
Indexed and abstracted in Science Citation Index Expanded and in Journal Citation Reports/Science Edition

Bratisl Med J 2020; 121 (8)

565 – 570

DOI: 10.4149/BLL_2020_094

EXPERIMENTAL STUDY
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ABSTRACT
OBJECTIVES: The effectiveness of the myo-inositol oxygenase (MIOX) enzyme was investigated in the 
diagnosis of acute kidney injury (AKI). 
METHODS: In total, 40 rats were divided into 5 groups (n = 8, for each group) while left kidney ischemia-
reperfusion was implemented in groups 2, 3, 4 and 5. Group 1 was the control group. Group 2 underwent 
1-hour ischemia and 2-hour reperfusion. Group 3 underwent 1-hour ischemia and 4-hour reperfusion. Group 
4 underwent 2-hour ischemia and 2-hour reperfusion. Group 5 underwent 2-hour ischemia and 4-hour 
reperfusion. 
RESULTS: Serum creatinine and blood urea nitrogen levels in all ischemia-reperfusion groups were higher 
than in the control group (p<0.001). Serum MIOX level was higher in groups 2, 3 and 4 than in group 1 
(p=0.002). Tissue MIOX level was lower in groups 2, 4, and 5 than in group 1 (p=0.039). Serum and tissue 
neutrophil gelatinase-associated lipocalin levels were not signifi cantly different between the groups. The injury 
level in histopathologic examination was as follows: group 1<group 3<group 2=group 4<group 5.
CONCLUSION: The serum MIOX level increases in the early stages of AKI, however, decreases 
subsequently. Therefore, the serum MIOX may be a potential promising biomarker in the early diagnosis of 
AKI (Tab. 5, Fig. 6, Ref. 30). Text in PDF www.elis.sk
KEY WORDS: renal ischemia-reperfusion; myo-inositol oxygenase; acute kidney injury; diagnostic biomarker; 
neutrophil gelatinase- associated lipocalin.
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Introduction 

Acute kidney injury (AKI) is a serious disease with high 
morbidity and mortality, especially in hospitalized patients (1). 
Increased serum creatinine level and decreased urine volume are 
two main parameters in the diagnosis of AKI. However, the use of 
serum creatinine alone leads to problems in the diagnosis because 
the creatinine level increases as late as after a 50 % decrease in 
glomerular fi ltration rate (GFR) (2).

The plasma and urine level of interleukin (IL)-18, neutrophil 
gelatinase-associated lipocalin (NGAL) and kidney injury mole-
cule 1 (KIM-1) can defi ne AKI at its earlier stage without increas-
ing serum creatinine. NGAL is a small protein from the lipocalin 
family, weighing 33 kD, and is expressed in renal tubule cells. 

NGAL passes through urine and blood after tubular damage and 
is the most promising early diagnostic biomarker (3–6).

Myo-inositol oxygenase (MIOX) is the fi rst enzyme in myo-
inositol (MI), a stereoisomer of inositol from sugar alcohols me-
tabolism, and is mainly expressed in the kidneys. This is a unique 
pathway for MI catabolism (7–9). Although the MIOX enzyme is 
one of rare organ-specifi c enzymes, particularly a renal-specifi c 
enzyme, the data on the role of MIOX in the diagnosis of AKI 
are limited (9–11).

In this study, we investigated the role of MIOX enzyme in the 
diagnosis of AKI as an early biomarker as compared with NGAL, 
creatinine and blood urea nitrogen (BUN).

Materials and methods

In this study, a total of 40 male Wistar albino rats were used. 
Rats were fed standard pellet feed for rodents and water ad libi-
tum, and housed in standard rat cages. Rats weighing between 300 
g and 350 g were divided into 5 groups (n = 8, for each group).

Group 1: The rats in this group were selected as a control group 
and no further action was performed.

Group 2: The rats in this group underwent 1 hour of ischemia 
and 2 hours of reperfusion,

Group 3: The rats in this group underwent 1 hour of ischemia 
and 4 hours of reperfusion,
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Blood and kidney tissue samples were taken after all animals 
had been anesthetised with 50 mg/kg ketamine and 10 mg/kg xy-
lazine. The operation site of rats was cleaned with sterile povidone 
iodide in supine position, a mid-abdominal incision was made, 
and the renal artery was clamped at the hilus level by reaching 
the left kidney in groups 2, 3, 4 and 5. The clamped kidney was 
exposed to ischemia (ischemia was monitored by color change 
and absence of pulsation). When the ischemia period expired, the 
clamp was removed and reperfusion was performed (reperfusion 
was monitored in terms of color change and pulsation). In order to 
prevent dehydration due to the experiment, the operation area of 
the animals was covered with sponges soaked with sterile saline. 
One of the rats died due to anesthesia during the experiment. After 
reperfusion, blood and kidney tissues were taken and animals were 
sacrifi ced by means of the exsanguination method. The samples 
were delivered to the biochemistry laboratory as soon as possible 
for the study. The blood samples were centrifuged for 15 minutes 
at 1,500 g and the serum was separated and stored at –80 °C until 
the time of testing with the kidney tissue samples.

Some of the kidney tissue samples 
were fi xed in 10 % formaldehyde for histo-
pathological evaluation and passed through 
the routine histological follow-up series 
and embedded in paraffi n blocks. Paraffi n 
block sections, 5 and 20 μm thick, were 
laid on microscope slides. Hematoxyline 
and eosin staining of kidney tissue was 
performed. Quantitative measurements of 
tubulointerstitial damage were performed 
by evaluating the necrotic and apoptotic 
cell count, loss of tubular edge, tubular 
dilatation, and neutrophil formation. His-
topathological results were evaluated as 
follows: 0 = no damage, 1 = 0–10 %, 2 = 
11–25 %, 3 = 26–45 %, 4 = 46–75 % and 5 
= 76–100 % (12). 

Parameter
Median 95% CI

P value
Group 1 Group 2 Group 3 Group 4 Group 5

BUN 
(mg/dL)

18.2bcde

17.4–23.3
33.8ae

31.3–37.2
32.8ae

26.9–36.4
32.0ae

29.2–35.1
43.3abcd

38.7–46.3
<0.001

Creatinine
(mg/dL)

0.33bcde

0.27–0.35
0.74ace

0.61–0.84
0.46abde

0.41–0.66
0.65ace

0.59–0.72
0.87abcd

0.74–1.02
<0.001

Glucose
(mg/dL)

252de

170–286
291e

230–365
252e

189–356
291ae

251–391
501abcd

447–539
<0.001

MIOX serum
(ng/mL)

1.63bcd

1.58–2.22
3.21acde

2.73–4.08
2.72ab

2.14–2.99
2.29ab

1.72–3.10
2.04b

1.39–2.99
0.002

MIOX tissue
(ng/g protein)

57.2bde

48.3– 66.2
43.4a

26.1– 52.2
51.3e

36.3– 69.5
43.7a

34.5– 53.2
38.5ac

22.1-53.4
0.039

NGAL serum
(pg/mL)

1191
709–1374

1585
1159-1760

1373
1270-1439

1433
911–1712

1413
1310-1790

0.093

NGAL tissue
(pg/g protein)

58.8
48.1–63.2

45.1
34.5–60.3

59.4
42.8–71.5

46.2
37.2–59.8

47.5
29.8–61.7

0.161

a – Different from group 1, b – Different from group 2, c – Different from group 3, d – Different from group 4, e – Different from group 5. p < 0.05 was considered signifi -
cant. BUN – blood urea nitrogen, CI –confi dence interval, NGAL – neutrophil gelatinase-associated lipocalin, MIOX – myo-inositol oxygenase.

Tab. 1. Median and 95 % CI values of biochemical parameters.

Parameter AUC Cut-off Sensitivity (%) Specifi city(%)
BUN 
(mg/dL) 1.000 > 25.8 100 100

Creatinine
(mg/dL) 1.000 > 0.36 100 100

MIOX serum
(ng/mL) 0.633 > 2.44 43.75 100

MIOX tissue
(ng/g protein) 0.699 ≤ 44.75 56.25 100

NGAL serum
(pg/mL) 0.523 > 1393 40.63 87.5

NGAL tissue
(pg/g protein) 0.691 ≤ 45.32 56.25 100

AUC – area under curve. BUN – blood urea nitrogen. NGAL – neutrophil gelatinase-
associated lipocalin. MIOX – myo-inositol oxygenase.

Tab. 2. The results of receiver operating characteristic analysis.

Parameter

Creatinine
“The difference 
between AUC”

“p value”

MIOX serum
“The difference 
between AUC”

“p value”

MIOXtissue
“The difference 
between AUC”

“p value”

NGAL serum
“The difference 
between AUC”

“p value”

NGALtissue
“The difference 
between AUC”

“p value”
BUN 
(mg/dL)

0.000
1.000

0.367
<0.001a

0.301
0.007b

0.477
<0.001a

0.309
0.006b

Creatinine
(mg/dL)

0.367
<0.001a

0.301
0.007b

0.477
<0.001a

0.309
0.006b

MIOX serum
(ng/mL)

0.066
0.571

0.109
0.264

0.059
0.629

MIOX tissue
(ng/g protein)

0.176
0.106

0.008
0.860

NGAL serum
(pg/mL)

0.168
0.144

a – p < 0.001, b – p < 0.05.  AUC – area under curve, BUN – blood urea nitrogen, NGAL – neutrophil gelatinase-
associated lipocalin, MIOX – myo-inositol oxygenase

Tab. 3. Comparison of areas under the curve in receiver operating characteristic analysis.

Group 4: The rats in this group underwent 2 hours of ischemia 
and 2 hours of reperfusion,

Group 5: The rats in this group underwent 2 hours of ischemia 
and 4 hours of reperfusion.
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Biochemical examination
Homogenization of kidney tissue

Kidney tissue is homogenized with 50 mm tris-HCI (pH = 
7.4) buffer at 1/10 ratio by using ice to prevent heat increase (13). 
MIOX and NGAL levels were measured from some of the prepared 
homogenates. The other part of the homogenates was centrifuged 
at +4 °C at 3,500 rpm for 30 minutes in a centrifuge to obtain su-
pernatants and the tissue protein level was determined from these 
supernatants by the Lowry method (14). 

MIOX and NGAL were measured from the serum and re-
nal tissue homogenates by enzyme linked-immunosorbent Assay 
(ELISA). Serum BUN, creatinine and glucose levels were also 
measured by spectrophotometric automated biochemistry device 
(Cobas Roch, Germany).

MIOX measurement
Serum and tissue MIOX levels were analyzed with a rat MIOX 

ELISA Kit (Catalog number: E-EL-R2591, Elabscience, USA). 
The sensitivity of the used rat MIOX ELISA kit was specifi ed 
as 0.10 ng/mL, the measurement range was 0.16–10 ng/mL, and 
CV was < 10 %.

NGAL measurement
Serum and tissue NGAL levels were measured using the rat 

NGAL ELISA Kit (Catalog number: E-EL-R0662, Elabscience, 
United States). The sensitivity of the used rat NGAL ELISA kit 
was reported to be 37.50 pg/mL, the measurement range was 
62.50–4000 ng/mL, and CV was < 10 %.

Statistical analysis
The Kolmogorov–Smirnov test was used determine the normal 

distribution of each parameter. Comparisons of all groups were 
done by Kruskal–Wallis test fi rst and then binary comparisons 
were performed with Mann–Whitney U test. SPSS, version 18.0 
(SPSS, Chicago, IL, USA), was used for all statistical analyses. 
The results of the study were presented as median and 95 % con-
fi dence interval (CI). The sensitivity, specifi city, and cut-off va-
lues were analyzed using the Medcalc statistical software (13.2.0, 
Mariakerke, Belgium) using the receiver operating characteristics 
(ROC) curve analysis. A p value of less than 0.05 was accepted as 
statistically signifi cant.

Results

BUN and creatinine levels were higher in all groups that un-
derwent ischemia-reperfusion as compared to the control group
(Tab. 1). Also, BUN and creatinine levels in group 5 were higher than 
in other ischemia-reperfusion groups (p < 0.001). However, there 
was no signifi cant alteration in BUN between groups 2, 3 and 4. The 
levels of creatinine in groups 2 and 4 were higher than in group 3.

The levels of serum MIOX in the groups 3 and 4 were higher 
than in group 1 (p = 0.002). The highest level of serum MIOX 
was found in Group 2. The levels of tissue MIOX in groups 2, 4 
and 5 were lower compared to group 1. The level of tissue MIOX 
in group 5 was also lower than in group 3 (p = 0.039). The levels 
of serum NGAL in ischemia-reperfusion groups were higher than 
in the control group but not statistically signifi cant. Tissue NGAL 
levels decreased in groups 2, 4 and 5, as compared to group 1, but 
this difference was also not statistically signifi cant. The highest 
serum glucose level was in group 5 while being higher in group 
4 than in group 1.

The area under the curve (AUC) for BUN (cut-off > 25.8 mg / 
dL) and creatinine (cut-off > 0.36 mg / dL) was 1, and the sensitiv-
ity and specifi city were 100 %, i.e. also signifi cantly higher than for 
all other biomarkers in the ROC analysis. There is no difference in 
AUC comparison of the other biomarkers (Tabs 2 and 3, Fig. 1).

BUN, creatinine, and glucose levels negatively correlated 
with MIOX tissue level. Also, there was a positive correlation 
between serum NGAL level and levels of serum BUN and crea-
tinine (Tab. 4).

Only groups 2 and 4 were similar and all other groups differed 
from each other in the left-kidney histopathological tissue score. 

Fig. 1. The receiver operating characteristic (ROC) curve of the kidney 
injury markers in the diagnosis of acute kidney injury.

Parameter MIOX serum MIOX tissue NGAL serum NGAL tissue
BUN 

p
r

0.205
0.237

0.009a

- 0.435
0.012a

0.473
0.074

- 0.285
Creatinine

p
r

0.070
0.340

0.008a

-0.445
0.014a

0.466
0.124
-0.250

Glucose 
p
r

0.820
-0.043

0.009a

-0.431
0.099
0.324

0.084
-0.276

 a p < 0.05. BUN – blood urea nitrogen. NGAL – neutrophil gelatinase-associated 
lipocalin. MIOX v myo-inositol oxygenase.

Tab. 4. The correlation table.
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The damage level was as follows: group 1 < group3 < group2 = 
Group 4 < group 5 lower to high (Tab. 5). Illustrations show the 
histopathology of each group (Figs 2–6).

Discussion

Serum creatinine, BUN and urine output are late and non-sensi-
tive markers of the AKI diagnosis (15). Therefore, the main objec-
tive of this study was the necessity of investigating new diagnostic 
biomarkers in the early diagnosis of AKI. For this purpose, serum 

and tissue MIOX and NGAL levels were 
compared with classical markers, serum 
creatinine and BUN levels, in the experi-
mental renal ischemia-reperfusion injury. 

The MIOX enzyme is involved in the 
pathways of carbohydrate metabolism (8). 
In recent years, the effectiveness of MIOX 
enzyme in the diagnosis of AKI has been 
a curious topic, especially due to its renal 
specifi city (9, 10).

Gaut et al (9) has recently found out 
that MIOX enzyme is a biomarker that 
shows AKI in its early stages. In their 
study, rats underwent bilateral ischemia 
for 30 minutes and the MIOX level was 

measured after the surgery (experimental group n = 6, sham group 
n = 2). MIOX was not detected in mice before surgery and sham 
group, but the MIOX level was signifi cantly increased at 24 hours 
after the ischemia. Also, critical patients were screened 24 to 72 
hours before the development of AKI (n = 101) on the basis of an 
increase in plasma creatinine in the study. MIOX levels were mea-
sured from plasma taken before the increase in creatinine level and 
after the creatinine level had increased. In conclusion, they found 
that the plasma MIOX level increased 54.3 hours before creatinine. 
Furthermore, the specifi city of the MIOX enzyme to the kidneys 
was demonstrated by western blotting technique in that study. In 
another recent study on human subjects from our research group, 
serum MIOX level was detected to be higher in the patient group 
with increased serum creatinine at the time of diagnosis of AKI 
than in the healthy control group (10). In another study, in which 
we investigated the effect of retrograde intrarenal surgery on kid-
ney tissue in renal stone treatment, the serum MIOX level was 
found to be benefi cial in showing renal damage. Moreover, there 
was a positive correlation between the levels of serum MIOX and 
creatinine in the same study (11).

Similar to the previous studies, the present study showed that 
serum MIOX level increases in the early stages of AKI. However, 
this increase is decreasing in the later hours of AKI. The highest 
level of serum MIOX was measured in the second group (with 
1-hour ischemia and 2-hour reperfusion), and decreased in the 
later stage of the experiment, while the level of serum MIOX in 

Tissue damage score
Subject Group 1 Group 2 Group 3 Group 4 Group 5

1 1 3 2 3 4
2 1 3 2 3 3
3 0 4 3 3 4
4 0 3 2 3 4
5 1 3 3 3 4
6 0 3 2 3 4
7 1 2 2 4 5
8 0 3 3 3 4

Median  0.5  3  2  3  4
Different 
groups *

Group
2, 3, 4, 5

Group
1, 3, 5

Group
1, 2, 4, 5

Group
1, 3, 5

Group
1, 2, 3, 4

* p < 0.001

Tab. 5. Comparison of histopathological evaluation scores of the kid-
ney tissues.

Fig. 2. Glomerular and tubular structures in 
normal morphology (Group 1).

Fig. 3. Mild degeneration of tubular epithelial 
cells, expansion of Bowman’s cavity, infl amma-
tory cell infi ltration in interstitial area (Group 2).

Fig. 4. Congestion and mild infl ammatory infi l-
tration in the interstitial area (Group 3).

Fig. 5. Degeneration of tubular epithelial cells, 
expansion in Bowman’s cavity, congestion in 
interstitial area (Group 4)

Fig. 6. Degeneration of tubular epithelial cells, 
fl uid accumulation in tubular lumens, diffuse 
bleeding in the interstitial area and congestion 
(Group 5).
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group 5 (in which the reperfusion lasted for 4 hours) approached 
that in the control group. There should be a certain period of time 
for the occurrence of ischemia-reperfusion injury in the kidney. 
Paller et al (16) showed that the duration of ischemia for 60 minu-
tes was suffi cient for ischemia-reperfusion injury to occur. Se-
rum BUN and creatinine levels indicated adequate renal damage 
because they were higher in all ischemia-reperfusion groups as 
compared to the control group. The fact that the highest levels 
of BUN and creatinine were in group 5, indicates that the most 
severe kidney injury is in this group. The fact that the creatinine 
level in group 3 was lower than in group 2, suggests that the third 
group was in the process of healing of their kidney function. Both 
these groups were exposed to ischemia for 1 hour but group 2 was 
reperfused for 2 hours and the reperfusion period of group 3 was 
increased to 4 hours. However, the creatinine value was higher 
in group 5 whose reperfusion duration was longer than that in 
group 4, while the ischemia durations were the same and the re-
perfusion durations in groups 4 and 5 were different. Therefore, 
in cases where the ischemic injury was more severe, the loss of 
renal function is higher in contrast to the improvement in group 
3. Also, the most severe damage was in group 5, later in groups 
2 and 4, and later in group 3, while the damage in all ischemia-
reperfusion groups was higher than in the control group in his-
topathological examination. Therefore, histopathological results 
support the biochemical data.

The lower levels of tissue MIOX levels in groups 2, 4 and 5 
as compared to group 1 may be due to the loss of function in the 
tubule cells due to kidney damage and/or passage of enzyme from 
disrupted cells into urine. In fact, in previous studies it has been 
reported that the passage of some enzymes released from the renal 
tubules into urine increased in response to ischemic or nephrotoxic 
damage (17, 18). However, the facts that the MIOX enzyme tissue 
level in group 3 was higher than in other experimental groups, and 
other parameters such as creatinine approached the level found 
in the control group, show that this group has started the healing 
process. In addition to one-hour ischemia, the four hours of re-
perfusion in the third group caused minimal damage and provided 
suffi cient recovery time.

The relationship of MIOX with diseases other than AKI is 
also investigated. It was reported that hyperosmolar stress induced 
an overexpression of MIOX in diabetic nephropathy (19). Also, 
MIOX over-expression was attributed to different transcription 
factors of glucose-induced mediators and activated kinases in 
diabetic nephropathy (20). Another recent study (21) has shown 
that overexpression of MIOX is responsible for the overproduc-
tion of reactive oxygen species (ROS), which contributes to tu-
bulointerstitial injury in obesity and diabetes mellitus. Moreover 
in a new study (22), MIOX overexpression increased renal injury 
in diabetic nephropathy due to oxidative stress, increased ROS, 
and led to distruption of antioxidant systems. Moreover, MIOX 
expression has been reported to be low in extra-renal organs with 
diabetic complications such as neuropathy, retinopathy, and cata-
ract (23). Also, it has been suggested that a single nucleotide poly-
morphism (rs761745) seen in the promoter region of the MIOX 
gene is related to the development of type 1 diabetes mellitus (7). 

In animal studies, it has been shown that NGAL does not in-
crease effectively in circulation but is abundant in ipsilateral ure-
ter after unilateral ischemia by ipsilateral renal vein clamp in the 
kidney (24). These results are similar to the results of the present 
study and explain the similarity in serum NGAL levels between 
the groups. As the animal studies were done on a small number 
of subjects compared to human studies, the partial number of 
subjects may have caused this result. This change in serum and 
tissue NGAL levels may be related to an increase in the passage 
of this protein from damaged kidney cells into urine as shown in 
previous studies (18, 24, 25). 

Delanaye et al (26) suggested to use NGAL/creatinine ratio 
due to the high rate of biological variation in urinary NGAL level. 
However, the biological variation of NGAL measurement remains 
very high even when the creatinine ratio is used. In addition, the 
studies evaluating the biological variation of NGAL have always 
been performed in healthy individuals and according to aour 
knowledge, no study investigating the exact variation of AKI pa-
tients has been conducted so far. Therefore, this large biological 
variation restricts the validity of NGAL in the diagnosis of AKI. 
However, Padhy et al (27) found serum NGAL level increased in 
contrast-induced AKI. In another study, plasma NGAL and cys-
tatin c levels were claimed to be superior to traditional markers 
in predicting AKI after cardiac surgery (25).

The area under the curve (AUC) of creatinine and BUN were 
signifi cantly higher than AUC of serum/tissue MIOX and serum/
tissue NGAL in the ROC analysis. So, serum creatinine and BUN 
are still the chief biomarkers in the AKI diagnosis. Also, serum/
tissue MIOX and serum/tissue NGAL values were found to have 
an important sensitivity and specifi city in the AKI diagnosis.

The development of pancreatic damage secondary to renal 
ischemia-reperfusion in group 5, in which the the renal injury was 
the highest, might have caused the highest serum glucose level in 
that group. The fact that oxidative stress causes pancreatic damage
secondary to renal ischemia-reperfusion has been already reported 
(28, 29).

One of the main problems with the early diagnosis markers of 
AKI is the fact they are measured by ELISA method which has low 
analytical sensitivity and thus yields very different cut-off values 
(4). Nevertheless, in the recent years, more reliable methods of 
measuring these markers, such as mass spectrometry, have been 
implemented. Moreover, the methods of measuring MIOX, phos-
phoenolpyruvate carboxinazase 1 (PCK1), NGAL and L-FABP 
markers by mass spectrometry have recently been described (30). 

Urine could not be taken in this study due to small anatomical 
structure of rats. Thus, the inability to dedect urinary MIOX is a 
limitation of this study. Comprehensive human studies should be 
done in the future. Also, advanced measurement methods such as 
mass spectrometry should be used for measuring MIOX.

Conclusion

The serum MIOX level increases in the early stages of AKI, 
however decreases subsequently. Hence, the serum MIOX may 
be a promising potential diagnostic biomarker in the early diag-
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nosis of AKI. According to the results of this study, serum NGAL 
level is insuffi cient for indicating renal ischemia-reperfusion in-
jury. Serum creatinine and BUN are still the chief biomarkers in 
the AKI diagnosis.
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