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ARTICLE INFO ABSTRACT

Keywords: Aims: Type 2 diabetes and obesity are associated with chronic hypoxia, which contributes to adipose tissue
Adipose tissue dysfunction and development of insulin resistance and metabolic disorders. We assessed long-term effects of
Browning hyperoxia on browning of adipocytes and carbohydrate metabolism in a murine model of type 2 diabetes.
Hyperoxia

Main methods: Male Wistar rats (190-210 g) were divided into 4 groups: Control, O,-treated control, untreated
diabetes, and O,-treated diabetes. Diabetes was induced using high-fat diet followed by a low-dose of strepto-
zotocin (30 mg/kg). Hyperoxia sessions were included 2-h exposure to 95% oxygen, repeated 6 days/week for
5 weeks. Serum fasting glucose, insulin, lactate, and lipid profile were measured before, during, and after hy-
peroxia. Glucose and pyruvate tolerance tests, and histological evaluations of interscapular and epididymal fats
were done at the end of study.

Key findings: Oo-treated diabetic rats compared to untreated ones, displayed lower weight gain, improved glu-
cose-tolerance, insulin sensitivity, and more favorable lipid profile. In diabetic rats, hyperoxia increased surface
area (6.36 = 0.93 vs. 0.86 + 0.16mm?2, P < 0.001), and volume density (1.53 = 0.22vs. 0.21 *= 0.04 mm?,
P < 0.001) of interscapular adipose tissue; hyperoxia also increased protein levels of uncoupling protein 1
(UCP1), peroxisome proliferator activated receptor gamma (PPAR-y), and PPAR-y coactivator 1 alpha (PGC1-a)
in interscapular adipose tissue. The numerical density (541.7 = 7.3 vs. 298.1 = 11.7 mm?, P < 0.001) of
epididymal fat were also higher.

Significance: This study showed that beneficial metabolic effects of hyperoxia in obese type 2 diabetic rats in-
cluding improved insulin sensitivity and glucose tolerance are at least in part due to browning of adipose tissue.

Weight gain

1. Introduction

Type 2 diabetes, one of the major health challenges in the 21st
century [1], is characterized by insulin resistance and p-cell dysfunc-
tion [2]. Both type 2 diabetes and obesity are associated with adipose
tissue hypoxia [3-5]. Adipose tissue hypoxia in obesity is due to hy-
pertrophy of adipocytes [4] and decreased microvascular density that
decreases blood flow [6-8]. In addition, hypoxia uncouples oxidative
phosphorylation in mitochondrion and intensifies tissue hypoxia [9].

Adipose tissue hypoxia causes adipocyte dysfunction [5,10,11], by
inducing lipolysis and increasing circulating free fatty acids [10]
leading to ectopic fat deposition in liver, skeletal muscle, and pancreas

[10,11]. Adipose tissue hypoxia impairs glucose and lipid homeostasis
[12,13] and causes insulin resistance [4,14]. In addition, intracellular
hypoxia may be involved in (-cell dysfunction in glucotoxicity [15].

Despite controversies around the topic, hyperoxia has been pro-
posed as a potential treatment for type 2 diabetes [11]. Hyperoxia re-
stores reduced gene expression of insulin caused by glucotoxicity in INS
B-cells [15] and improves insulin sensitivity in patients with type 2
diabetes [16]. In addition, hyperbaric oxygen therapy (HBOT) in pa-
tients with type 2 diabetes improves glycemic control by decreasing
fasting glucose [17,18], HbAlc [18], and increasing insulin sensitivity
[18,19].

The mechanisms underlying beneficial metabolic effects of
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hyperoxia in type 2 diabetes have not been fully addressed. Brown
adipose tissue (BAT) has been proposed as a main target for treating
type 2 diabetes and obesity in human [20]. BAT has anti-type 2 diabetic
effects by decreasing insulin resistance and increasing insulin secretion
[21]. The aim of this study was to determine whether hyperoxia im-
proves carbohydrate metabolism in murine model of type 2 diabetes by
browning of white adipocytes. The levels of proteins involved in adi-
pocyte browning including uncoupling protein 1 (UCP1), peroxisome
proliferator activated receptor gamma (PPAR-y), and PPAR-y coacti-
vator 1 alpha (PGCl-a) [22] were also determined.

2. Materials and methods
2.1. Animals

Male Wistar rats (n = 28), weight range 190-210 g, were housed in
standard polypropylene cages (three rats/cage) and maintained under
controlled room temperature (22 *+ 2°C) and humidity (50 = 5%)
with a 12:12h light/dark cycle (lights on: 07:00-19:00). All rats were
fed with commercially available normal pellet diet (Pars Animal Feed
Co.) and water ad libitum, prior to the dietary manipulation. Food in-
take (g/day/rat), water consumption (mL/day/rat), and body weight
(using Tefal Scale, sensitivity 1 g) were recorded every week.

Sex is a confounder in animal studies and restriction (studying
males and females separately) is an appropriate approach for control-
ling confounding effect of sex [23]. Therefore, in this study we selected
male rats instead of female ones. In addition, circulating levels of some
metabolic parameters including insulin, lipid, and glucose are changed
during estrous cycle in female rats [24-26].

All performed procedures in this study were in accordance to the
animal care protocols of our Institute; in addition, the proposal of this
study was approved by the ethical committee of Research Institute for
Endocrine Sciences (RIES), Shahid Beheshti University of Medical
Sciences (SBMU), Tehran, Iran (Ethic code:
IR.SBMU.Endocrine.Rec.1396.398).

2.1.1. Groups

Rats were randomly divided into four groups (n = 7/group):
Control, O,-treated control, untreated diabetes, and O,-treated dia-
betes. Rats had free access to water and food even when received hy-
peroxia. The control rats (control and O,-treated control rats) were
given standard regular chow (total caloric value of ~3160 kcal/kg),
and the rats in diabetic groups (untreated and O,-treated diabetic
groups) were given high fat diet (HFD) (total caloric value of
~4900 kcal/kg) [27]. Details of HFD ingredients were described else-
where [27].

2.1.2. Induction of type 2 diabetes

As shown in Fig. 1, after 21 days of dietary manipulation, rats were
injected intraperitoneally with a single low-dose of STZ (30 mg/kg,
dissolved in 0.1 mM citrate buffer, pH4.5) (Sigma Aldrich, Hamburg,
Germany). HFD continued until the end of the study. We used HFD-STZ
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model of type 2 diabetes in which two weeks after HFD consumption,
insulin resistance is developed and the injection of low-dose of STZ
causes partial B-cell dysfunction; this model has similar characteristics
of human type 2 diabetes [27] and is appropriate for evaluating effects
of interventions on carbohydrate metabolism [28].

One week after STZ injection, fasting serum glucose level was
measured and the rats with fasting serum glucose levels > 150 mg/dL
were considered to have diabetes.

2.2. Exposure to hyperoxia

Rats in hyperoxia groups were exposed to 95% oxygen (near to
normobaric atmosphere) in a hypoxia/hyperoxia chamber (SD-EOS) for
2h/day (10.00-12.00 AM), all days except Fridays, for 5 weeks (Fig. 1).
In this study, 95% oxygen was administrated as it has been reported
that doses of oxygen of 50% and 60% have no effect on body weight
and enzymes related to glucose metabolism [29,30]. Rats had free ac-
cess to food and water in the chamber; they were at own cages in the
chamber to avoid any stressful condition; Rats in control groups were
kept in the animal room under normoxia conditions. Conditions in
animal room and the chamber was similar in case of temperature, light/
dark cycle, and humidity.

2.2.1. Hypoxia and hyperoxia chamber, SD-EOS

To create hyperoxia condition, SD-EOS equipment (Iran Patent No.
89679 dated 22.08.2016; Inventors, Ghasemi Asghar, Norouzirad Reza,
and Fallahi Farshad) was used. Briefly, the SD-EOS controls the oxygen,
and CO, levels in the chamber to create hypoxia/hyperoxia condition
(0.1 to 99.9% oxygen). The device monitors temperature, humidity,
pressure, CO, and oxygen levels of the chamber, every 30s.
Furthermore, it automatically simulates light/dark cycle. The chamber
has space for two large-size rat cages and provides ad libitum access to
food and water. The chamber uses oxygen or nitrogen gases to create
hyperoxia or hypoxia conditions, respectively. An internal fan provides
uniform gas distribution required for rapid sensors' responses and to
avoid gas trapping.

2.3. Biochemical measurements

After 12-14 h fasting, blood samples were taken from tail vein and
after blood clot formation, centrifuged at 5000 x g for 10 min. Fasting
serum levels of glucose, lactate, triglycerides (TG), total cholesterol
(TC), low-density lipoprotein cholesterol (LDL-C), and high-density li-
poprotein cholesterol (HDL—C) were measured using commercial kits
(Pars Azmoon, Tehran, Iran) on days 0, 21, 28 and 42, and at the end of
the study. The intra- and inter-assay coefficients of variation (CVs) for
glucose, lactate, TG, TC, LDL-C, and HDL-C measurement were 1.2%,
1.5%, 2.3%, 3.0%, 3.4%, and 1.0% and 2.8%, 2.2%, 3.6%, 2.1%, 3.1%,
and 1.1%, respectively.

Intraperitoneal glucose and pyruvate tolerance tests (IP-GTT and IP-
PTT), as described in our previous study [27] were performed during
the last week. Insulin was measured using rat insulin ELISA kit

Measurement of serum glucose, insulin

and lipid profile
Histological analysis
Days | 0 ) 14 21 28 35 42 49 56
57| 58| 59| 60 | 61 | 62| 63
A A 1; T
Starting HFD STZ Starting IP-GTT IP-PTT Ending
injection hipeza hyperoxia

Fig. 1. Study protocol. HFD, high-fat diet; STZ, streptozotocin; IP-GTT, intraperitoneal glucose tolerance test; and IP-PTT, intraperitoneal pyruvate tolerance test.
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Fig. 2. Effects of hyperoxia on food intake (A), calorie intake (B), and water
consumption (C) in control and diabetic rats. Insets show area under the curves
(AUQ), calculated during the intervention from day 28 to day 63. The values are
mean * SEM for 7 rats in each group. *Statistically significant difference
compared to control group. i Marginally significant (P = 0.088) difference
compared to untreated diabetic group. C, control; D, untreated diabetes; C—0a,
O,-treated control; D-O,, O,-treated diabetes.

(Mercodia, Uppsala, Sweden), the kit sensitivity was 1 pU/mL (6 pmol/
L) and our intra- and inter-assay CVs were 8.0% and 9.7%, respectively.

Concentrations of UCP1, PPAR-y, and PGCl-a in interscapular
adipose tissue were measured at the end of the study using rat ELISA
kits (ZellBio Gmbh, Germany); the kits' sensitivity for UCP1, PPAR-y,
and PGCl-a were 0.05, 0.062, and 0.05ng/mL, respectively and all
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Fig. 3. Effect of hyperoxia on body weight changes of control and diabetic rats
(A), and body fat deposition in untreated diabetic rats (B) and O,-treated dia-
betic rats (C). Inset shows area under the curves, calculated during the inter-
vention from day 28 to day 63. The values are mean + SEM for 7 rats in each
group. *Statistically significant difference compared to control group.
TStatistically significant difference compared to untreated diabetic group. C,
control; D, untreated diabetes; C—0,, Os-treated control; D-O,, O,-treated
diabetes.

intra-assay CVs were < 10%.

Serum levels of total oxidant status (TOS) and total antioxidant
capacity (TAC) were measured at the end of the study using commercial
assay kits (ZellBio Gmbh, Germany); the kits' sensitivity for TOS and
TAC were 0.5uM and 100puM, respectively and intra-assay CVs
were < 5%.

2.4. Calculation of insulin sensitivity/resistance indices and atherogenic
index

Indices of insulin sensitivity/resistance including homeostasis
model assessment-insulin resistance (HOMA-IR) and quantitative in-
sulin sensitivity check index (QUICKI) were calculated using the
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Fig. 4. Effect of hyperoxia on fasting serum glucose (A) and glucose tolerance
(B) in control and diabetic rats. Insets show area under the curves (AUC) cal-
culated during the intervention from day 28 to day 63 for fasting glucose and
from 0 to 120 min for glucose tolerance). The values are mean + SEM for 7 rats
in each group. *Statistically significant difference compared to control group.
TStatistically significant difference compared to untreated diabetic group. C,
control; D, untreated diabetes; C—0,, Os-treated control; D-O,, O-treated
diabetes.

following formulae: HOMA1-IR (original HOMA model) = [fasting in-
sulin (uU/mL) x fasting glucose (mmol/L)]/22.5, and QUICKI = 1/
[log fasting insulin (uU/mL) + log fasting glucose (mg/dL)]. The
HOMAZ2-IR was calculated by the online HOMA2 calculator, which is
available from  http://www.dtu.ox.ac.uk/homacalculator ~ [31].
Atherogenic index was calculated as the logarithm of the ratio of serum
TG to serum HDL-C [32].

2.5. Histological analyses
Histological analyses were done at the end of the study; inter-

scapular and epididymal adipose tissues were removed, under deep
anesthetic state (intraperitoneal injection of 60mg/kg sodium
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pentobarbital), and fixed in 10% formalin for at least 48 h.

2.5.1. Tissue preparation

The formalin-fixed tissues were decalcified in 10% nitric acid, em-
bedded in paraffin blocks, and cut longitudinally into 10 um thick
sections by a microtome (Leica, Rotary Microtome, Germany); then,
they were prepared for microscopic descriptive analysis using hema-
toxylin and eosin (H&E) staining. The magnifying objective “x 4 and
X 40” was used to analyze the stained sections.

2.5.2. Stereological study

2.5.2.1. Surface area of interscapular adipose tissue. The surface area
(ZA) of brown adipocytes in interscapular adipose tissue (brown-iAT)
was measured by the method of Cavalieri, using a light microscope
(Olympus-VANOX, model-AHBS) connected to a camera, as described
previously [33,34]. The XA was calculated by the formula:
A=Y PX (%), where “XP” is total points hitting the adipocytes
and was calculated with the point-counting method, and “% ” is the area
of each point projected on brown adipose tissue.

2.5.2.2. Volume density of interscapular adipose tissue. The volume
density of brown-iAT and white adipocytes in interscapular adipose
tissue (white-iAT) were calculated using the result of £A and measured
tissue thickness between the saved sections using the formula:
Viotat = 2 A X t, where “YA” is the surface area of brown-iAT, and “t”
is distance between sections [33].

2.5.2.3. Numerical density of adipocytes. The number of the adipocytes
in epididymal white adipose tissue (eWAT) and white-iAT were
measured by optical dissector method [35,36]. Numerical density of
adipocytes (Nv) was calculated by following formula [34]:

Nv = 72(2& X L
D Px TXh  BA

where “XQ™ is the number of the nuclei, “<P” is the total number of
unbiased counting frame in all fields, “a/f” is the area of frame, “h” is
dissector height, “t” is the real section thickness, and “BA” is the block
advance of the microtome (set at 10 um).

2.6. Statistical analysis

GraphPad Prism software, version 6, was used to perform analyses.
The values are reported as mean = SEM. Two-way mixed (between-
within) analysis of variance (ANOVA) followed by Fisher post-hoc test
was used for analyzing data of body weight, food and calorie intake,
water consumption, glucose, lactate, TG, TC, LDL-C, HDL—C, IP-GTT,
IP-PTT, insulin, HOMA-IR, and QUICKI. One-way ANOVA was used for
analyzing tissue levels of UCP1, PPAR-y and PGCl-a proteins, serum
TOS and TAC concentrations, histological data, and area under the
curves (AUC) of all parameters. AUC was calculated during the inter-
vention from day 28 to day 63. Two-sided P-values < 0.05 were con-
sidered statistically significant.

3. Results

3.1. Effect of hyperoxia on water consumption, food intake, and calorie
intake

In the first three weeks of the study, food intake was higher in rats
on HFD compared to rats who received normal diet; thereafter, there
was no significant difference in food intake among groups (Fig. 2A).
Total calorie intake and water consumption were significantly higher in
diabetic rats compared to controls (Fig. 2B and C). Water consumption
was lower in O,-treated diabetic rats compared to untreated ones; a
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Fig. 5. Effect of hyperoxia on serum levels of insulin (A), homeostasis model assessment-insulin resistance (HOMA1-IR) (B), HOMA2-IR (C), and quantitative insulin
sensitivity check index (QUICKI) (D) in control and diabetic rats. Insets show area under the curves (AUC), calculated during the intervention from day 28 to day 63.
The values are mean + SEM for 7 rats in each group. *Statistically significant difference compared to control group. fStatistically significant difference compared to
untreated diabetic group. The AUC changes of QUICKI in O,-treated compared to untreated diabetic rats were marginally significant, P = 0.060. C, control; D,

untreated diabetes; C—0,, O,-treated control; D-O,, O,-treated diabetes.

change that was marginally significant (AUC 1450 = 23 vs.
1533 = 28, P = 0.088) (Fig. 2C). Hyperoxia had no significant effect
on food and calorie intakes, and water consumption in control rats.

3.2. Effect of hyperoxia on body weight

Body weight of all groups was comparable at baseline (Fig. 3A).
Weight gain of diabetic rats was significantly higher than controls. O,-
treated diabetic rats had lower weight gain (1.3% vs. 18.7%) compared
to untreated ones (AUC 9297 + 213 vs. 10,573 + 286, P < 0.001).
Hyperoxia had no effect on weight gain in control rats. In addition, all
O,-treated diabetic rats had obviously lower abdominal fat content
compared to untreated ones (Fig. 3B and C).

3.3. Effect of hyperoxia on carbohydrate metabolism

3.3.1. Serum glucose

Serum glucose levels were comparable between groups at baseline
but were significantly higher in HFD-treated rats compared to controls,
on day 21 (Fig. 4A). On day 28, one week after STZ injection, serum
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glucose concentration was significantly (P < 0.001) higher in diabetic
groups compared to controls. Hyperoxia significantly decreased serum
glucose in O,-treated compared to untreated diabetic rats (AUC
5320 + 123 vs. 6391 = 152, P < 0.001) (Fig. 4A). Serum glucose
was not affected by hyperoxia in control rats.

3.3.2. Glucose tolerance

As shown in Fig. 4B, hyperoxia improved glucose tolerance, mea-
sured by IP-GTT, in diabetic rats compared to untreated ones (AUC
26982 *+ 2226 vs. 33,688 *= 1081, P = 0.002). Compared to un-
treated diabetic rats, O-treated ones had lower glucose values by
32.6%, 30.7%, and 18.2% at 10, 20, and 30 min during GTT, respec-
tively. After peak of glucose concentration, O-treated diabetic rats had
lower glucose levels (15.0% and 19.7% at 60 and 120 min), compared
to untreated diabetic rats. Hyperoxia had no effect on glucose tolerance
in control rats.

3.3.3. Serum insulin and insulin resistance/sensitivity indices
As shown in Fig. 5A, after 5weeks exposure to hyperoxia, serum
insulin levels were significantly lower in O.-treated diabetic rats
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compared to untreated ones (AUC 5436 + 238 vs. 7269 + 415,
P = 0.002). Hyperoxia had no effect on serum insulin concentrations in
control rats.

At the end of the study, both HOMA1-IR and HOMA2-IR were sig-
nificantly lower in O,-treated diabetic rats compared to untreated ones
(AUC 292 + 15vs.476 + 29,P < 0.001 for HOMALI-IR, Fig. 5B; and,
AUC 114 = 6vs. 152 = 8, P = 0.002 for HOMA2-IR; Fig. 5C). At the
end of study, QUICKI was also significantly higher in O,-treated dia-
betic rats compared to untreated ones (0.446 = 0.008 vs.
0.391 = 0.010, P = 0.027); in addition, hyperoxia increased QUICKI
in diabetic rats during intervention; a change that was marginally sig-
nificant (AUC 16 *+ 0.2 vs. 14 *= 0.1, P = 0.060) (Fig. 5D). Hyperoxia
had no effect on insulin resistance/sensitivity indices in control rats.
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3.3.4. Serum lactate

As seen in Fig. 6, after 21 days on HFD, serum lactate concentration
was significantly higher in diabetic compared to control rats. Hyperoxia
significantly decreased elevated serum lactate concentration in diabetic
rats compared to untreated ones (AUC 1466 = 57 vs. 1881 * 51,
P < 0.001). Hyperoxia also decreased lactate levels in control rats.

3.3.5. Gluconeogenesis

Using intraperitoneal pyruvate tolerance test (IP-PTT), we in-
vestigated whether hyperoxia affects gluconeogenesis in diabetic rats.
Injection of gluconeogenic substrate precursor pyruvate, was accom-
panied with lower glucose concentrations in O,-treated compared to
untreated diabetic rats (AUC 11148 = 439 vs. 13186 + 624,
P = 0.001). Hyperoxia had no effect on gluconeogenesis in control rats
(Fig. 7).

3.4. Effect of hyperoxia on browning of adipose tissue

3.4.1. Histological evaluation of interscapular and epididymal adipose
tissues

As shown in Fig. 8A, diabetic rats had lower brown-iAT surface area.
Hyperoxia increased the surface area of brown-iAT in O,-treated dia-
betic rats compared to untreated ones. The surface area of brown-iAT in
O,-treated diabetic rats were significantly higher (739%) than un-
treated diabetic rats (6.36 + 0.93 vs. 0.86 + 0.16 mm?, P < 0.001).
The H&E staining images of brown-iAT in the four groups showed lower
browning of interscapular adipose tissue (iAT) in untreated rats, while
O,-treated ones showed browning of iAT (Fig. 8A right).

The volume density of brown-iAT in diabetic rats were lower
compared to controls. Hyperoxia increased the volume density of
brown-iAT in O,-treated diabetic rats compared to untreated diabetic
rats (1.53 = 0.22 vs. 0.21 =+ 0.04mm3, P < 0.001) (Fig. 8B). Hy-
peroxia intervention increased the number of adipocytes, as measured
by numerical density, in O,-treated diabetic rats compared to untreated
ones in both white-iAT (3116 + 89 vs. 827 = 54cell/mm?,
P < 0.001) and eWAT (542 + 7 vs. 298 = 12cell/mm?® P < 0.001)
(Fig. 8C, D, and E). The H&E staining images of eWAT in the four
groups showed lower adipocyte size in O-treated control and diabetic
rats compared to untreated ones (Fig. 8E right). Hyperoxia also caused
browning of adipose tissue in control rats.

3.4.2. Protein levels of UCP1, PPAR-y, and PGCIl-a in interscapular
adipose tissue

Concentrations of UCP1 protein in interscapular adipose tissue were
not different between diabetic and control rats. Hyperoxia significantly
increased UCP1 levels in both control and diabetic rats (Fig. 9A). Dia-
betic rats had significantly lower levels of PPAR-y protein in inter-
scapular adipose tissue compared to controls. Hyperoxia increased the
tissue levels of PPAR-y in diabetic but not control rats (Fig. 9B). Levels
of PGCl-a protein in interscapular adipose tissue were comparable
between control and diabetic rats. Hyperoxia significantly increased
PGC1-a levels in diabetic but not control rats (Fig. 9C).

3.5. Effect of hyperoxia on serum lipid profile

As shown in Fig. 10A-E, serum concentrations of TG, TC, and LDL-C
were significantly higher and HDL-C was significantly lower in un-
treated diabetic rats compared to controls. Compared to untreated
diabetic rats, O,-treated ones had lower serum concentrations of TG
(128 = 3 vs. 175 = 15mg/dL, P < 0.001), TC (162 = 6 vs.
188 + 11 mg/dL, P < 0.001) and LDL-C (60 + 3vs. 81 + 3mg/dL,
P < 0.001) at the end of study. Hyperoxia also restored decreased
serum HDL-C concentrations to near normal values in diabetic rats.
Lipid profile in control rats was not affected by hyperoxia. Atherogenic
index was higher in untreated diabetic rats compared to control and
hyperoxia significantly decreased the index in diabetic rats compared to
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Fig. 8. Effect of hyperoxia on surface area of brown adipocytes in interscapular adipose tissue (brown-iAT) (selected H&E staining images of brown-iAT in 4 groups
are shown on right) (A), volume density of brown-iAT (B), volume density of white adipocytes in interscapular adipose tissue (white-iAT) (C), the numerical density
of white-iAT (D), and numerical density of epididymal white adipose tissue (eWAT) (selected H&E staining images of eWAT in 4 groups are shown on right) (E) in
control and diabetic rats. The values are mean + SEM. *Statistically significant difference compared to control group. fStatistically significant difference compared
to untreated diabetic group. C, control; D, untreated diabetes; C—0O,, O,-treated control; D-O,, O,-treated diabetes. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Effect of hyperoxia on levels of uncoupling protein 1 (UCP1) (A), per-
oxisome proliferator-activated receptor gamma (PPAR-y) (B), and PPAR-y
coactivator 1 alpha (PGC1-a) (C) in interscapular adipose tissue in control and
diabetic rats. The values are mean + SEM for 7 rats in each group.
*Statistically significant difference compared to control group. jStatistically
significant difference compared to untreated diabetic group. The changes of
UCP1 in O,-treated control rats compared to control were marginally sig-
nificant, P = 0.065. C, control; D, untreated diabetes; C—0,, O,-treated control;
D-0,, O,-treated diabetes.
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controls (AUC 20.1 = 0.5vs. 23.5 = 1.1, P = 0.021).

3.6. Effect of hyperoxia on indices of oxidative stress

At the end of the study, diabetic rats compared to controls had
significantly higher levels of TOS and lower levels of TAC that indicates
increased oxidative stress. In diabetic rats, hyperoxia aggravated oxi-
dative stress by increasing TOS and decreasing TAC, although the
changes of TAC were marginally significant (P = 0.088). Hyperoxia has
no effect on these indices in control rats (Fig. 11A and B).

4. Discussion

This study for the first time showed that five weeks exposure to
hyperoxia resulted in browning of interscapular adipose tissue and
decreased adipocyte size in epididymal adipose tissue of diabetic rats.
In addition, O,-treated diabetic rats had lower serum glucose, improved
glucose tolerance and insulin sensitivity as well as lower weight gain.

In the current study, untreated diabetic rats had insulin resistance,
and glucose intolerance; hyperoxia improved insulin sensitivity and
glucose tolerance and decreased gluconeogenesis in diabetic rats. In
addition, untreated diabetic rats had ~20% weight gain/5 weeks, while
in the same period, O,-treated ones had only ~1% weight gain, in-
dependent of food and calorie intake. The improvement of glucose
tolerance and insulin sensitivity related to weight loss has been pre-
viously reported [37,38]. In line with our results, HBOT improves in-
sulin sensitivity in obese men with and without type 2 diabetes [39]
and decreases weight gain in monosodium glutamate (MSG)-treated
mice [40]. Possible explanations for improved insulin sensitivity fol-
lowing weight loss include decreased inflammation [41] and adiposity
[42] as well as decreased circulating free fatty acid levels [43], and
increased circulating adiponectin concentrations [44].

Improvement of systemic metabolism by transfer sufficient oxygen
to tissues is a suggested mechanism by which hyperoxia reduces body
weight [19,40]. O,-treated diabetic rats had obviously lower abdominal
fat compared to untreated ones (Fig. 3B and C), which provide a me-
chanism for body weight lowering effect of hyperoxia. In addition,
browning of WAT may be another mechanism as we observed in this
study (see later). Visceral fat is inversely correlated with supraclavi-
cular BAT in healthy human. [45]. Body weight lowering effect of hy-
peroxia could explain the improved glucose tolerance and insulin sen-
sitivity following exposure to oxygen. Even modest weight loss of
5-10%, has protective effects against cardiovascular risk in overweight
and obese patients with type 2 diabetes [46]. Hyperoxia-induced
weight loss may therefore be promising for management of obesity and
diabetes. Wilkinson et al. have reported 40% improvement in periph-
eral insulin sensitivity (assessed by hyperinsulinaemic clamp) following
HBOT (2.0 absolute atmospheres for 2h, six sessions per week for
5 weeks) in patients with type 2 diabetes [19]. The authors themselves
interpret that such improvement is similar in magnitude to that ob-
served following 12% body weight loss after one year lifestyle inter-
vention in type 2 diabetic men [47].

In this study, hyperoxia restored elevated serum lactate levels in
diabetic rats. Increased lactate levels in obese subjects with type 2
diabetes [48] contributes to insulin resistance and diabetes develop-
ment [49]. It has been shown that large adipocytes from obese diabetic
rats compared to cells from obese control ones have 60-65% higher
lactate production [50]. Lactate production is increased in insulin
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Fig. 10. Effects of hyperoxia on serum triglycerides (A), total cholesterol (B), low-density lipoprotein cholesterol (LDL-C) (C), high-density lipoprotein cholesterol
(HDL—C) (D) and atherogenic index value (Log TG/HDL-C) (E) levels in control and diabetic rats. Insets show area under the curves (AUC), calculated during the
intervention from day 28 to day 63. The values are mean + SEM for 7 rats in each group. *Statistically significant difference compared to control group.
TStatistically significant difference compared to untreated diabetic group. C, control; D, untreated diabetes; C—0,, Oo-treated control; D-O,, O,-treated diabetes.
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Fig. 11. Effects of hyperoxia on serum total oxidant status (A), and total anti-
oxidant capacity (B) levels in control and diabetic rats at the end of the study.
The values are mean + SEM for 7 rats in each group. *Statistically significant
difference compared to control group. fStatistically significant difference
compared to untreated diabetic group. The changes of TAC in O,-treated
compared to untreated diabetic rats were marginally significant, P = 0.088. C,
control; D, untreated diabetes; C—0,, O,-treated control; D-O,, O,-treated
diabetes.

resistance due to stimulation of glycolysis [51]. Hyperoxia improves
aerobic metabolism and decreased lactate production [52,53] that
could improve insulin sensitivity.

In the current study, untreated diabetic rats had lower surface area
and volume density of brown interscapular adipose tissue and higher
surface area and volume density of white interscapular adipose tissue.
Furthermore, these rats had larger adipocyte size; findings similar to
our previous report [34]. In our study, increased browning of inter-
scapular adipose tissue by hyperoxia, corroborated by increased surface
area and volume density of brown interscapular adipose tissue, in O,-
treated rats. In addition, in diabetic rats, hyperoxia increased tissue
levels of proteins (UCP1, PPAR-y, and PGCl-a) involved in adipose
tissue browning. In line with our results, it has been reported that hy-
peroxia increases PPAR-y gene expression in 3T3-L1 murine adipocytes
[52]. Furthermore, increased expression of UCP1 and PGCl-a genes
and proteins contributes in nitrate-induced browning effect in ob/ob
obese mice [22]. PPAR-y and PGCl-a proteins increase fatty acid oxi-
dation, which decreases lipolysis and ectopic fat deposition that in-
creases oxygen consumption and insulin sensitivity in adipose tissue
[10,22,54].

These findings provides a new mechanism for the positive effects of
hyperoxia on lowering weight gain as well as improving glucose tol-
erance and insulin sensitivity. It has been previously reported that
adipocyte browning has beneficial metabolic effects [55,56]. In this
study, Os-treated rats had smaller adipocyte size in the eWAT, as
measured by numerical density and provide another mechanism for
beneficial metabolic effects of hyperoxia. While reduced adipocyte size
is associated with improved metabolism [40], adipocyte hypertrophy is
an independent predictor of type 2 diabetes [57].

In our study, diabetic rats had dyslipidemia and hyperoxia
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improved it; in addition, hyperoxia decreased elevated atherogenic
index in diabetic rats. These findings are in contrast to some studies that
not found lipid profile improvement after HBOT [40,58]. NBOT (100%
O,, 2h/day, for 6 weeks) decreased serum TG levels in young pigeon
but not in older ones, while, had no effect on serum cholesterol [59].
Few studies have reported effects of hyperoxia/hypoxia on lipid profile;
in obese mice, sterol regulatory element-binding protein (SREBP)-1, a
master regulator of TG synthesis, is upregulated by 300% following
chronic intermittent hypoxia [60]; it is therefore speculated that hy-
peroxia may improve lipid profile by affecting genes involved in lipid
biosynthesis; this issue however needs further investigations.

In the current study, diabetic rats had increased oxidative stress and
hyperoxia exacerbated it. In line with our study, increased oxidative
stress has been reported in diabetes [61] whereas no effect of hyperoxia
has been observed on cellular antioxidants in healthy volunteers [62].
In line with our results, increased oxidative stress has been reported
following hyperoxia in both in vitro [52] and in vivo [63] studies. These
findings warrant further investigations regarding increased oxidative
stress when using hyperoxia.

As a strength, we simultaneously measured changes in metabolic
and histologic parameters following a relatively long-term hyperoxia
intervention. However, these findings in male rats may not extend to
females; an issue warrants further study. In the current study, no
mortality was observed in O,-treated rats (control and diabetes). Given
that a living day in rats is equivalent to 26 days in humans, 5 weeks of
intermittent hyperoxia intervention in rat could be considered as a
long-term intervention in human [64]. In line with our study, it has
been reported that intermittent normobaric hyperoxia is safe and has
more beneficial effects than continuous hyperoxia [65].

5. Conclusion

This study showed beneficial metabolic effects of hyperoxia in obese
type 2 diabetic male rats including improved insulin sensitivity and
glucose tolerance; these effects were at least in part due to browning of
adipose tissue, decreased adipocyte size, lowering body weight, de-
creased lactate level and improved dyslipidemia.
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