau
knockout mice [29]. In this study, we found that the daily
consumption of 0 °C drinking water for 35 days significantly
reduced the insulin concentration and the protein levels of
phosphorylated PI3K and Akt in the brain tissues of APP/
PS1 mice.
The decrease in PI3K/Akt phosphorylation was not consistent

with the finding that the ATP concentration was elevated in the
brain. We therefore further examined the possibility that insulin
signaling may not be the only mechanism by which the regulation
of energy metabolism is affected by drinking water temperature.
Other pathways, such as AMPK signaling [30] and the Warburg
effect [31], may take part in the production of energy. Further
analysis revealed that the ADP/ATP ratio was increased signifi-
cantly, indicating the activation of AMPK signaling.
Glutamate and GABA are the major contributors to the

homeostatic balance of the excitatory and inhibitory amino acid
neurotransmitter systems [32]. In addition to acetylcholine, other
neurotransmitters, such as glutamate and GABA, also play an
important role in AD [32, 33]. Accumulated evidence suggests that
GABA type A receptors and transporter 3/4 are increased in AD
patients and model mice [34, 35]. GABA levels are elevated in the
brains and cerebrospinal fluid of AD patients [36, 37]. In this study,
we found that the daily consumption of 0 °C drinking water
caused a significant rise in the GABA level and a decrease in the
glutamate content in the cortex and hippocampus. This suggests
that the daily consumption of 0 °C drinking water causes an
imbalance in excitatory and inhibitory amino acids that may boost
the pathophysiology of depression [38], especially in elderly
people and AD patients [38]. Our results from the open field test
showed that the daily consumption of 0 °C drinking water may
accelerate the formation of AD-like abnormal behavior induced
through imbalances in the synthesis and activity of
neurotransmitters.
A significant change in energy metabolism or neuroenergetics

caused by daily 0 °C IW induced pathomorphological changes in
brain tissues, as evidenced by the significantly increased number
of Aβ plaques in the A-0 °C mice compared with the A-25 °C mice.
Therefore, the daily administration of 0 °C IW promoted amyloid
lesions in the cortices of AD mice. Amyloid protein deposition has
been found in the brains of 12-week-old APP/PS1 mice, and
thioflavin S staining, has shown that Aβ deposition in the brains of
these mice increases by 179 times from 12 to 54 weeks [39].
Another study also showed that APP/PS1 mice have very low Aβ40
and Aβ42 levels at 2 months of age and that these levels begin to
increase at 3–4 months of age [40]. Numerous other studies have
also provided evidence that Aβ deposition is present in the brains
of 3- to 4-month-old APP/PS1 mice [41–43]. The long-term daily
administration of 0 °C IW also induced partially scattered nerve cell
arrangement (green arrow), a decreased number of neurons, and
an enlarged gap (blue arrow) in the CA3 region of the brain
(Fig. 6b) in the APP/PS1 mice. In addition, NeuN staining further
revealed that the daily administration of 0 °C IW caused damage
to hippocampal and cortical neurons (Fig. 6c). Together, these
results strongly suggested that the daily consumption of 0 °C
drinking water promoted the development of AD in APP/
PS1 mice.
In summary, this study provided experimental evidence (Fig. 7)

that the long-term daily consumption of beverages at 0 °C may
alter energy metabolism, central insulin-mediated neuroener-
getics, and the glutamate/GABA ratio, cause cognitive decline and
neuropathy and promote AD progression in mice.

Fig. 7 Schematic of the molecular mechanism underlying the
cognitive decline induced by the long-term consumption of ice
water in APP/PS1 mice. The long-term consumption of ice water
induces neuropathy, such as abnormal nerve cell activity, aggra-
vated senile plaque formation and neuronal injury, and cognitive
decline that is related to (1) decreases in pepsin activity and the
gastric emptying rate, which cause a decrease in calorie intake and
an increase in the consumption of stored energy in the body,
leading to a loss of body weight; (2) a decrease in calorie intake that
induces insufficient peripheral insulin and causes less insulin to be
transported into the brain, which inhibits PI3K/Akt signaling, leading
to abnormal energy metabolism (changes in ATP, the EC and the
ADP/ATP ratio); and (3) an imbalance in neurotransmitters (the
glutamate/GABA ratio).
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