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Abstract. Type 1 diabetes mellitus (T1dM) is an auto-
immune disorder for which the only effective therapy is 
insulin replacement. Hyperbaric oxygen (HBo) therapy has 
demonstrated potential in improving hyperglycemia and as 
a treatment option for T1dM. Ghrelin and HBo have been 
previously reported to exert proliferative, anti-apoptotic and 
anti‑inflammatory effects in pancreatic cells. The present study 
investigated the mechanism underlying HBo- and ghrelin 
system-mediated regulation of glucose metabolism. Male 
c57Bl/6 mice were intraperitoneally injected with strepto-
zotocin (STZ; 150 mg/kg) to induce T1dM before the diabetic 
mice were randomly assigned into the T1dM and T1dM + 
HBo groups. Mice in the T1dM + HBo group received HBo 
(1 h; 100% oxygen; 2 atmospheres absolute) daily for 2 weeks. 
Significantly lower blood glucose levels and food intake were 
observed in mice in the T1dM + HBo group. Following HBo 
treatment, islet β-cell area were increased whereas those of 
α-cell were decreased in the pancreas. in addition, greater 
hepatic glycogen storage in liver was observed, which coin-
cided with higher pancreatic glucose transporter 2 (GluT2) 
expression levels and reduced hepatic GluT2 membrane 
trafficking. There were also substantially higher total plasma 
ghrelin concentrations and gastric ghrelin-o-acyl transferase 
(GoaT) expression levels in mice in the T1dM + HBo group. 
HBo treatment also abolished reductions in pancreatic GoaT 

expression levels in T1dM mice. additionally, hepatic growth 
hormone secretagogue receptor-1a levels were found to be 
lower in mice in the T1dM + HBo group compared with those 
in the T1dM group. These results suggest that HBo admin-
istration improved glucose metabolism in a STZ-induced 
T1dM mouse model. The underlying mechanism involves 
improved insulin-release, glucose-sensing and regulation of 
hepatic glycogen storage, an observation that was also likely 
dependent on the ghrelin signalling system.

Introduction

Type 1 diabetes mellitus (T1dM) is a chronic metabolic 
disorder that is characterized by the destruction of islet β-cells 
and lack of insulin production (1). The progressive dysfunc-
tion and decline in β-cell mass results in patients relying on 
exogenous insulin to maintain glucose homeostasis. However, 
achieving strict daily glycemic control is difficult for many 
patients (1,2). 

due to its safe and non-invasive nature, hyperbaric oxygen 
(HBo) treatment has emerged since the 1990s as a potential 
alternative treatment strategy for autoimmune diseases (3). 
HBo has been demonstrated to exhibit anti-inflammatory 
properties (4), such as mobilizing bone marrow stem cells 
and activating the antioxidant enzyme system to improve 
tissue defense (5-7). clinical studies have previously revealed 
the improvement of hyperglycaemia in patients with diabetes 
undergoing HBo treatment (8,9). HBo has also been reported 
to prevent hyperglycaemia and improve muscle oxidative 
capacity in rodents with T2dM (10,11). Faleo et al (12) found 
that 2-week HBo treatment preserved islet β-cell mass by 
stimulating proliferation, inhibiting apoptosis and suppressing 
insulitis, thus decreasing the incidence of autoimmune 
diabetes in non-obese diabetic mice. nevertheless, the mecha-
nism of action underlying the effects of HBo has not yet been 
fully elucidated. in addition to the pancreas, the liver is also 
an important organ for maintaining blood glucose balance by 
storing glucose as glycogen and releasing glucose by glycogen 
degradation and gluconeogenesis (13). However, to date it 
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remains unclear whether HBo exhibits a therapeutic effect on 
liver glycogen storage and glucose production in T1dM.

The ghrelin system consists of four components: Ghrelin, 
ghrelin-o-acyl transferase (GoaT), growth hormone secreta-
gogue receptor-1a (GHSr) and liver expressed antimicrobial 
peptide 2 (leaP2) (14,15). Ghrelin is a 28-amino acid peptide 
that is secreted primarily by the stomach as the endogenous 
ligand for GHSr (16,17), whilst leaP2 is the endogenous 
antagonist of GHSr (15). Ghrelin possesses a unique 
post‑translational modification where it is O‑acylated at its 
serine 3 residue by GoaT, which is necessary for binding to 
GHSr (18). The ghrelin system serves a key role in regulating 
energy metabolism. Zhao et al (19) previously demonstrated 
that it is essential for mouse survival during calory restric-
tion. Ghrelin has also been found to suppress inflammation, 
exert immunoregulatory (20-22) and anti-edematous effects 
in the context of brain hypoxia (23,24). Ghrelin, GoaT and 
GHSr are all expressed in pancreatic islet cells, suggesting 
that ghrelin mediates physiological effects on the pancreas 
via paracrine or autocrine pathways (25,26). a number of 
studies have demonstrated that ghrelin stimulates prolifera-
tion whilst inhibiting apoptosis to protect cells, such as retinal 
ganglion cells and osteoblastic Mc3T3-e1 cells (27-30). in 
particular, it has also been demonstrated that overexpression 
of intra-islet ghrelin increases the proliferation of islet β-cells 
in a streptozotocin (STZ)-induced β-cell injury model (31). 
exogenous injection of ghrelin has been demonstrated to 
delay the development of autoimmune diabetes by mitigating 
insulitis and β-cell mass loss in BioBreeding/Worcester 
rats (32). Furthermore, certain studies have found that ghrelin 
regulates GluT2 expression (33,34) and stimulate hepatic 
gluconeogenesis (35). 

Since both ghrelin and HBo therapy have been documented 
to stimulate proliferation and exhibits anti‑inflammation and 
anti-edematous effects, it was investigated whether HBo 
influenced circulating ghrelin levels, in addition to GOAT and 
GHSr protein expression in the pancreas and liver of T1dM 
mice.

The present study aimed to investigate the mechanism 
underlying the amelioration of hyperglycemia induced by 
T1dM following 2-week HBo treatment. Subsequently, it was 
further investigated if the ghrelin system lie downstream of 
HBo treatment.

Materials and methods

Animals. a total of 20 c57Bl/6J male mice (age, 8 weeks; 
weight, 27-31 g) were obtained from Qingdao institute of drug 
control (Qingdao, china), and were acclimatized at the animal 
facility (21‑25˚C; 55±20% humidity; 12‑h light/dark cycle) in 
specific pathogen‑free conditions with ad libitum access to 
food and water for 1 week prior to experimentation. 

To establish a T1dM mouse model, 15 mice were intra-
peritoneally (i.p.) injected with STZ (150 mg/kg) 12 h after 
fasting (36), whilst the other five mice received an equivalent 
volume (7.5 ml/kg) of citrate buffer. after 7 days, blood 
glucose levels were measured from tail vein blood (~50 µl) 
using a glucometer (B. Braun Melsungen aG). all mice 
exhibiting random blood glucose ≥16.7 mmol/l accompanied 
by excessive drinking, eating, urination and weight loss were 

considered to be type 1 diabetic (37). These mice were then 
randomly divided into three groups: i) control (con, n=5); 
ii) T1dM (n=8); and iii) T1dM + HBo (n=7). 

Animals were sacrificed following the final HBO treat-
ment by exsanguination following anaesthesia via an i.p. 
injection of sodium pentobarbital (50 mg/kg). The tail of the 
pancreas and liver were then fixed in 4% paraformaldehyde 
at 4˚C for 24 h and embedded in paraffin and sectioned 
at 5 µm for histology assessment. other samples of pancreas, 
liver and stomach tissue were stored at ‑80˚C for western 
blotting. Heparin sodium salt (cat. no. H8060-1g; Beijing 
Solarbio Science & Technology co., ltd.) was added to the 
blood samples as an anticoagulant, following which the blood 
was centrifuged using a refrigerated centrifuge (eppendorf) to 
obtain the plasma (4˚C, 20,000 x g, 15 min). Plasma samples 
were stored at ‑20˚C for further analysis.

HBO treatment. HBo treatment was performed once per day 
for 2 weeks. Briefly, mice were transferred into the animal 
hyperbaric oxygen chamber, which was ~40x100 cm in size 
(Yantai Moon oxygen chamber co., ltd.) at 7:00 p.m. Mice 
in the con and T1dM groups were placed into a hyperbaric 
oxygen chamber without HBo treatment. The hyperbaric 
session began with pressure rising gradually over a 5-min 
period, followed by continuous exposure to 100% oxygen at 
2.0 atmospheres absolute (aTa) for 60 min. The chamber 
pressure was then gradually decreased over another 5-min 
period before opening (12).

Cumulative food intake and body weight. on day 12 of HBo 
treatment, cumulative food intake was measured. Food depri-
vation began at 2:00 p.m on day 12 and mice were fasted for 
5 h. Following 1-h HBo treatment, mice were fed and cumu-
lative food intake was measured using an electronic scale 
(cat. no. Te412-l; Sartorius aG) 1, 2, 3, 4, 5, 6 and 12 h after 
HBo treatment as previously described (38). during the HBo 
treatment, body weight was measured every day for 11 days, 
except for the day of the feeding and blood glucose testing to 
avoid the influence of fasting. 

Blood glucose and ghrelin levels. at the end of 2-week treat-
ment cycle, blood glucose levels were measured from tail vein 
blood using a glucometer (B. Braun Melsungen aG) following 
fasting for 10 h. The mice were then re-fed for 2 h before blood 
samples (~1 ml) were immediately obtained from the inner 
canthus of mice for total plasma ghrelin testing and subsequent 
sacrifice. Plasma total ghrelin levels were measured using a 
mouse ultrasensitive eliSa kit (cat. no. cea991Mu; Wuhan 
uScn Business co., ltd.) according to the manufacturer's 
protocols.

Histological processing. Pancreas and liver tissues were fixed 
in 4% formaldehyde at 4˚C for 48 h. Following dehydration 
with an ascending gradient of ethanol and clearing with xylene, 
tissues were embedded in paraffin and sectioned at 5 µm using 
a rotary microtome (rM2016; leica Microsystems GmbH). 

Periodic acid‑Schiff (PAS) staining. Hepatic sections were 
stained using a PaS Staining kit (cat. no. G1008; Wuhan 
Servicebio Technology co., ltd.) to observe glycogen 
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distribution according to the manufacturer's protocols. 
randomly selected hepatic sections were disposed with 
α‑amylase at 37˚C for 30 min before PAS staining, and used 
as the negative control group (cat. no. G8290; Beijing Solarbio 
Science & Technology co., ltd.) prior to PaS staining for 
30 min at 37˚C.

Immunohistochemistry. Following antigen retrieval by 
heating at 95˚C in citrate buffer for 1 h, the pancreas and 
liver sections were quenched with 0.3% hydrogen peroxide 
at room temperature for 30 min, blocked with 1% BSa 
(cat. no. 1213G057; Beijing Solarbio Science & Technology 
co., ltd.) at room temperature for 1 h and probed with 
primary antibodies for GluT2 (rabbit polyclonal antibody; 
1:200; cat. no. ab54460; Abcam) at 37˚C for 1 h. Sections 
were then incubated with anti-rabbit horseradish peroxidase 
(HrP)-conjugated secondary antibody (1:1; cat. no. PV-6001; 
OriGene Technologies, Inc.) for 20 min at 37˚C and stained 
using a daB kit (cat. no. Zli-9018; oriGene Technologies, 
inc.) according to the manufacturer's protocols. Morphology 
was assessed using a light microscope (magnification, x400) 
over a spherical field of view 0.5 mm diameter (cat. no. CX31; 
olympus corporation). negative controls were included 
in each sample by substituting primary antibody with PBS. 
image Pro Plus (version 6.0; Media cybernetics, inc.) was 
used to quantify the staining. For quantification of staining, 
using the ‘segmentation’ function, the measurement threshold 
in Hue-Saturation-intensity pattern was selected manually 
(hue, 0-30 nm; saturation, 0-255 nm; intensity, 1-170 nm), 
where the integrated optical density was measured.

Immunofluorescence. The pancreas sections were firstly blocked 
(1% BSa + 0.1% Triton X-100 in PBS) at room temperature 
for 2 h. Primary antibodies against insulin (rabbit polyclonal 
antibody; 1:200; cat. no. 4590; cell Signaling Technology, 
inc.) and glucagon (mouse monoclonal antibody; 1:2,000; 
cat. no. ab10988; Abcam) were added and incubated at 4˚C 
overnight. The slides were then incubated with the mixture 
of fluorophore‑conjugated secondary antibodies (fluorescein 
isothiocyanate labelled goat anti-rabbit, green; and rhodamine 
labelled goat anti-mouse, red; both 1:2,000; cat. nos. ZF-0311 
and ZF-0313, respectively; both oriGene Technologies, inc.) at 
room temperature for 2 h, followed by incubation with daPi 
(cat. no. d-9106; Beijing Biosynthesis Biotechnology co., 
ltd.), for 5 min. a fluorescent microscope (magnification, 
x400) over a spherical field of view 0.5 mm diameter (Axio 
observer a1; Zeiss aG) was used to measure fluorescence 
and perform histology assessments using the image J software 
(version 1.34.3.67; National Institutes of Health). For quantifica-
tion, fluorescent images were converted to 8‑bit gray images 
before the measurement threshold was selected manually and 
the selected area of interest was measured.

Western blotting. Pancreas, liver and stomach tissues was 
homogenized in riPa buffer (cat. no. P0013B; Beyotime 
institute of Biotechnology) with proteinase inhibitors. Total 
protein concentrations was assessed using a bicinchoninic 
acid Protein assay kit (cat. no. P0012; Beyotime institute of 
Biotechnology) and a microplate reader (M5, Md-SpectraMax; 
Molecular devices llc). Protein extracts were then mixed 

with loading buffer (cat. no. P0015l; Beyotime institute of 
Biotechnology), and 35 mg protein per lane was loaded and 
separated using SdS-PaGe (10%) and transferred onto PVdF 
membranes that were activated using methanol. after blocking 
with 5% skimmed milk powder for 2 h at room temperature, 
rabbit polyclonal anti-GoaT (cat. no. ab170690), anti-GluT2 
(cat. no. ab54460) and anti-GHSr (cat. no. ab95250; all 
1:1,000; all abcam) and anti-GaPdH primary antibodies 
(rabbit monoclonal antibody; 1:1,000; cat. no. 5174; cell 
Signaling Technology, Inc.) were added and incubated at 4˚C 
overnight. Goat HrP-conjugated anti-rabbit igG H&l 
secondary antibody (1:10,000; cat. no. ZB2301; oriGene 
Technologies, inc.) was then added and incubated for 1 h 
at room temperature. The protein bands were developed 
using the immobilon Western chemiluminescent Substrate 
(cat. no. WBKlS0100; eMd Millipore). The intensity of bands 
was analyzed using Quantity one software (version 4.5.0; 
Bio-rad laboratories, inc.). 

Statistical analysis. Data are expressed as the mean ± SEM 
from three independent repeats. differences between two 
groups were compared using one-way anoVa. The lSd 
(least significance difference) test was used as the post‑hoc 
test. cumulative food intake and body weight data measured 
repeatedly were assessed using a mixed two-way anoVa 
followed by Sidak post hoc test. all statistical analysis was 
performed using SPSS software (version 22.0; iBM corp.). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

HBO suppresses the elevation of cumulative food intake 
and fasting blood glucose levels in the T1DM mouse model. 
establishment of the T1dM model in the mice was evaluated 
by observing their feeding behaviour, blood glucose and body 
weights. Mice exhibiting random blood glucose ≥16.7 mmol/l 
were considered to be T1dM. 

after HBo treatment, the 12-h nocturnal cumulative food 
intake (Day 12; T1DM vs. CON, 14.47±1.99 vs. 5.30±0.31 g; 
P<0.05; Fig. 1a), 10-h fasting blood glucose levels (day 14; 
T1DM vs. CON, 20.40±2.23 vs. 6.28±0.44 mmol/l; P<0.05; 
Fig. 1c) and body weight loss (day 10; T1dM vs. con, 
22.00±0.41 vs. 36.00±1.27 g; P<0.05; Fig. 1B) were significantly 
greater in the T1dM group compared with those in the con 
group. By contrast, HBO treatment was found to significantly 
reduce hyperphagia, beginning at 1 h (day 12; T1dM+HBo 
vs. T1DM, 1.14±0.11 vs. 3.70±0.24 g; P<0.05), which was 
sustained for 12 h (Day 12; T1DM+HBO vs. T1DM, 6.73±0.93 g 
vs. 14.47±1.99 g; P<0.05; Fig. 1A), in addition to significantly 
ameliorating hyperglycaemia (day 14; T1dM+HBo vs. 
T1DM, 12.30±1.89 vs. 20.40±2.23 mmol/l; P<0.05) in T1DM 
mice (Fig. 1a and c). although HBo did not improve body 
weight loss significantly in mice in the T1DM group (Day 10; 
T1DM+HBO vs. T1DM, 24.00±0.58 vs. 22.00±0.41 g; Fig. 1B), 
there was an increasing trend in the T1dM + HBo group. 

HBO treatment protects islet β‑cells and promotes pancre‑
atic GLUT2 protein expression levels in T1DM mice. 
islet β-cell destruction is a primary feature of T1dM. To 
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investigate the therapeutic effects of HBo further, insulin- 
and glucagon-positive areas in the pancreas were measured. 
compared with that in con mice, pancreatic islet β-cell area 
in T1DM mice was significantly decreased (T1DM vs. CON, 
0.13±0.01 vs. 0.89±0.01; P<0.05; Fig. 2A and C) whereas the 
islet α‑cell area was significantly increased (T1DM vs. CON, 
0.87±0.01 vs. 0.11±0.01; P<0.05; Fig. 2A and B). Following 
2-week HBo treatment, β-cell area in tissues from T1dM 
mice was partially but significantly increased (T1DM + HBO 
vs. T1DM, 0.23±0.03 vs. 0.13±0.01; P<0.05) and α-cell area 
was likewise partially but significantly reduced (T1dM + 
HBO vs. T1DM, 0.77±0.03 vs. 0.87±0.01; P<0.05; Fig. 2A‑C). 
reductions in pancreatic GluT2 expression levels in T1dM 
mice were also significantly ameliorated by HBO treatment 

(T1DM + HBO vs. T1DM, 1.04±0.05 vs. 0.69±0.10; P<0.05; 
Fig. 2d), consistent with increased islet β-cell area. 

HBO enhances hepatic glycogen storage and inhibits hepatic 
GLUT2 membrane trafficking in T1DM mice. To determine 
if the liver serves a key role in T1dM, glycogen levels were 
measured as a proxy for the capacity for glycogen storage in 
the liver. The present study demonstrated significantly lower 
extent of glycogen storage in T1dM mice compared with that 
in the con group, whilst HBo treatment restored hepatic 
glycogen storage (Fig. 3a). To investigate glucose metabolism 
further, hepatic GLUT2 expression and membrane trafficking 
levels were measured. Total hepatic GluT2 expression levels 
were not found to be significantly altered between T1DM group 
and con group, and HBo did not change T1dM hepatic total 
GluT2 expression (Fig. 3d), whereas immunohistochemistry 
demonstrated that transfer of GluT2 to the membrane was 
greater in the T1dM group compared with that in the con 
group (T1DM vs. CON, 222,231±46,434 vs. 75,760±18,503; 
P<0.05). HBo treatment reversed this increase (T1dM + 
HBO vs. T1DM, 71,831±16,244 vs. 222,231±46,434; P<0.05; 
Fig. 3B and c). 

HBO elevates plasma ghrelin and gastric GOAT protein 
expression levels in T1DM mice. Total ghrelin levels in the HBo 
group were found to be significantly greater compared with 
those in mice in the T1dM and con groups (T1dM + HBo 
vs. T1DM and CON, 16,389.17±906.31 vs. 9,554.98±1,200.69 
and 9,469.76±857.22 pg/ml, respectively; P<0.05; Fig. 4A). 
The gastric GoaT expression levels in the T1dM group were 
significantly lower compare with those in the con group 
(T1DM vs. CON, 0.52±0.05 vs. 0.91±0.03; P<0.05), which 
was restored by HBo treatment (T1dM + HBo vs. T1dM, 
1.02±0.09 vs. 0.52±0.05; P<0.05) to a normal level (T1DM + 
HBO vs. CON 1.02±0.09 vs. 0.91±0.03; P>0.05; Fig. 4B).

HBO promotes pancreatic GOAT expression and downregu‑
lates hepatic GHSR expression levels in T1DM mice. in order 
to investigate the role of the ghrelin system in the changes 
observed thus far, GoaT and GHSr expression levels were 
subsequently measured in the pancreas and liver. Pancreatic 
GOAT expression in the T1DM group was not significantly 
changed compared with that in the con group (T1dM vs. 
CON, 0.94±0.09 vs. 1.24±0.08; P>0.05; Fig. 5A) but showed 
a decreasing trend. Pancreatic GoaT expression in the 
T1DM group was significantly reversed by HBO treatment 
(T1DM+HBO vs. T1DM; 1.30±0.05 vs. 0.94±0.09; P<0.05; 
Fig. 5a). no significant difference in pancreatic GHSr 
expression levels was observed among these three groups 
(T1DM + HBO vs. T1DM vs. CON, 1.07±0.06 vs. 1.05±0.10 
vs. 1.09±0.15; Fig. 5B). In addition, no significant differences 
could be observed between T1dM group and con group 
in terms of hepatic GoaT expression. HBo did not change 
T1dM hepatic GoaT expression, though the GoaT expres-
sion levels in HBo + T1dM group exhibited a decreasing 
trend (Fig. 6A). HBO treatment resulted in significantly lower 
hepatic GHSr protein expression levels compared with those 
in both the con and T1dM groups (T1dM + HBo vs. con 
and T1DM, 0.67±0.05 vs. 0.93±0.05 and 0.91±0.02, respec-
tively; both P<0.05; Fig. 6B).

Figure 1. effect of 2-week HBo treatment on blood glucose, food intake 
and body weight. (a) Following 5-h food deprivation, cumulative food 
intake levels were lower in the T1dM + HBo group compared with those 
in the T1dM group. (B) HBo treatment partially halted body weight decline 
induced by T1dM. day 0: 7 days after STZ injection. (c) HBo treatment for 
2 weeks significantly reduced T1DM mouse 10‑h fasting blood glucose levels, 
though the blood glucose levels remained higher compared with those in 
control mice. Data are presented as the mean ± SEM. *P<0.05 vs. control and 
#P<0.05 vs. T1dM. HBo, hyperbaric oxygen; T1dM, type 1 diabetes mellitus.
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Discussion

HBo is commonly used to treat diabetic foot ulcers and 
neuropathy in patients with diabetes mellitus (39,40). Treatment 

involves intermittent administration of 100% oxygen, usually in 
daily sessions of 60-90 min, at pressures of 1.5-3.0 aTa (41,42). 
in the present study, a 2-week course of HBo-100% (60-min 
at 2.0 aTa daily) treatment improved diabetic symptoms in 

Figure 2. double staining of insulin and glucagon in pancreatic islets and pancreatic GluT2 expression levels after HBo treatment. (a) representative 
double‑immunofluorescence images showing insulin (green), glucagon (red) staining, where the nuclei were counterstained with DAPI in blue. Scale bar, 
50 µm. (B) α-cell area was calculated based on glucagon-positive areas. The ratio of α-cell area to total islets area was decreased following 2-week HBo 
treatment. (c) β‑cell area was calculated based on insulin‑positive areas. Quantification of islet area was calculated based on insulin‑ and glucagon‑positive 
areas. The ratio of islet β-cell area to total islet area was increased following 2-week HBo treatment. (d) T1dM mouse pancreatic GluT2 expression levels 
were decreased, which were reversed by HBO treatment. Data are presented as the mean ± SEM. *P<0.05 vs. control and #P<0.05 vs. T1dM. GluT2, glucose 
transporter 2; HBo, hyperbaric oxygen; T1dM, type 1 diabetes mellitus.
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STZ-induced T1dM mice, as demonstrated by the lower blood 
glucose levels and 12-h accumulative food intake. a previous 
study showed that HBo influences the immune system, by 
increasing resting T cells and reducing activation of dendritic 
cells, to prevent autoimmune diabetes (12). Therefore, the 

present study primarily focused on the regulation of glucose 
metabolism by HBO. HBO significantly increased the ratio of 
islet β-cell area to total islet area, whilst lowering the ratio of 
α-cell area to total islet area. Furthermore, HBo upregulated 
GluT2 expression levels, consistent with the increased β-cell 

Figure 3. effect of 2-week HBo treatment on hepatic glycogen storage and GluT2 expression in the liver. (a) representative images of periodic acid-Schiff 
staining. HBo treatment increased the density of PaS-positive spots in T1dM mice. Scale bar, 50 µm. (B) representative immunohistochemistry images of 
hepatic GluT2 expression levels in the membrane. Scale bar, 50 µm. (c) Hepatic GluT2 expression levels in the membrane were greater in T1dM mice and 
lower in mice treated with HBo. (d) Hepatic cell total GluT2 expression levels did not change. negative controls were included in each sample by substituting 
primary antibody with PBS. Data are presented as the mean ± SEM. *P<0.05 vs. control and #P<0.05 vs. T1dM. HBo, hyperbaric oxygen; GluT2, glucose 
transport 2; T1dM, type 1 diabetes mellitus; iod SuM, integral optical density summation.
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area, since GluT2 is not expressed in islet α-cells (43). The 
increased β-cell area and GluT2 expression levels in the 
pancreas isolated from the T1dM + HBo group suggested that 
insulin-release and glucose-sensing was improved, consistent 
with the observed blood glucose level alterations following 
HBo treatment. Previous studies have demonstrated that 
GluT2 expression levels are lower in islet β-cells, but not in 
the liver tissue, during diabetes (43,44). in the present study, 
although hepatic GluT2 expression levels did not change 
among the three groups, transfer of GluT2 to the membrane 
was greater in the T1dM group, which was reversed by HBo 
treatment. HBo improved hyperglycemia in the T1dM + HBo 
group by increasing hepatic glycogen storage and reducing the 
transfer of GluT2 to the membrane.

The present study also observed elevated plasma total 
ghrelin levels with increased gastric expression levels of 
GoaT in the T1dM + HBo group, suggesting that serum 
ghrelin levels increased following 2 weeks of HBo treat-

ment. However, there was no difference in plasma total 
ghrelin levels between T1dM and control groups. it has 
previously been demonstrated that plasma ghrelin concentra-
tions are increased in non-re-feeding STZ-treated rats (45) 
whereas ghrelin levels assessed following fasting were lower 
in patients with T1DM (46). These findings suggest that the 
changes in ghrelin levels in response to diet during diabetes 
condition is varied. Ghrelin in the circulatory system 
primarily originates from the stomach and is unstable in the 
circulation (47). it has previously been reported that gastric 
GoaT mrna levels are correlated with circulating ghrelin 
levels in fasted and diet-induced obese mice (48). Therefore, 
both total plasma ghrelin levels and gastric GoaT levels were 
correlate with plasma ghrelin levels, which indicated that 
plasma ghrelin levels increased after HBo treatment. Ghrelin 
is deacylated by esterases into des-acyl ghrelin (daG) 
in the circulation (47) and re-acylated locally by plasma 
membrane-resident GoaT (49). re-acylation of ghrelin in the 

Figure 4. effect of 2-week HBo treatment on plasma ghrelin and gastric GoaT expression levels. (a) HBo treatment increased plasma total ghrelin levels. 
(B) Gastric GOAT expression levels were reduced by T1DM induction, which was reversed by HBO treatment. Data are presented as the mean ± SEM. 
*P<0.05 vs. control and #P<0.05 vs. T1dM. HBo, hyperbaric oxygen; GoaT, ghrelin-o-acyl transferase; T1dM, type 1 diabetes mellitus.

Figure 5. effect of 2-week HBo treatment on GoaT and GHSr expression in the pancreas. Mouse pancreatic (a) GoaT and (B) GHSr expression levels. 
#P<0.05 vs. T1dM. HBo, hyperbaric oxygen; GoaT, ghrelin-o-acyl transferase; GHSr, growth hormone secretagogue receptor-1a; T1dM, type 1 diabetes 
mellitus.
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pancreas and liver was investigated in the current study, and 
it was found that HBo upregulated pancreatic GoaT expres-
sion without affecting hepatic GoaT expression. Ghrelin 
demonstrated a protective role in islet β-cells (31), such that 
HBo increased pancreatic GoaT expression levels in T1dM 
mice in the present study. despite the fact that pancreatic 
GHSr expression levels did not change, the increased GoaT 
expression levels suggested that ghrelin activity was greater 
following HBo treatment in T1dM mice. The gene encoding 
GHSr has been demonstrated to be highly expressed and 
enriched in islet δ-cells rather than α- and β-cells (50), which 
may explain why pancreatic GHSr levels did not change 
among all groups.

Ghrelin increases blood glucose levels not only via stimu-
latory effects on food intake and GH secretion, but also by 
decreasing insulin secretion and increasing circulating levels 
of glucocorticoids, glucagon release and hepatic gluconeo-
genesis (19,51-54). increased serum ghrelin level, lower blood 
glucose levels and food intake were observed in mice in the 
T1dM + HBo group. a potential explanation is that the 
enhanced ghrelin activity could've exerted anti‑inflammatory 
effects on the pancreas (32), but not to a level sufficient to 
trigger feeding behavior. McFarlane et al (55) previously 
demonstrated that stimulating food intake in mice via exog-
enous injection of ghrelin notably increased plasma ghrelin 
levels. due to the protection of islet β-cells by HBo, increased 
insulin levels could be one reason food intake was decreased 
in the T1DM + HBO group, while insulin could influence 
food intake (56). Ghrelin-induced protection of islet β-cells 
may exceed the effect of ghrelin on decreased insulin release, 
increased glucagon secretion and elevation of blood glucose 
levels via the central nervous system. in addition, reduced 
hepatic GHSr expression levels following HBo treatment is 
consistent with the altered blood glucose levels and the effect 
of ghrelin on hepatic gluconeogenesis (54). Following HBo 
treatment, plasma ghrelin levels are increased and hepatic 

GHSr expression levels may compensate by decreasing. in 
the present study, it was found that HBo upregulated total 
plasma ghrelin (ghrelin and daG) levels. daG has been 
previously demonstrated to inhibit ghrelin-induced glucose 
output in hepatocytes and prevent the hyperglycaemic 
effects of ghrelin (57), which may be one of the causes of 
HBo-induced decrease in blood glucose. Bando et al (31) 
demonstrated that elevating mouse pancreatic ghrelin levels 
only stimulated β-cell proliferation, with the serum insulin 
levels increasing, following β-cell injury. chronic hyper-
glycaemia involves decreased numbers of insulin-positive 
cells and increased numbers of glucagon-positive cells in 
islets (58). HBo decreases islet β-cell apoptosis and increases 
proliferation (12), thereby decreasing blood glucose levels by 
improving pancreatic islet structure and function.

The present study investigated the therapeutic effects of 
HBo on T1dM mice. The results revealed the protective 
effects of HBo treatment against STZ-induced glucose 
metabolism dysfunction, in addition to the involvement of 
the ghrelin system. Further experiments are required to 
assess the effects of HBo treatment on con mice. However, 
interventions such as blocking the action of ghrelin (e.g. 
using a GHSr antagonist or ghrelin/GHSr knockout mice) 
and measuring the daG and leaP2 expression levels 
were not performed due to the limited capacity of animal 
housing and handling. These interventions require further 
investigation. 
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