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Abstract. Type‑2 diabetes mellitus (T2dM) causes several 
complications that affect the quality of life and life span 
of patients. Hyperbaric oxygen therapy (HBoT) has been 
used to successfully treat several diseases, including carbon 
monoxide poisoning, ischemia, infections and diabetic 
foot ulcer, and increases insulin sensitivity in T2dM. The 
present study aimed to determine the effect of HBoT on 
β‑cell function and hepatic gluconeogenesis in strepto‑
zotocin (STZ)‑induced type‑2 diabetic mice. To establish a 
T2dM model, 7‑week‑old male c57Bl/6J mice were fed a 
high‑fat diet (HFd) and injected once daily with low‑dose 
STZ for 3 days after 1‑week HFd feeding. at the 14th week, 
HFd+HBoT and T2dM+HBoT groups received 1‑h HBoT 
(2 aTa; 100% pure o2) daily from 5:00 to 6:00 p.m. for 
7 days. The HFd and T2dM groups were maintained under 
normobaric oxygen conditions and used as controls. during 
HBoT, the 12‑h nocturnal food intake and body weight were 
measured daily. Moreover, blood glucose was measured by 
using a tail vein prick and a glucometer. After the final HBO 
treatment, all mice were sacrificed to conduct molecular 
biology experiments. Fasting insulin levels of blood samples 
of sacrificed mice were measured by an ultrasensitive ELISA 
kit. Pancreas and liver tissues were stained with hematoxylin 
and eosin, while immunohistochemistry was performed to 

determine the effects of HBoT on insulin resistance. Tunel 
was used to determine the effects of HBoT on β‑cell apop‑
tosis, and immunoblotting was conducted to determine the 
β‑cell apoptosis pathway. HBoT notably reduced fasting 
blood glucose and improved insulin sensitivity in T2dM 
mice. after HBoT, β‑cell area and β‑cell mass in T2dM mice 
were significantly increased. HBOT significantly decreased 
the β‑cell apoptotic rate in T2dM mice via the pancreatic 
Bcl‑2/caspase‑3/poly(adP‑ribose) polymerase (ParP) apop‑
tosis pathway. Moreover, HBoT improved the morphology 
of the liver tissue and increased hepatic glycogen storage in 
T2DM mice. These findings suggested that HBOT amelio‑
rated the insulin sensitivity of T2dM mice by decreasing the 
β‑cell apoptotic rate via the pancreatic Bcl‑2/caspase‑3/ParP 
apoptosis pathway.

Introduction

With the improvement of living standards, the occurrence of 
metabolic diseases, such as diabetes, is increasing. diabetes 
is a multifactorial and chronic disease that occurs when the 
body cannot produce enough insulin or use insulin effectively, 
resulting in elevated blood glucose levels (1). Type‑2 diabetes 
mellitus (T2dM) is a common type of diabetes. Hyperglycemia 
is the result of insulin resistance and pancreatic β‑cell dysfunc‑
tion (2). Pancreatic β‑cells respond to increased blood glucose 
levels by secreting insulin; however, in T2dM, there is a loss 
of β‑cells (3). deFronzo et al (4) showed that β‑cell function 
was reduced by >80% in patients with impaired glucose 
tolerance and was decreased further in patients with T2dM. 
regulation of β‑cell mass occurs by balancing the forma‑
tion of new β‑cells and the loss of β‑cells (5). Butler et al (6) 
reported that β‑cell apoptosis was increased in T2dM, which 
may cause β‑cell dysfunction.

Hyperbaric oxygen therapy (HBoT) is the process by 
which a patient or animal receives 100% oxygen at pressures 
>1 atmosphere. HBoT has been used to successfully treat 
numerous conditions, including carbon monoxide poisoning, 
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ischemia, infections and wounds (7). as for wound care, HBoT 
can accelerate diabetic foot ulcer healing in patients with 
diabetes mellitus by increasing oxygen dispersion to damaged 
tissues, alleviating inflammation and suppressing the growth of 
anaerobic bacteria (8,9). in patients with diabetic foot, HBoT 
has also been shown to have beneficial effects on glycemic 
control (8). Moreover, HBoT reduces fasting blood glucose 
levels and increased insulin sensitivity (10,11). in T2dM, 
the mechanism involves increased skeletal muscle oxidative 
capacity (12). our previous study demonstrated that HBoT 
improved insulin sensitivity by activating akt protein phos‑
phorylation to promote glucose transporter type 4 (GluT4) 
expression in T2dM, resulting in reduced blood glucose 
levels (13).

However, the effects of HBoT on β‑cell function have not 
been fully studied. although islet cells account for a small 
amount of the total weight of the pancreas, they consume ~10% of 
the total pancreatic blood flow (14). As HBOT increases oxygen 
content in the blood flow, the present study aimed to investigate 
whether HBoT could ameliorate insulin resistance by acting on 
β‑cells.

Materials and methods

Animals and food. adult male c57Bl/6J mice (age, 6 weeks; 
weight, 15‑18 g) were obtained from Qingdao institute Food 
and drug control and housed in standard rodent cages. 
Animals were housed in a temperature‑controlled (23±2˚C) 
and humidity‑controlled (55±20%) animal room (illumination 
from 7:00 to 19:00) with free access to standard food and 
tap water for at least 1 week to adapt to their surroundings. 
The experimental protocols were approved by the Qingdao 
university animal care and use committee and animal 
Welfare committee (approval no. QYFY Wzll26594).

after 1 week of acclimatization, the 7‑week‑old mice were 
fed a high‑fat‑diet (HFd) consisting of 59% basic mice feed, 
20% sugar, 18% lard and 3% egg yolk.

Experimental groups and HBOT. The 24 adult male 
c57Bl/6J mice were randomly divided into the following 
four groups: i) HFd (n=4); ii) HFd+HBoT (n=4); iii) T2dM 
(n=8); and iv) T2dM+HBoT (n=8). Following the contrast 
principle and the single variable principle, the T2dM and 
T2dM+HBoT groups were used as the experimental groups, 
whereas the HFd and HFd+HBoT groups were used as 
the control groups. as the expected success rate of T2dM 
modeling was unknown at first, the sample size of the T2DM 
group was doubled in order to reduce sampling error and 
improve statistical efficiency. As the results showed that the 
rate of successful T2dM model establishment was 100%, the 
sample sizes of the HFd and T2dM groups were 4 and 8, 
respectively.

From the 7th week, all mice were fed a HFD until sacrifice. 
HFd feeding was combined with a subsequent injection of 
low‑dose streptozotocin (STZ, 60 mg/kg; i.p.; cat. no. S0130; 
Sigma‑aldrich; Merck KGaa) to model T2dM. Young adult 
mice are fed a HFd to elicit insulin resistance, multiple injec‑
tions with low‑dose STZ then elicit partial loss of β‑cells, 
which results in hypoinsulinemia and hyperglycemia (15). 
T2dM mice were intraperitoneally injected with low‑dose 

STZ once daily for 3 days after 1‑week HFd feeding. The 
age‑matched HFd mice were injected with the same frequency 
citrate buffer as STZ alone (15,16). Mice with fasting blood 
glucose levels >12 mmol/l were defined as successful T2DM 
models (13).

at the 14th week, HFd+HBoT and T2dM+HBoT groups 
received 1‑h HBoT daily from 5:00 to 6:00 p.m. for 7 days, 
whereas the other two groups received normobaric oxygen 
in the same chamber. HBoT was administered in an animal 
HBo chamber (Moon environmental Technology co., ltd.), 
operating at high pressure (2 aTa) with 100% oxygen, 
including a 5‑min pressure rise adaptation stage, 50‑min stabi‑
lization stage and 5‑min re‑pressurization stage (17). after the 
final HBOT, an intraperitoneal glucose tolerance test (IPGTT) 
was performed. Subsequently, the mice were sacrificed by 
exsanguination following an intraperitoneal injection of 
50 mg/kg sodium pentobarbital. Blood samples were obtained 
from the orbital sinus and stored at ‑20˚C or ‑80˚C until further 
use (18,19).

Food intake and body weight. as mice are primarily nocturnal 
and their feeding activity typically occurs during the night, 
nocturnal food intake was assessed (20). during HBoT, the 
12‑h nocturnal food intake was measured daily to investigate 
the effects of HBoT on nocturnal food intake (20). an elec‑
tronic precision scale (Te412‑l; Sartorius aG) was used to 
weigh the food at 8:00 a.m and 8:00 p.m. The 12‑h nocturnal 
food intake was defined as the weight of the food at 8:00 p.m. 
minus the weight of the food at 8:00 a.m. the following 
morning. an electric balance (Pl1501‑S; Mettler Toledo) 
was used to weigh the mice at 8:00 a.m. after weighing the 
food.

Blood glucose, intraperitoneal glucose tolerance test (IPGTT) 
and insulin level. To determine the success of T2dM model 
establishment, non‑fasting blood glucose (non‑FBG) was 
measured after 42 days of STZ injection by a tail vein prick 
and a glucometer.

Before HBoT, fasting blood glucose (FBG) levels were 
measured in the four groups and then FBG levels were 
assessed again after 7‑day HBoT to observe the effects of 
HBoT on FBG.

FBG was measured at 9:00 a.m. after a 12‑h fast and 
non‑FBG was measured at 2:00 p.m. without fasting.

The iPGTT was performed in the T2dM and T2dM+HBoT 
groups after 7‑day HBoT. The mice were allowed to fast for 
14 h before the iPGTT and then intraperitoneally adminis‑
tered glucose (2 g/kg body weight). using a glucometer, blood 
glucose concentrations were measured at 0, 15, 30, 60, 90 and 
120 min after iPGTT using tail vein blood.

Fasting insulin (Fi) levels of the blood samples obtained 
from sacrificed mice were measured using an ultrasensitive 
eliSa Kit (cat. no. cea448ra, Wuhan uScn Business 
co., ltd.). The homeostasis model assessment for insulin 
resistance and β‑cell function (HoMa‑ir and HoMa‑β, 
respectively) indices were also measured (21). The 
HoMa‑ir was calculated as follows: Fi (mu/ml) x FBG 
(mmol/l)/22.5. The HoMa‑β was calculated as follows: 
20 x Fi/(FBG‑3.5) (22).
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Fat mass and pancreas weight. electronic precision scales 
were used to measure fat mass, including inguinal adipose 
tissue, epididymal adipose tissue and pancreas weight. The 
sum of the inguinal white adipose tissue (iWaT) weight and 
epididymal white adipose tissue (eWaT) weight was calcu‑
lated to assess the total weight of the fat pad, reflecting the 
balance of fat accumulation and metabolism. The current 
study calculated the pancreas weight coefficient as follows: 
Pancreas weight/body weight on the 8th day.

Hematoxylin and eosin (H&E) staining. Pancreatic and 
liver tissues were fixed in 4% formaldehyde at 4˚C for 24 h. 
after dehydration with various ethanol concentrations (75, 
80, 85, 95 Ⅰ, 95 Ⅱ, 100 Ⅰ and 100% Ⅱ, 5 min each at room 
temperature) and clarifying with xylene (xylene Ⅰ and 
xylene Ⅱ, 10 min each at room temperature), the tissues were 
embedded in soft paraffin, hard paraffin and mixed paraffin 
(1 h for each) before sectioning, the temperature was 2‑3˚C 
above the melting point, at last the tissues were solidified in 
the mixed paraffin at room temperature. After sectioning into 
4‑6‑µm sections using a paraffin slicing machine (RM2016; 
leica Microsystems, inc.), the tissue sections were stained 
using a hematoxylin‑eosin staining kit (cat. no. c0105; 
Beyotime institute of Biotechnology). The light microscope 
(cX31; olympus corporation) was used to observe staining 
results. cell numbers were counted using imageJ software 
(version 1.8.0; national institutes of Health).

Immunohistochemistry. Paraffin‑embedded sections (thick‑
ness, 4‑6‑µm) were used to determine the effects of HBoT on 
insulin resistance. Pancreatic tissues were fixed in 4% formal‑
dehyde at 4˚C for 24 h. After dehydration with various ethanol 
concentrations (5 min each at room temperature) and clari‑
fying with xylene (xylene Ⅰ and xylene Ⅱ, 10 min each at room 
temperature), the tissues were embedded in soft paraffin, hard 
paraffin and mixed paraffin (1 h for each) before sectioning, 
the temperature was 2‑3˚C above the melting point, lastly the 
tissues were solidified in the mixed paraffin at room tempera‑
ture. after sectioning, the tissues were dewaxed by xylene for 
(xylene Ⅰ and xylene Ⅱ) 10 min each at room temperature and 
placed in different ethanol concentrations (100 Ⅰ, 100 Ⅱ, 95 Ⅰ, 
95 Ⅱ, 85, 80 and 75%) for 5 min each at room temperature. 
Following antigen retrieval by heating at 95˚C in citrate buffer 
for 1 h, the sections were quenched with 0.3% hydrogen 
peroxide at room temperature for 30 min. after three washes 
in 0.01 M PBS, the sections were blocked with 1% BSa 
(cat. no. 1213G057; Beijing Solarbio Science & Technology 
Co., Ltd.) in 0.01 M PBS for 1 h at 37˚C. Subsequently, the 
sections were incubated with a rabbit anti‑insulin primary 
antibody (1:200; cat. no. 4590; cell Signaling Technology, 
Inc.) overnight at 4˚C. The sections were then incubated with 
a HrP‑conjugated secondary antibody (cat. no. ZB2301; 
Zsbio; http://www.zsbio.com/product/ZB‑2301) for 3 h at 
37˚C. Finally, 3,3'diaminobenzidine (DAB) staining was 
performed using a kit (cat. no. Zli‑9018; Zsbio) according to 
the manufacturer's protocol. The nuclei were stained for 30 sec 
to 1 min, then the sections were rinsed with running water 
for 10 min. Differentiation: 70, 90, 100 Ⅰ, 100% Ⅱ ethanol, 
xylene Ⅰ and xylene Ⅱ, 2 min each at room temperature. The 
slides were removed from xylene and neutral gum was used to 

seal the slides. The morphology was assessed using a cX31 
light microscope (olympus corporation). The β‑cell area ratio 
was assessed using image‑Pro Plus software (Version 6.0, 
Media cybernetics, inc.). The β‑cell mass was calculated 
by the β‑cell area ratio and pancreas weight (23,24): β‑cell 
mass=β‑cell area ratio x pancreas weight.

TUNEL assay. Paraffin‑embedded sections (thickness, 
4‑6‑µm) were used to determine the effects of HBoT on 
β‑cell apoptosis. Pancreatic tissues were fixed in 4% form‑
aldehyde at 4˚C for 24 h. After dehydration with various 
ethanol concentrations (5 min each at room temperature) 
and clarifying with xylene (xylene Ⅰ and xylene Ⅱ, 10 min 
each at room temperature), the tissues were embedded in 
soft paraffin, hard paraffin and mixed paraffin (1 h for each) 
before sectioning, the temperature was 2‑3˚C above the 
melting point, lastly the tissues were solidified in the mixed 
paraffin at room temperature. After sectioning, the tissues 
were dewaxed by xylene (xylene Ⅰ and xylene Ⅱ) for 20 min 
each and placed in different ethanol concentrations (100 Ⅰ, 
100 Ⅱ, 95 Ⅰ, 95 Ⅱ, 85, 80 and 75%) for 5 min each at room 
temperature, then the tissues were incubated in 0.1% Triton 
for 10 min. after four washes with PBS (2 min per wash), the 
sections were incubated with protease K (20 µg/ml in 10 mM 
Tris‑Hcl, pH 8.0) and digested for 15 min. Subsequently, the 
sections were incubated in labeling buffer for 2 h at 37˚C. 
after rinsing three times with PBS, the sections were stained 
using a Tunel cell apoptosis detection kit iii (FiTc, cat. 
no. MK1023; Boster Biological Technology) according to the 
manufacturer's protocol. Sections were also immunostained 
with anti‑insulin antibody to identify β‑cells, they were 
incubated with a rabbit anti‑insulin primary antibody (1:200; 
cat. no. 4590; cell Signaling Technology, inc.) overnight 
at 4˚C and incubated with a HRP‑conjugated secondary 
antibody (cat. no. ZB2301; Zsbio) for 3 h at 37˚C. The slides 
were rinsed in 0.01 M PBS buffer and mounted in fluores‑
cent mounting medium (dako; agilent Technologies, inc.). 
Differentiation: 70, 90, 100 Ⅰ, 100% Ⅱ ethanol, xylene Ⅰ and 
xylene Ⅱ, 2 min each at room temperature. The slides were 
removed from xylene and neutral gum was used to seal the 
slides. The stained sections were visualized using a fluores‑
cence microscope and apoptotic cell numbers were counted 
using imageJ software (version 1.8.0; national institutes of 
Health). in total, 20 islets were chosen at random from each 
group of individual mice.

Western blotting. Total protein was isolated from pancreatic 
tissues using riPa buffer (cat. no. P0013B; Beyotime institute 
of Biotechnology) supplemented with protease inhibitors (1:100; 
cat. no. P1005; Beyotime institute of Biotechnology). after 
centrifugation at 14,000 x g for 10 min (4˚C), protein concen‑
trations were determined using a Bca assay (cat. no. P0012; 
Beyotime institute of Biotechnology). Proteins were denatured 
in sodium dodecyl sulfate sampling buffer (95˚C for 5 min), 
then separated using 12% polyacrylamide gel electrophoresis. 
after transferring to PVdF membranes (cat. no. iPVH00010, 
MilliporeSigma) over 2 h, the membranes were blocked with 
5% FBS (cat. no. 9048‑46‑8, Beijing Solarbio Science & 
Technology co., ltd.) for 2 h at room temperature. The mass of 
protein was 30 µg/12 µl per lane. Subsequently, the membranes 
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were incubated at 4˚C overnight with primary antibodies 
targeted against the following: Bax (rabbit igG; cat. no. 2772; 
1:2,000; cell Signaling Technology, inc.), Bcl‑2 (rabbit igG; 
cat. no. ab196495; 1:2,000; abcam), caspase‑3 (casp‑3, rabbit 
igG; cat. no. ab184787; 1:2,000; abcam), cleaved casp‑3 (rabbit 
igG; cat. no. ab214430; 1:2,000; abcam), poly(adP‑ribose) 
polymerase (ParP; rabbit igG; cat. no. 9532; 1:2,000; cell 
Signaling Technology, inc.), cleaved ParP (rabbit igG; 
cat. no. 5625; 1:2,000; cell Signaling Technology, inc.) and 
β‑actin (rabbit igG; cat. no. 4967; 1:4,000; cell Signaling 
Technology, inc.). The membranes were then incubated with 
a goat anti‑rabbit igG H&l HrP‑conjugated secondary anti‑
body (cat. no. ab6721; 1:2,000; abcam) at room temperature 
for 1 h. Protein bands were visualized using immobilon 
western chemiluminescent substrate (cat. no. WBKlS0100; 
200 µl; MilliporeSigma) and a uVP 810 gel‑imager (analytik 
Jena AG). Protein expression was semi‑quantified using ImageJ 
software (version 1.8.0, national institutes of Health).

Statistical analysis. The experiments were repeated >2 times. 
data are presented as the mean ± SeM. comparisons between 
two groups were analyzed using the unpaired Student's t‑test. 
comparisons among multiple groups were analyzed using 
one‑way anoVa followed by Tukey's post hoc test. GraphPad 
Prism (GraphPad Software, inc, version 7.0.) and SPSS (SPSS 
inc, version 22.0) software were used to create graphs and 
perform statistical analyses. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Establishment of the T2DM mouse model. non‑FBG was 
measured for 2 consecutive days after 42 days injecting 
low‑dose STZ (Fig. 1a). FBG was measured before the 
HBo intervention (Fig. 1B). Both the non‑FBG (22.81±1.88 
vs. 12.23±0.73 mmol/l; P<0.01) and FBG (12.30±1.14 vs. 
7.71±0.79 mmol/l; P<0.01) levels of the T2dM group were 
significantly higher compared with those in the HFD group, 
which indicated successful establishment of the T2dM 
model. no mice died during the model establishment and the 
successful T2dM model establishment rate was 100%.

Effects of HBOT on nocturnal feeding and body weight in 
T2DM mice. during HBoT, all mice were fed separately 

for 7 days and their 12‑h nocturnal feeding and body weight 
were assessed daily. There were no marked differences 
among the HBoT groups in 12‑h nocturnal food intake 
(P>0.05; Fig. 2a). The body weight appeared to increase at 
first, then decrease; however, there were no significant differ‑
ences among the four groups (P>0.05; Fig. 2B). Body weight 
gain after HBo intervention was determined on the 8th day, 
and the results indicated that HBoT did not reduce body 
weight gain in both the HFd (1.292±0.021 vs. 0.922±0.19 g; 
P>0.05) and T2dM (1.164±0.102 vs. 0.891±0.059 g; P>0.05) 
groups (Fig. 2c).

Effects of HBOT on blood glucose and insulin sensitivity in 
T2DM mice. HBoT notably reduced FBG in T2dM mice 
(11.63±1.26 vs. 8.11±0.74 mmol/l; P>0.05; Fig. 3a). The 
glucose tolerance tests showed that HBoT significantly 
reduced peak blood glucose levels at 15 min (21.48±2.88 vs. 
14.26±2.51; P<0.05; Fig. 3B) and the area under the blood 
glucose curve within 120 min of iPGTT (1,628±185 vs. 
1,425±72; P<0.05; Fig. 3c) in T2dM mice, suggesting that 
HBoT reduced FBG levels and improved glucose tolerance 
in T2dM.

To assess insulin resistance and β‑cell function, 
HoMa‑ir and HoMa‑β were calculated. The HoMa‑ir 
of T2DM mice was significantly higher compared with that 
of HFd mice (8.98±0.55 vs. 2.96±0.27; P<0.001). There 
were no significant differences between the two HFD groups 
(2.96±0.272 vs. 3.25±0.12; P>0.05). compared with the 
T2DM group, the HOMA‑IR was significantly reduced in 
the T2dM+HBoT group (8.98±0.55 vs. 6.17±0.21; P<0.01; 
Fig. 3d). The HoMa‑β of T2DM mice was significantly 
lower compared with that in the HFd group (0.362±0.84 
vs. 1.084±0.102; P<0.01). Moreover, there was no significant 
difference between the two HFd groups or between the two 
T2dM groups (P>0.05; Fig. 3e).

Effects of HBOT on fat pad and pancreas weight in T2DM 
mice. Visceral adipose tissue and subcutaneous adipose 
tissue are considered as distinct types of white fat. Typically, 
the inguinal fat weight is measured to reflect subcutaneous 
adipose tissue and the epididymal fat weight is measured to 
reflect visceral adipose tissue (25,26). Therefore, the weights 
of visceral epididymal fat and inguinal subcutaneous fat 
were measured in the present study.

Figure 1. Blood glucose levels after streptozotocin injection in T2dM mice. (a) non‑fasting blood glucose and (B) fasting blood glucose levels in the T2dM 
and HFd groups. data are presented as the mean ± SeM. **P<0.01. T2dM, type‑2 diabetes mellitus; HFd, high‑fat diet.
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The weight of the inguinal subcutaneous adipose tissue 
was significantly lower in the T2DM+HBOT group compared 
with that in the T2dM group (0.311±0.019 vs. 0.451±0.034 g; 
P<0.01; (Fig. 4a), although there was no significant difference 
in the weight of the visceral epididymal adipose tissue between 
these two T2DM groups (P>0.05; Fig. 4B). HBOT significantly 
decreased the sum of iWaT and eWaT weight in T2dM mice 
(0.592±0.049 vs. 0.856±0.067 g; P<0.05; Fig. 4c). compared 
with the T2dM group, the pancreas weight (0.206±0.012 vs. 
0.143±0.004 g; P<0.01) and the pancreas weight coefficient 
were significantly increased in the T2dM+HBoT group 
(0.849±0.053 vs. 0.582±0.026; P<0.01; Fig. 4d and e).

Effects of HBOT on pancreas β‑cell morphology and struc‑
ture in T2DM mice. The islets were divided into large and 

small islets; those with >10 islet cells were defined as large 
islets and those with ≤10 cells as small islets.

H&e staining showed that the number of small islets was 
higher, whereas the number of large islets was lower in the 
T2dM group compared with the HFd group. after HBoT, the 
number of large islets increased significantly in T2DM mice 
(0.52±0.016 vs. 0.42±0.019; P<0.01; Fig. 5a).

The β‑cell area in the T2dM group was significantly 
smaller compared with that in the HFd (3.77±0.38 vs. 
6.097±0.88; P<0.05) and HFd+HBoT (3.77±0.38 vs. 8.77±1.18; 
P<0.05) groups. after HBoT, the β‑cell area in T2dM 
mice was significantly increased (3.77±0.38 vs. 7.68±1.68; 
P<0.05), albeit smaller compared with that in the HFd and 
HFd+HBoT groups (Fig. 5B). in the T2dM mice, the β‑cell 
mass was significantly lower in pancreatic tissue compared 

Figure 2. effects of HBoT on nocturnal feeding, body weight and body weight gain. effects of 7‑day HBoT on (a) nocturnal food intake and (B) body weight. 
(c) HBo‑induced body weight gain after 7‑day HBo intervention. data are presented as the mean ± SeM. HBo, hyperbaric oxygen; HFd, high‑fat diet; 
T2dM, type‑2 diabetes mellitus; HBoT, hyperbaric oxygen therapy.

Figure 3. effects of HBoT on blood glucose and insulin sensitivity. (a) Fasting blood glucose pre‑ and post‑7‑day HBoT. (B) intraperitoneal glucose toler‑
ance test in T2dM mice after 7‑day HBoT. (c) auc in the T2dM and T2dM+HBoT groups after 7‑day HBoT. (d) HoMa‑ir and (e) HoMa‑β values 
in the HFd and T2dM groups. data are presented as the mean ± SeM. *P<0.05 and **P<0.01; #P<0.05, ##P<0.01 and ###P<0.001; &P<0.05 and &&&P<0.001. 
HBo, hyperbaric oxygen; T2dM, type‑2 diabetes mellitus; auc, area under the blood glucose curve; HoMa‑ir, homeostatic model assessment of insulin 
resistance; HoMa‑β, homeostatic model assessment of β‑cell function; HFd, high‑fat diet; HBoT, hyperbaric oxygen therapy.
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with the HFd group (0.0103±0.0019 vs. 0.005463±0.000691; 
P<0.05). However, HBOT significantly increased β‑cell mass 
by ~2‑fold without HBoT in T2dM mice (0.005463±0.000691 
vs. 0.015201±0.001261; P<0.01; Fig. 5c).

Effects of HBOT on pancreas β‑cell apoptosis in T2DM mice. 
The TUNEL results showed that HBOT significantly reduced 
the β‑cell apoptotic rate in T2dM mice (0.3588±0.01237 vs. 
0.1550±0.00898; P<0.001; Fig. 6a).

To further investigate the mechanism underlying 
HBo‑mediated inhibition of β‑cell apoptosis, the expression 

levels of the apoptosis‑related proteins Bax/Bcl‑2, caspase‑3 
and downstream ParP were measured in pancreatic tissue. 
after HBoT, the expression levels of Bax were markedly 
decreased, whereas Bcl‑2 expression levels were notably 
increased, resulting in a significantly decreased Bax/Bcl‑2 ratio 
in T2dM mice. The expression levels of cleaved caspase‑3 and 
cleaved PARP were significantly lower in the T2DM+HBOT 
group compared with those in the T2dM group (Fig. 6B).

Effects of HBOT on hepatic gluconeogenesis in T2DM 
mice. H&e staining showed that the arrangement cords of 

Figure 4. effects of HBoT on fat and pancreas weight. effects of HBoT on the weight of (a) inguinal fat, (B) epididymal fat and (c) the sum weight of the 
inguinal fat and epididymal fat. (d) Pancreas weight in T2dM mice and HFd mice. (e) ratio of pancreas weight to the 8th body weight. data are presented 
as the mean ± SeM. *P<0.05 and **P<0.01. HBo, hyperbaric oxygen; T2dM, type‑2 diabetes mellitus; HFd, high‑fat diet; HBoT, hyperbaric oxygen therapy; 
iWaT, inguinal white adipose tissue; eWaT, epididymal white adipose tissue.

Figure 5. effects of HBoT on pancreatic β‑cell morphology and structure. (a) H&e staining of the pancreas (scale bar, 68 µm). effects of HBoT on the 
number of islets. (B) representative immunohistochemistry images of insulin staining in pancreatic tissues (Scale bar, 142 µm). effects of HBoT on β‑cell 
area. (c) effects of HBoT on β‑cell mass. data are presented as the mean ± SeM. *P<0.05 and **P<0.01; #P<0.05 and ###P<0.001; &P<0.05 and &&&P<0.001. 
HBo, hyperbaric oxygen; HFd, high‑fat diet; HBoT, hyperbaric oxygen therapy; T2dM, type‑2 diabetes mellitus.
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hepatocytes appeared more orderly after HBoT, and there 
were fewer intracytoplasmic vacuoles and inflammatory cells. 
The nuclei were larger and located in the center, and there 
was less shrinkage and necrosis than in the T2dM group 
(Fig. 7a). HBoT increased hepatic glycogen storage in T2dM 
mice (Fig. 7B).

Discussion

Diabetes mellitus has emerged as a significant public health 
issue worldwide, and T2dM is a common type of diabetes, 
accounting for 90‑95% cases (27). environmental and genetic 
factors cause β‑cell dysfunction and insulin resistance (28), 
with hyperglycemia and lipid metabolism disorders as the main 
symptoms. Hyperglycemia may affect the function of tissues and 
organs, including the kidneys, eyes and the nervous system (29), 
if not controlled by medical, nutritional or physical interven‑
tions (30). The complications of T2dM result in severe health 
and social problems if untreated or mishandled, eventually 
reducing the quality of life and life span of patients (31).

insulin resistance and β‑cell dysfunction are responsible for 
hyperglycemia in T2dM and can result in numerous metabolic 
abnormalities (32,33). insulin resistance is an inadequate biolog‑
ical response to target tissue insulin stimulation, such as the 
liver, muscle and adipose tissue (34). insulin resistance impairs 
glucose metabolism, resulting in compensatory increases in 
β‑cell insulin production and hyperinsulinemia (35). The causes 
of insulin resistance include obesity, diabetes and physical inac‑
tivity, although there may also be genetic factors (36). Therefore, 
the mechanisms involved in the development of insulin resis‑
tance are multifactorial.

HBo therapy is a relatively safe and non‑invasive treatment 
that has been applied in various diseases, including diabetic 
patients with non‑healing foot ulcers (8). HBoT has also been 
reported to reduce FBG and increased insulin sensitivity (10,11). 
our previous study also demonstrated consistent results. in 
T2dM mice, HBoT improved insulin sensitivity by activating 
muscle akt protein phosphorylation to promote GluT4 
expression (13). Skeletal muscle serves an essential role in 
regulating blood glucose, accounting for ~75% of total glucose 

Figure 6. effects of HBoT on β‑cell apoptosis. (a) Tunel staining of β‑cell apoptosis. Red fluorescence indicates pancreatic β‑cells and green fluorescence 
indicates apoptotic cells (scale bar, 252 µm), white arrows indicate Tunel+ β‑cells (%). (B) effects of HBoT on the expression levels of apoptosis‑related 
proteins, including Bax/Bcl‑2, casp‑3 and ParP, in pancreatic tissue. data are presented as the mean ± SeM. *P<0.05, **P<0.01 and ***P<0.001. HBo, hyperbaric 
oxygen; ParP, poly(adP‑ribose) polymerase; HFd, high‑fat diet; HBoT, hyperbaric oxygen therapy; T2dM, type‑2 diabetes mellitus; casp, caspase.

Figure 7. effects of HBoT on hepatic gluconeogenesis. (a) representative H&e staining of the liver (Scale bar, 272 µm). (B) representative H&e staining of 
glycogen in the liver. Green arrows point to glycogen (Scale bar, 272 µm). HBo, hyperbaric oxygen; HFd, high‑fat diet; HBoT, hyperbaric oxygen therapy; 
T2dM, type‑2 diabetes mellitus.
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clearance (37). in type‑1 diabetes mellitus (T1dM) model 
mice, HBoT improved glucose metabolism by protecting islet 
β‑cells and enhancing hepatic glycogen storage (19).

The liver is another vital organ for glucose metabolism 
and energy balance. in a fasting state, hepatic gluconeogenesis 
fills the need for glucose by the brain. By contrast, the liver 
stores glucose as glycogen or fat while in the fed state (38). 
Faleo et al (39) reported that HBoT preserved islet β‑cell 
mass by stimulating proliferation, inhibiting apoptosis and 
suppressing insulitis in non‑obese diabetic mice. Therefore, 
the present study focused on the effects of HBoT on blood 
glucose, pancreas β‑cell state and hepatic glycogen storage 
in T2dM mice. due to the limited application of HBoT in 
diabetes, previous studies are limited, and the effect of HBoT 
on diabetes requires further study.

in the present study, the T2dM and T2dM+HBoT were 
established as the experimental groups, and the HFd and 
HFd+HBoT groups were established as the control groups. 
a key limitation of the present study was lack of a normal diet 
group, which would have been more rigorous.

The successful T2dM model establishment rate was 100%, 
and no mice died during model establishment. Both non‑FBG 
and FBG levels of the T2dM group were higher compared 
with those in the HFd group, suggesting the success of T2dM 
model establishment. as the success rate of T2dM modeling 
is unknown at first, the sample size of the T2DM group was 
doubled in order to reduce sampling error and improve statis‑
tical efficiency. The current results showed that the rate of 
successful T2dM model‑building was 100%, so the sample 
size of the T2dM group and the HFd group were different, 
which is another limitation of the present study.

after establishing the T2dM model, HBoT (2.0 aTa, 
100% o2, 1 h per day) was administered for 7 consecu‑
tive days. during HBoT, 12‑h nocturnal food intake was 
measured every day to investigate the effects of HBoT on 
nocturnal food intake, but no remarkable differences among 
the HBOT groups were identified. The feeding results were 
inconsistent with our previous work, which indicated that 
HBoT increased the cumulative food intake in the last 12 h in 
T2dM mice (13). This difference may be due to the method 
of monitoring. as for the 7‑day body weight, there were no 
significant differences among the four groups, and HBOT did 
not markedly reduce the body weight gain on the 8th day in 
both the HFD and T2DM groups. After sacrifice, fat mass, 
including inguinal subcutaneous adipose tissue and visceral 
epididymal adipose tissue, was measured. HBoT decreased 
inguinal fat, and the sum of inguinal fat and epididymal fat 
in T2dM mice, potentially via increasing fat utilization, 
accelerating fat metabolism and reducing fat accumulation in 
diabetic mice.

HBOT significantly reduced peak blood glucose levels at 
15 min and the area under the blood glucose curve within 
120 min of IPGTT in T2DM mice. These findings suggested 
that HBoT improved glucose tolerance in T2dM mice. 
Subsequently, HoMa‑ir and HoMa‑β were calculated to 
assess insulin resistance and β‑cell function, respectively. The 
HOMA‑IR of T2DM mice was significantly higher compared 
with that of HFd mice, indicating that T2dM mice displayed 
severe insulin resistance. The HoMa‑ir was significant 
reduced in the T2dM+HBoT group compared with that 

in the T2dM group, indicating that HBoT significantly 
improved insulin sensitivity. The HoMa‑β results suggested 
that β‑cell function in the T2dM group was significantly 
lower compared with that in the HFd group. However, HBoT 
did not have a significant therapeutic effect on β‑cell function 
in T2dM mice.

The H&e staining results showed that HBoT signifi‑
cantly increased large islets (>10 cells). Both β‑cell area 
and β‑cell mass were increased in the pancreatic tissue 
after HBoT in the T2dM mice. although there was no 
significant therapeutic effect between the HFD groups, a 
therapeutic trend consistent with those in the T2dM groups 
was observed following HBoT. Moreover, β‑cell area in 
the T2DM group was significantly smaller compared with 
that in the HFd group, and the β‑cell mass in the T2dM 
group was significantly lower compared with that in the HFD 
group. These results indicated that the β‑cell morphology 
and structure were more severely damaged in T2dM mice 
compared with those in HFd mice, which provided a poten‑
tial explanation for the lack of significant therapeutic effect 
in the HFd+HBoT group.

To investigate the underlying mechanism, the Tunel 
assay was used to measure the effects of HBoT on pancre‑
atic β‑cell apoptosis. HBoT significantly reduced the 
apoptotic rate in T2DM mice, confirming the findings of 
Faleo et al (39). Subsequently, apoptotic protein expres‑
sion levels were measured. The results indicated that 
HBo reduced the β‑cell apoptotic rate via the pancreatic 
Bcl‑2/caspase‑3/ParP apoptosis pathway in T2dM mice. By 
contrast, Matsunami et al (40) demonstrated that HBo expo‑
sure induced pancreas apoptosis in STZ‑induced diabetic 
rats. However, the present study investigated the effects of 
HBoT on T2dM mice, whereas Matsunami et al used T1dM 
model rats. Therefore, further research is required to confirm 
these results.

The liver is an essential organ in glucose metabolism (38). 
our previous study demonstrated that HBoT enhanced 
hepatic glycogen storage in T2dM mice (19). The results of 
the present study suggested that HBo improved the structure 
of hepatocytes and increased hepatic glycogen storage in 
T2dM mice.

in conclusion, examining the underlying mechanism for 
pancreatic β‑cell apoptosis is crucial for understanding the 
pathogenesis of diabetes. To the best of our knowledge, the 
present study was the first to report that HBoT increased 
insulin sensitivity by reducing β‑cell apoptosis via the pancre‑
atic Bcl‑2/caspase‑3/ParP apoptosis pathway in T2dM mice, 
which suggested that HBoT may represent a potential treat‑
ment for patients with T2dM.
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