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Results Expressions of caspase-1-3-9, HIF-1α, and 
TNF-α genes were significantly higher in D group com-
pared to C group (p < 0.05 for all). Ozone treatment 
resulted in significant decrease in the expressions of these 
genes in diabetic kidney tissue compared to both C and D 
group (p < 0.05 for all). Caspase-1-3-9, HIF-1α, and TNF-α 
gene expressions were found to be lower in DOI group 
compared to C group (p < 0.05 for all). Also adding ozone 
treatment to insulin therapy resulted in more significantly 
decrease in the expressions of these genes in diabetic tissue 
compared to only insulin-treated diabetic group (p < 0.05 
for all). Regarding histological changes, ozone treatment 
resulted in decrease in the renal corpuscular inflammation 
and normal kidney morphology was observed. Both insu-
lin and ozone therapies apparently improved kidney his-
tological findings with less degenerated tubules and less 
inflammation of renal corpuscle compared to D, DO, and 
DI groups.
Conclusion Ozone therapy decreases the expressions of 
apoptotic genes in diabetic kidney tissue and improves the 
histopathological changes.

Keywords Diabetic nephropathy · Ozone therapy · 
Caspase · HIF-1α · TNF-α

Introduction

Diabetic kidney disease has become the most common 
cause of end-stage renal disease (ESRD) in the world 
[1]. Recently, instead of the classical view that metabolic 
and hemodynamic change is the main factor for diabetic 
nephropathy development, emerging evidences have shown 
that a number of factors including inflammation, hypoxia, 
apoptosis act a part in pathogenesis and progression of both 

Abstract 
Background Accelerated apoptosis plays a vital role in 
the development of diabetic vascular complications. Ozone 
may attenuate diabetic nephropathy by means of decreased 
apoptosis-related genes. The aim of our study was to inves-
tigate the effect of ozone therapy on streptozotocin-induced 
diabetic nephropathy in rats. Also the histopathological 
changes in diabetic kidney tissue with ozone treatment 
were evaluated.
Methods The rats were randomly divided into six groups 
(n = 7): control (C), ozone (O), diabetic (D), ozone-treated 
diabetic (DO), insulin-treated diabetic (DI), and ozone- and 
insulin-treated diabetic (DOI). D, DI, and DOI groups were 
induced by a single intraperitoneal injection of streptozo-
tocin. Ozone was given to the O, DO, and DOI groups. 
Group DI and DOI received subcutaneous (SC) insulin 
(3 IU). All animals received daily treatment for 6 weeks.
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microvascular and macrovascular complications of dia-
betes [2–4]. Apoptosis is defined as programed cell death. 
Although apoptosis is a natural phenomenon in multicel-
lular organisms, accelerated apoptosis in endothelial cells 
plays a vital role in the development of diabetic vascular 
complications [5]. Hyperglycemia has also been shown to 
induce in vitro apoptosis of several cells [6, 7]. Apoptosis 
is mediated by the activation of the caspases and results 
in the cleavage of protein substrates and DNA fragmenta-
tion in diabetic kidney disease [8–10]. TNF-α and HIF-1α 
are shown to be related with apoptosis [11, 12]. It is shown 
that HIF-1α is related with serum creatinine value and renal 
fibrosis in diabetic nephropathy [13, 14]. TNF-α is impor-
tant in pathogenesis of diabetic nephropathy [15]. The 
effect of ozone therapy on apoptosis is shown in the orbito-
frontal cortex of neuropathic mice and intestinal ischemia–
reperfusion injury in rats [16, 17]. Also Morsy et al. [18] 
showed that ozone therapy improved renal oxidative stress 
markers in diabetic nephropathy. However, the effect of 
the ozone therapy on diabetic nephropathy has not been 
explained yet.

The aim of our study was to investigate the effect of 
ozone therapy on streptozotocin-induced diabetic nephrop-
athy in rats.

Methods

Study design

All experimental protocols conducted on the animals were 
consistent with the National Institutes of Health Guidelines 
for the Care and Use of Laboratory Animals (NIH Publica-
tion No. 85-23) and approved by the Local Ethical Com-
mittee. Forty-two adult male Sprague–Dawley rats weigh-
ing approximately 300 g were used. All of the rats were 
maintained in a 12-h light/dark cycle environment (lights 
on 7:00–19:00 h) at 22 ± 1 °C and 50 % humidity, and they 
were kept in transparent plastic cages (42 × 26 × 15 cm), 
each containing three rats. The rats had access to food 
and water ad libitum. The rats were randomly divided into 
six groups (n = 7): control (C), ozone (O), diabetic (D), 
ozone-treated diabetic (DO), insulin-treated diabetic (DI), 
and ozone- and insulin-treated diabetic (DOI). Diabetes 
was induced by a single intraperitoneal injection of freshly 
prepared STZ (Sigma-Aldrich Co., Taufkirchen, Germany) 
solution (60 mg/kg body weight in 0.09 M citrate buffer, 
pH 4.8) in the D, DO, DI, and DOI groups. The animals 
in the C and O groups received the same volume of vehi-
cle. Hyperglycemia was confirmed 48 h after STZ injection 
by measuring tail vein blood glucose levels using a glu-
cometer (Accu-Chek, Roche Diagnostics Co., Mannheim, 
Germany). Only animals with mean plasma glucose levels 

above 300 mg/dl were classified as diabetic [18, 19]. The 
weights and blood glucose levels of all of the rats were 
measured before the experimental procedure and at the end 
of the experiments. The ozone was generated by an ozone 
generator (Dr. J. Hänsler OZONOSAN GmbH, Iffezheim, 
Germany). A 50 μg/ml concentration of ozone was given 
to the O, DO, and DOI groups (1.1 mg/kg intra peritoneal, 
1-min injection period once a day for 6 weeks). This dosage 
and schedule of ozone was in a previous study. This dose of 
ozone has been shown to achieve oxidative preconditioning 
without appreciable toxicity [18, 20]. Insulin (3 IU) (Novo 
Nordisk Co., Bagsvaerd, Denmark) was administered to the 
DI and DOI groups (intraperitoneal in 1 ml saline, once a 
day for 6 weeks). Oxygen was injected as the vehicle for 
the ozone in the C, D, and DI groups every day for 6 weeks. 
In addition, 1 ml saline was injected in the C, O, D, and 
DO groups every day for 6 weeks. At the end of the experi-
mental period, the rats were anaesthetized with ketamine/
xylazine (90 and 10 mg/kg, respectively, intraperitoneally. 
Then the abdomens of the rats were opened using a midline 
incision under anesthesia. Kidney tissues were removed for 
genetic and histological analyses. The animals were then 
euthanized by exsanguination while under ketamine and 
xylazine anesthesia.

RNA isolation and analyses of apoptosis‑related gene 
expression

The kidney divided into small pieces in trizol solution by 
a lancet on ice. Total RNA was extracted from the tissues 
using an RNA isolation reagent (Tri reagent) procedure 
(Sigma, St. Louis, MO, USA). An EasyScript Plus cDNA 
Synthesis kit was used for the synthesis of complementary 
DNA (cDNA) from the tissues.

Relative quantification of apoptosis‑related gene 
expression

Real-time quantitative polymerization chain reaction (RT-
PCR) analyses of all genes were performed using a Step 
One Plus RT-PCR instrument and software. Rat primers 
were used for gene expression analyses. GAPDH (glycer-
aldehyde 3-phosphate dehydrogenase) housekeeping gene 
was chosen as a standard to control the variability in ampli-
fication. RT-PCR was performed by using an Eva Green 
qPCR master mix kit according to the instructions of the 
manufacturer. The experiments were repeated twice using 
duplicates in each group.

Analysis setup for delta–delta CT method

In the “Basic Setup” section, assign samples to different 
groups. At least two groups are needed, where one of those 
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groups must be the control group. Click “Update” when 
finished. You may exclude samples from the analysis by 
selecting “Exclude” on the drop-down menu.

Review the “Data QC” section to assess each groups’ 
PCR reproducibility, reverse transcription efficiency, and 
the presence of genomic DNA contamination.

The “Select Housekeeping Genes” section allows you to 
remove or add preferred housekeeping genes for data nor-
malization by clicking the appropriate checkboxes. Click 
“Update” when finished.

Review the “Data Overview” section to see each group’s 
distribution of threshold cycle values and the average of the 
raw data in each group.

Analysis

See the “Average Ct,” “2^(−Ct),” “Fold Change,” “p 
value,” and “Fold Regulation” sections for the results pro-
cessed by the software from your data. The “Fold Change” 
and “p value” results are used by the software in subse-
quent graphical analyses.

Histological evaluation

The study included formalin-fixed and paraffin-wax-
embedded kidney specimens of rats of control and experi-
mental groups. For histopathological examination, routine 
paraffin-wax-embedded method was used. Briefly, at the 
end of experiment, the kidneys were removed from the 
rats and fixed in 10 % formaldehyde, embedded in paraf-
fin. Thick paraffin sections (5 µm) were cut from each 
specimen. After deparaffinization and rehydration, all sec-
tions stained with periodic acid-Schiff (PAS) to provide a 
morphological overview and to show the brush border of 
the epithelial cells of the proximal tubule and the thick-
ness of basal lamina. Tissues were examined, and images 
were captured using a Olympus BX51 microscope (Olym-
pus BX-51, Japan). Histological evaluation was evaluated 
according to a previous study [21].

TUNEL immunofluorescence staining

To detect apoptosis within the cells of the kidneys, in situ 
TdT-mediated X-Dutp nicked labeling (TUNEL) reaction 
to the paraffin sections was applied by using ApopTag® 
Fluorescein In Situ Apoptosis Detection Kit (EMD Milli-
pore, Darmstadt, Germany) in accordance with the manu-
facturer’s recommendations. Briefly, serial 5-μm-thick 
paraffin-embedded sections were deparaffinized, rehy-
drated in graded alcohol, and incubated 5 min in phos-
phate-buffered saline (PBS) at room temperature. Slides 
were incubated 15 min with proteinase K and washed 
with distilled water. After wash with several times in 
PBS, they were pre-treated with 3 % hydrogen perox-
ide for 10 min. The specimens were incubated with flu-
orescein-labeled deoxy-UTP at 37 °C for 1 h at humidity 
ambient. The nucleus was visualized with 4, 6-diamino-
2-phenylindole (DAPI). The images were taken randomly 
for evaluating the TUNEL-positive cells by using immu-
nofluorescence microscope (Olympus BX51, Tokyo, 
Japan). For quantitative analysis, ten visual fields were 
randomly photographed for each TUNEL-stained sec-
tion from each experimental groups under microscope 
at 400× magnification. The number of TUNEL-positive 
cells nuclei (apoptotic nuclei) was counted with Image J 
software.

Statistical analysis

Data from related mRNA expressions have been analyzed 
with the delta–delta CT method and quantitated with a 
computer program named LightCycler Quantification 
Software. The comparisons were performed using the 
Student’s t test, one-way ANOVA, and post hoc Tukey 
test.

Results

Rat primers were used for gene expression analyses 
(Table 1). Glucose levels of groups are shown Table 2. 
Expression of caspase-1 gene was determined to be 9.98-
fold higher, caspase-3 gene 1.89-fold higher, caspase-9 
gene 19.91-fold higher, HIF-1α gene 2.12-fold higher, and 
TNF-α gene 2.12-fold higher in D group when compared 
with C group (p < 0.05 for all).

Expression of caspase-1 gene was determined to be 
9.52-fold lower, caspase-3 gene 1.56-fold lower, cas-
pase-9 gene 25.52-fold lower, HIF-1α gene 1.00-fold 
lower, TNF-α gene 1.65-fold lower in O group when 
compared with C group(p < 0.05 for all). Ozone treat-
ment resulted in significant decrease in the expression 

Table 1  Primers used for one-step RT-PCR

Primer name Sequence

rCaspase1 F: 5′-CCACTCCTTGTTTCTCTC-3′
rCaspase1 R: 5′-CCTTCCTTGTATTCATGTC-3′
rCaspase3 F: 5′-TGAGCATTGACACAATACAC-3′
rCaspase3 R: 5′-AAGCCGAAACTCTTCATC-3′
rTNFalpha F: 5′-TACTGAACTTCGGGGTGATTGGTCC-3′
rTNFalpha R: 5′-CAGCCTTGTCCCTTGAAGAGAACC-3′
rCaspase9 F: 5′-ATGGACGAAGCGGATCGGCGGCTCC-3′

rCaspase9 R: 5′-AAGCCGAAACTCTTCATC-3′
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of these genes in diabetic group compared to C group 
(caspase-1 6.72-fold lower, caspase-3 4.45-fold lower, 
caspase-9 1.78-fold lower, HIF-1α 5.38-fold lower, and 
TNF-α 87.50-fold lower; p < 0.05 for all). Expression 
of caspase-1 gene was determined to 4.54-fold lower, 
caspase-3 gene 1.11-fold lower, caspase-9 gene 1.98-
fold lower, HIF-1 α gene 2.430-fold lower, and TNF-α 
gene 1.20-fold lower in DI group when compared with 
C group (p < 0.05 for all). Expression of caspase-1 gene 
was determined to be 7.93-fold lower, caspase-3 gene 
23.82-fold lower, caspase-9 gene 9.22-fold lower, HIF-1α 
gene 40.17-fold lower, and TNF-α gene 50.07-fold lower 
in DOI group when compared with C group (p < 0.05) 
(Fig. 1).

Expression of caspase-1 gene was determined to be 
44.95-fold lower, caspase-9 gene 183.95-fold lower, and 
TNF-α gene 105.99-fold lower in DO group when com-
pared with D group (p < 0.05 for all) (Fig. 2).

Expression of caspase-1 gene was determined to be 
50.65-fold lower, caspase-9 gene 8.98-fold lower, HIF-1α 
gene 413.07-fold lower, and TNF-α gene 73.01-fold lower 
in DOI group when compared with DI group (p < 0.05 for 
all) (Fig. 3).

Significant differences were not detected gene expres-
sion of BAD, BAX, BID, BCL2, and BCL-XL in all groups 
(Figs. 4, 5, 6).

Histological findings

As shown in Fig. 7, histological study of the normal kid-
ney of the nondiabetic rats revealed normal glomerulus 
surrounded by the Bowman’s capsule, proximal, and dis-
tal convoluted tubules without any inflammatory changes. 
No histopathological alterations were observed in control 
kidney. Many histopathological changes were observed 
in the STZ-induced diabetic kidney compared with con-
trol groups. The histopathological examination of STZ-
induced diabetic kidney showed degenerated glomeruli, 

Table 2  Glucose levels of groups

C control, O ozone, D diabetic, DO ozone-treated diabetic, DI insulin-treated diabetic, DOI ozone- and insulin-treated diabetic

p < 0.001 versus diabetic group

DOI DI DO D O C

Glucose at fist 103.41 ± 17.79 87.72 ± 15.12 101.14 ± 17.02 97.15 ± 9.06 105.00 ± 7.63 100.01 ± 9.57

Glucose at death 248.42 ± 40.75* 300.71 ± 30.51* 406.57 ± 46.80* 556.57 ± 24.27 112.85 ± 12.7* 105.85 ± 2.26*

Fig. 1  Apoptosis associated with gene expression in all groups: com-
paring to control group p < 0.05. C control, O ozone, D diabetic, DO 
ozone-treated diabetic, DI insulin-treated diabetic, DOI ozone- and 
insulin-treated diabetic, HIF-1α hypoxia-inducible factor alpha, TNF-
α tumor necrosis factor alpha

Fig. 2  Apoptosis associated with gene expression in diabet + ozone 
therapy group: comparing to diabetic group p < 0.05. TNF-α tumor 
necrosis factor alpha

Fig. 3  Apoptosis associated with gene expression in diabet + insu-
lin + ozone therapy group: comparing to diabet + ozone therapy 
group p < 0.05. HIF-1α hypoxia-inducible factor alpha, TNF-α tumor 
necrosis factor alpha
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the inflammatory cells in the glomeruli, and thickening of 
the basement membrane. PAS staining indicated that epi-
thelium of proximal and distal convoluted tubules exhib-
ited edematous changes. There were damages at brush 
border edges of apical membranes of proximal tubules by 
PAS staining, and bowman cavity was enlarged compared 

to control group. The only ozone administered animals 
did not induce any pathological changes, and the kidney 
tissues appeared similar to the control group. There were 
normal glomeruli and normal tubules in only ozone therapy 
group. Moreover, ozone treatment resulted in little patho-
logical alterations when compared with STZ-induced dia-
betic group. Only some edematous changes were observed 
in some proximal and distal convoluted tubules. This group 
showed features of healing as normal glomerulus, absence 
of inflammatory cells, and normal basement membrane. 
The group that was treated with insulin showed normal 
basement membrane, absence of inflammatory cells in 
the glomeruli, and morphologically normal tubules except 
some proximal convoluted tubule exhibited edematous 
changes. Both the insulin and ozone therapies improved 
kidney histological pictures with less degenerated tubules 
compared to STZ group. The degree of renal changes to 
the number of kidney glomerulus in all groups is shown in 
Table 3.

TUNEL findings

We investigated the influence of ozone and insulin on the 
diabetic kidney in each experimental group. To evaluate 
apoptotic cell number, we used the TUNEL method. The 
number of the TUNEL-positive cells more increased in 
the diabetic group compared to control group, while the 
TUNEL-positive cell number was nearly same with con-
trol group in ozone group. TUNEL-positive cell number 
decreased in co-treatment of STZ administered with ozone 
and insulin groups. According to our recent findings, we 
detected an increased number of apoptotic cell within the 
kidney tissue of diabetic group, but these apoptotic cell 
number downregulated in the group of ozone + insulin-
administered diabetic group (Fig. 8). The number of apop-
totic cells in all groups is shown in Table 4.

Discussion

In our study, we showed for the first time that ozone 
therapy significantly decreased the gene expressions of 
caspases-1-3-9, HIF-1α, and TNF-α and improved histo-
pathological outcomes of the diabetic nephropathy. Also 
apoptotic cell number downregulated in the group of 
ozone + insulin-administered diabetic group.

Apoptotic cell death was demonstrated to be impor-
tant in diabetic nephropathy by Kumar et al. [22]. Wong 
et al. [23] have shown that high glucose levels stimulated 
expression of apoptosis genes. In line with the study, we 
demonstrated that expression of caspases-1-3-9 genes was 
increased in diabetic group compared to control group. 
Liadis et al. [24] have shown that caspase-3-mediated 

Fig. 4  Apoptosis associated with gene expression in all groups: com-
paring to control group p > 0.05. C control, O ozone, D diabetic, DO 
ozone-treated diabetic, DI insulin-treated diabetic, DOI ozone- and 
insulin-treated diabetic

Fig. 5  Apoptosis associated with gene expression in ozone treated 
diabetic group. p > 0.05: comparing to diabetic group

Fig. 6  Apoptosis associated with gene expression in diabet + insu-
lin + ozone therapy group: comparing to diabet + ozone therapy 
group p > 0.05
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apoptosis plays a role in beta cell destruction. High glu-
cose levels were shown to induce apoptosis in endothelial 
cells by Ho et al. [25]. Previous studies showed that gene 
expression of caspase-1 is higher in diabetic nephropathy 
[26, 27].

The increase in oxidant activity due to hyperglycemia is 
great importance in pathogenesis of diabetic nephropathy. 
A significant increase in oxidant activity was detected in 
renal proximal epithelial cells after being exposed to high 
glucose approximately 24 h. Significantly increased activ-
ity of caspases-3-8-9 was detected. DNA fragmentation 
reached a maximum after 48 h of exposure to high glu-
cose. The high glucose-induced increase in caspase activity 
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Fig. 7  Representative photomicrographs of PAS-stained kidney tis-
sue sections from experimental groups. a Histological kidney sections 
of normal control group showing normal tubular structure and renal 
corpuscle. b In the rats treated with STZ, the kidney damaged. There 
were inflammatory cells, degenerated renal corpuscle with thicken-
ing of the basement membrane, and the proximal convoluted tubule 
showed hypercellularity with edema. c The general architecture of 
kidney was also structurally normal in the only ozone therapy group. 
d Ozone treatment apparently alleviated STZ-induced histopatho-

logical damage in the STZ + ozone group. e Histological picture 
showed a decrease in the kidney damages in STZ + insulin group. f 
Histological picture of STZ + insulin + ozone group showed a sig-
nificant amelioration of kidney histoarchitecture. Arrow thickening of 
the basement membrane. Thick arrow enlarged bowman cavity. Star 
degenerated tubules with hypercellularity with edema. Arrow head 
inflammation. RC renal corpuscle, PC proximal convoluted tubule, 
DC distal convoluted tubule. Original magnification, PAS, ×400

Table 3  The degree of these renal changes to the number of kidney 
(glomerulus) in all groups

C control, O ozone, D diabetic, DO ozone-treated diabetic, DI insu-
lin-treated diabetic, DOI ozone- and insulin-treated diabetic

Group Renal changes to the number 
of kidney (glomerulus)  %

C 3

O 4

D 90

DO 65

DI 35

DOI 12
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Fig. 8  TUNEL + cells reflec-
tive green immunofluores-
cence. a There was only a few 
TUNEL + cells in kidney of 
control group. b The ozone-
treated group had also less 
TUNEL + cells like control 
group. c Many apoptotic cells 
in the tubules both cortex and 
medulla of diabetic group were 
determined. d Effects of ozone 
on TUNEL + cells in renal 
diabetic injury in rats. e There 
was TUNEL + apoptotic cells 
decreased on section profiles of 
insulin group compared with 
diabetic group. f TUNEL + cell 
number in kidney tissue of 
ozone + insulin-administered 
diabetic group was more less 
compared to only ozone and 
insulin therapy groups. TUNEL 
staining, ×400
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and DNA fragmentation were reduced in the presence of 
antioxidant therapy [10]. It has been shown that ozone 
therapy increases the activity of antioxidant enzymes and 
reduced activity of oxidant enzymes [20, 28]. Erken et al. 
[19] showed that ozone therapy decreases the total oxidant 
status and oxidative stress index, and increases total anti-
oxidant status in diabetic rats. Morsy et al. [18] have dem-
onstrated ozone therapy reduces oxidative stress markers 
and improves renal antioxidant enzyme activity in diabetic 
nephropathy. Hyperglycemia decreases antioxidant activity 
and induces oxidative stress. Ozone therapy decreased the 
blood glucose levels [19]. Several mechanisms have been 
suggested for this effect of ozone. Glucose uptake is rap-
idly decreased in the presence of hydrogen peroxide, and 
the effect was reversed by ozone therapy [29, 30]. It was 
reported that ozone treatment affected the metabolic actions 
related to inhibition of glycogen depletion and decrease in 
the blood glucose levels [31]. These findings indicate that 
the protective effect of ozone on diabetic nephropathy 
might be mediated by oxidant/antioxidant mechanisms and 
glucose lowering effect may result in decrease in caspases 
levels and apoptosis.

Effects of ozone therapy on apoptosis and caspase path-
way have been shown in some studies. Fuccio et al. [16] 
have shown that ozone therapy inhibits expression of cas-
pase-1 gene in orbitofrontal cortex. Also ozone therapy has 
been shown to inhibit apoptosis in intestinal ischemia rep-
erfusion injury in rats in a study by Haj et al. [17].

It was demonstrated that expression of HIF-1α is cor-
related with apoptosis [11, 35]. We have demonstrated 
that HIF-1α value increased in diabetic rats in comparison 
with control rats. In accordance with present results, Sagar 
et al. [13] have shown that over expression of HIF-1α is 
correlated with renal interstitial fibrosis and serum creati-
nine value in diabetic nephropathy. Tang et al. [14] have 
shown that in the 4th, 8th and 12th week, the areas of renal 
interstitial fibrosis were significantly increased in diabetic 
nephropathy group, which was accompanied by higher 
levels of 24-h urinary protein HIF-1α, compared with con-
trol group. HIF-1α mRNA expression has been shown to 
increase significantly in diabetic rats [36]. In our study, 
HIF-1 α gene expression level decreased in ozone therapy 
group.

It has been shown that TNF-α induces apoptosis [12, 
32]. In this study, ozone therapy decreased TNF-α in dia-
betic nephropathy. In accordance with our study, Xing 
et al. [33] have shown that ozone therapy could decrease 
the mRNA levels of TNF-α in reperfusion injury in rat kid-
ney. Azuma et al. [34] have shown that the intraperitoneal 
injection of ozonized water decreased the levels of TNF-α 
and increased the activity of superoxide dismutase. Selec-
tive antioxidants attenuated TNF-α-mediated activation 
of HIF-1α [37, 38]. HIF-1α increases caspase-9 and cas-
pase-3 via BAX which is a proapoptotic protein [39, 40]. 
Ozone therapy may reduce TNF-α and HIF-1α via its anti-
oxidant properties and thus might decrease caspase-3 and 
caspase-9.

There are some limitations of this study. Protein expres-
sions should be analyzed in addition to gene expression to 
clarify the importance of inflammation and HIF-1α in dia-
betic nephropathy.

In conclusion, this study showed ozone therapy signifi-
cantly improves the histopathological changes induced by 
high glucose level in diabetic nephropathy. Possible mecha-
nisms for the protective role of ozone therapy reduced the 
gene expression levels of caspases-1, 3, 9 and cell apop-
tosis-related genes such as TNF-α and HIF-1α. We dem-
onstrated for the first time the effects of ozone therapy on 
expression of apoptosis genes in diabetic nephropathy, and 
we think that this article will contribute to further studies 
for new researches.

Study limitations

There are some limitations of this study. Protein expres-
sions should be analyzed in addition to gene expression to 
clarify the importance of inflammation and HIF-1-alpha in 
diabetic nephropathy.

Compliance with ethical standards 
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Ethical approval All applicable international, national, and/or insti-
tutional guidelines for the care and use of animals were followed. All 
experimental protocols conducted on the animals were consistent with 
the National Institutes of Health Guidelines for the Care and Use of 

Table 4  The number of apoptotic cells in all groups

C control, O ozone, D diabetic, DO ozone-treated diabetic, DI insulin-treated diabetic, DOI ozone- and insulin-treated diabetic

* p < 0.001 versus diabetic group
α p 0.005 versus diabetic group

DOI DI DO D O C

The number of apoptotic cells 1.65 ± 2.19* 1.71 ± 1.88* 2.30 ± 2.40α 4.47 ± 3.25 1.63 ± 1.89* 1.38 ± 1.72*
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Laboratory Animals (NIH Publication No: 85-23) and approved by the 
Local Ethical Committee.
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 21. Yay A, Akkuş D, Yapıslar H, Balcıoglu E, Sonmez MF, Ozdamar 
S (2014) Antioxidant effect of carnosine treatment on renal oxi-
dative stress in streptozotocin-induced diabetic rats. Biotech His-
tochem 89:552–557

 22. Kumar D, Zimpelmann J, Robertson S, Burns KD (2004) Tubu-
lar and interstitial cell apoptosis in the streptozotocin-diabetic rat 
kidney. Nephron Exp Nephrol 96:77–88

 23. Wong VY, Keller PM, Nuttall ME, Kikly K, De Wolf WE Jr, Lee 
D, Ali SM, Nadeau DP, Grygielko ET, Laping NJ, Brooks DP 
(2001) Role of caspases in human renal proximal tubular epithe-
lial cell apoptosis. Eur J Pharm 433:135–140

 24. Liadis N, Murakami K, Eweida M, Elford AR, Sheu L, Gaisano 
HY, Hakem R, Ohashi PS, Woo M (2005) Caspase-3-dependent 
β-cell apoptosis in the initiation of autoimmune diabetes melli-
tus. Mol Cell Bioe 25:3620–3629

 25. Ho FM, Liu SH, Liau CS, Huang PJ, Lin-Shiau SY (2000) High 
glucose-induced apoptosis in human endothelial cells is medi-
ated by sequential activations of c-Jun NH(2)-terminal kinase 
and caspase-3. Circulation 101:2618–2624

 26. Koenen TB, Stienstra R, van Tits LJ, de Graaf J, Stalenhoef AF, 
Joosten LA, Tack CJ, Netea MG (2011) Hyperglycemia activates 
caspase-1 and TXNIP-mediated IL-1b transcription in human 
adipose tissue. Diabetes 60:517–552

 27. Güçlü A, Yonguç N, Dodurga Y, Gündoğdu G, Güçlü Z, Yonguç 
T, Adıgüzel E, Turkmen K (2015) The effects of grape seed on 
apoptosis-related gene expression and oxidative stress in strepto-
zotocin-induced diabetic rats. Ren Fail 37:192–197

 28. Peralta C, León OS, Xaus C, Prats N, Jalil EC, Planell ES, 
Puig-Parellada P, Gelpí E, Roselló-Catafau J (1999) Protective 
effect of ozone treatment on the injury associated with hepatic 
ischemia-reperfusion: antioxidant-prooxidant balance. Free 
Radic Res 31:191–196

 29. Al-Dalain SM, Martínez G, Candelario-Jalil E, Menéndez S, Re 
L, Giuliani A, León OS (2001) Ozone treatment reduces markers 
of oxidative and endothelial damage in an experimental diabetes 
model in rats. Pharmacol Res 44:391–396

 30. Martínez-Sánchez G, Al-Dalain SM, Menéndez S, Re L, Giuliani 
A, Candelario-Jalil E, Alvarez H, Fernández-Montequín JI, León 
OS (2005) Therapeutic efficacy of ozone in patients with dia-
betic foot. Eur J Pharmacol 523:151–161

 31. Candelario-Jalil E, Mohammed-Al-Dalain S, Fernández OS, 
Menéndez S, Pérez-Davison G, Merino N, Sam S, Ajamieh HH 
(2001) Oxidative preconditioning affords protection against 
carbon tetrachloride induced glycogen depletion and oxidative 
stress in rats. J Appl Toxicol 21:297–301

 32. Kawata K, Iwai A, Muramatsu D (2015) Stimulation of mac-
rophages with the β-glucan produced by aureobasidium pullulans 

http://dx.doi.org/10.1155/2013/193461
http://dx.doi.org/10.1371/journal.pone.0120921
http://dx.doi.org/10.1186/1758-5996-2-29


450 Int Urol Nephrol (2016) 48:441–450

1 3

promotes the secretion of tumor necrosis factor-related apopto-
sis inducing ligand (TRAIL). PLoS One 4. doi:10.1371/journal.
pone.0124809

 33. Xing B, Chen H, Wang L (2015) Ozone oxidative precondition-
ing protects the rat kidney from reperfusion injury via modula-
tion of the TLR4-NF-κB pathway. Acta Cir Bras 30:60–66

 34. Azuma K, Mori T, Kawamoto K, Kuroda K, Tsuka T, Imagawa 
T, Osaki T, Itoh F, Minami S, Okamoto Y (2014) Anti-inflamma-
tory effects of ozonated water in an experimental mouse model. 
Biomed Rep 2:671–674

 35. Carmeliet P, Dor Y, Herbert JM, Fukumura D, Brusselmans K, 
Dewerchin M, Neeman M, Bono F, Abramovitch R, Maxwell P, 
Koch CJ, Ratcliffe P, Moons L, Jain RK, Collen D, Keshert E 
(1998) Role of HIF-1alpha in hypoxia-mediated apoptosis, cell 
proliferation and tumour angiogenesis. Nature 394:485–490

 36. Sun HK, Lee YM, Han KH, Kim HS, Ahn SH, Han SY (2012) 
Phosphodiesterase inhibitor improves renal tubulointerstitial 

hypoxia of the diabetic rat kidney. Korean J Intern Med 
27:163–170

 37. Roy S, Sannigrahi S, Majumdar S, Ghosh B, Sarkar B (2011) 
Resveratrol regulates antioxidant status, inhibits cytokine expres-
sion and restricts apoptosis in carbon tetrachloride induced rat 
hepatic injury. Oxid Med Cell Longev. doi:10.1155/703676

 38. Kumar B, Gupta SK, Nag TC, Srivastava S, Saxena R, Jha 
KA, Srinivasan BP (2014) Retinal neuroprotective effects of 
quercetin in streptozotocin-induced diabetic rats. Exp Eye Res 
125:193–202

 39. Suzuki H, Tomida A, Tsuruo T (2001) Dephosphorylated 
hypoxia inducible factor 1 alpha as a mediator of p53-dependent 
apoptosis during hypoxia. Oncogene 20:5779–5788

 40. Chang Y, Hsiao G, Chen YC (2007) Tetramethylpyrazine sup-
presses HIF-1α, TNF-α, and activated caspase-3 expression in 
middle cerebral artery occlusion-induced brain ischemia in rats. 
Acta Pharmacol Sin 28:327–333

http://dx.doi.org/10.1371/journal.pone.0124809
http://dx.doi.org/10.1371/journal.pone.0124809
http://dx.doi.org/10.1155/703676

	The effects of ozone therapy on caspase pathways, TNF-α, and HIF-1α in diabetic nephropathy
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Study design
	RNA isolation and analyses of apoptosis-related gene expression
	Relative quantification of apoptosis-related gene expression
	Analysis setup for delta–delta CT method
	Analysis
	Histological evaluation
	TUNEL immunofluorescence staining

	Statistical analysis

	Results
	Histological findings
	TUNEL findings

	Discussion
	Study limitations

	References




