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Abstract
Background/Aims: Renal tubular injury plays an important role in the progression of diabetic 
nephropathy (DN). However, there is a lack of specific biomarkers for tubular damage in 
incipient DN. We have evaluated the role of myo-inositol oxygenase (MIOX) in the tubular 
injury of DN, but whether it could serve as a new biomarker for the early diagnosis of DN is 
unclear. Methods: Ninety patients with type 2 diabetes mellitus (T2DM) were divided into 
normoalbuminuria, microalbuminuria and macroalbuminuria groups. Fifteen patients from 
the last group were pathologically diagnosed as type 2 DN (T2DN), and fifteen patients 
with minimal change disease served as a control group. The expression of MIOX and silent 
information regulator 1 (Sirt1) in renal biopsies was determined by immunohistochemistry 
(IHC), and serum/urine MIOX, Sirt1, KIM-1 and NGAL were measured using enzyme-linked 
immunosorbent assays (ELISAs). Spearman’s correlation and multiple regression analyses were 
carried out for statistical analyses. Results: Compared with the controls, MIOX expression was 
significantly increased in the renal tissues of T2DN patients, and was positively correlated 
with tubulointerstitial lesions and renal ROS production but inversely correlated with Sirt1 
expression. In addition, the serum and urine MIOX were significantly increased and gradually 
elevated with the increasing of UACR. Interestingly, elevated MIOX levels in serum and urine 
were found in diabetic patients without early signs of glomerular damage (normoalbuminuric 
group). Further multivariate regression analysis showed that sMIOX and uMIOX correlated 
significantly with HbA1c, serum creatinine and logUACR, respectively. Conclusion: These data 
indicate that increased MIOX expression in the kidney contributes to tubular damage in DN. 
The concentration of MIOX in the serum and urine may serve as a new biomarker for the early 
diagnosis of DN.
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Introduction

Diabetic nephropathy (DN) is a serious microvascular disease in patients with diabetes 
mellitus (DM) that ultimately leads to progressive renal failure [1]. The natural evolution of 
DN has been classically divided into three stages: normoalbuminuria, microalbuminuria, and 
macroalbuminuria [2]. In addition, early-stage DN is characterized by normoalbuminuria, 
also called incipient DN [3]. Diagnosis of DN at the incipient stage would be critical and 
thus allow time for intensive therapeutic interventions that could reduce morbidity and 
mortality. Traditional studies to unravel the pathogenesis and pathophysiology of DN 
have mostly focused on the glomerulus [4], which clinically manifests as hyperfiltration 
and microalbuminuria [1]. However，recent investigations have found that the renal 
tubulointerstitial compartment also seems to play an equally important role in the 
pathogenesis of DN, since it is persistently exposed to various metabolic- and hemodynamic- 
injuring factors, such as high glucose [5]. Thus, tubular cells are not only affected secondary 
to glomerular injury but are also primary targets for pathological influences in diabetes [6]. 
It has been shown that renal tubular damage can precede albumin excretion in the absence 
of glomerular lesion [7]. Well-described characteristic tubulointerstitial histologic changes 
include tubular hypertrophy followed by thickening of the tubular basement membrane and 
interstitial fibrosis [8]. As a result, tubulointerstitial injury is also a major feature of DN and 
could be an early manifestation of renal dysfunction [9].

After tubular injury occurs, proximal tubular proteins may leak into the tubular space 
and be excreted into urine or reabsorbed into blood. Therefore, many studies have been 
looking for chemical substances that have been released into serum or urine in order to find 
a biomarker for the early diagnosis of tubular injury at the incipient stage. Many biomarkers, 
such as neutrophil gelatinase associated lipocalin (NGAL), kidney injury molecule 1 (KIM-
1), and liver-fatty acid-binding protein (LFABP) have been proposed for the diagnosis 
or monitoring of diabetic complications, particularly kidney disease [10]. However, the 
sensitivity of these markers in detecting tubular injury of DN patients requires further 
investigation.

MIOX, a 33-kDa nonheme iron protein, is considered to be the key regulator of myo-
inositol (MI) levels [11, 12], which catabolizes MI into D-glucuronic acid exclusively in the 
kidney [13]. Previously, our laboratory cloned a renal-specific oxido-reductase gene from 
a human cDNA library and initially designated it as RSOR [14]. Now, it has been uniformly 
named as myo-inositol oxygenase (MIOX) [11]. We determined that MIOX expression is 
confined to renal proximal tubular cells and found that it is upregulated in the kidney of 
diabetic mouse. Current researches have shown that MIOX not only regulates MI metabolism 
but also participates in the pathogenesis of DN tubular injury through non-MI metabolic 
pathways, such as by stimulating the release of TGF β [15], disrupting the redox status [16] 
and regulating mitochondrial dynamics [17]. Interestingly, Gaut et al. found that an increase 
in serum MIOX preceded the elevation of serum creatinine in patients with acute kidney 
injury (AKI), which was closely associated with the degree of tubular damage [18], indicating 
that serum MIOX can be used as an AKI biomarker. Despite the evident importance of MIOX 
in streptozotocin-induced diabetic mice tubular injury, little is known about its role and 
diagnostic value in DN patients.

In light of the above considerations, we first investigated MIOX expression in the kidney 
tissues of T2DN patients, then analyzed serum and urine MIOX levels in T2DM patients with 
different stages of UACR in order to assess the potential relationships between this tubular 
biomarker and the severity of renal involvement.

http://dx.doi.org/10.1159%2F000
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Materials and Methods

Participants 
Ninety patients were recruited from the Second Xiangya Hospital, Central South University, who were 

newly diagnosed with T2DM, according to the American Diabetes Association 2010 diagnostic criteria. Patients 
with the following were excluded: those using adrenal cortical hormones, immunosuppression drugs or RAS 
inhibitors and those with urinary tract infections, or with inflammatory, neoplastic, cardiovascular, hepatic, 
renal, lung or neuroendocrine diseases. Patients with T2DM were classified into three groups, according to 
their urinary albumin/creatinine ratio (UACR): the normoalbuminuric group (UACR＜30 mg/g, n=30); the 
microalbuminuric group (UACR 30-300 mg/g, n=30) and the macroalbuminuric group (UACR＞300 mg/g, 
n=30). All of the patients in the normoalbuminuric and microalbuminuric groups were newly diagnosed 
with T2DM and T2DN, respectively. And there were fifteen patients in the macroalbuminuria group that 
were diagnosed with T2DN by renal biopsy. In order to access the histological changes and the expression 
of MIOX and Sirt1 in the renal biopsies, fifteen patients with minimal change disease (MCD) who were well-
matched with patients with T2DN with respect to age, gender, BMI, and course of disease were enrolled as 
a pathologic control. Thirty age and sex-matched healthy subjects were enrolled as a control group after 
a careful history and clinical examination. The institutional review board and the administrators of the 
Department of Nephrology in the Second Xiangya Hospital approved the protocol for this study. Informed 
consent was obtained from all of the participants.

Collection of serum and urine sample
Fasting blood samples were tested for creatinine, fasting blood glucose (FBG), glycosylated hemoglobin 

(HbA1c), and other chemical laboratory parameters. First-voided morning urine samples were collected 
and centrifuged at 2500 rpm for 10 min, then urine aliquots were stored at -80℃ until analysis.

Biochemical analysis of sample
The liver and renal functional parameters, including the triglyceride (TG), total cholesterol (TC), FBG, 

uric acid (UA), and serum creatinine (Scr) levels were measured by automatic picric colorimetry (Hitachi 
912 automated analyzer, Roche, USA). In addition, HbA1c level were determined by automatic high-
performance liquid chromatography (HPLC) (VARIANT-11 Hemoglobin Testing System; Bio-Rad, Hercules, 
CA). eGFR (mL/min/1.73 m2) was estimated using the Modification of Diet in Renal disease (MDRD) formula 
(for Chinese): 175×Scr (mg/dL) -1.234× Age (in years)-0.179 (if female×0.79). Urinary microalbumin was 
measured by immune turbidimetry (Beckman Coulter, USA) and UACR was calculated.

Morphological analysis of kidney
Formalin-fixed paraffin embedded human kidney tissue were obtained from the Department of 

Pathology at Second Xiangya Hospital. The 4-µm paraffin sections from kidney biopsies were stained with 
hematoxylin-eosin staining (HE), periodic acid Schiff (PAS), periodic acid–silver methenamine (PASM) and 
Masson. The tubulointerstitial lesion index was determined by using a semiquantitative scoring system 
[19]. Tubular injury was scored as previously described [20].

Immunohistochemistry (IHC)
Renal biopsy tissue was paraffin-embedded and sectioned. After de-paraffinization, the sections 

were incubated with 3% H2O2 solution to block endogenous peroxidase. Antigen retrieval was carried out 
using 0.1 M sodium citrate (pH 6.0) for 60 min. Sections were incubated with anti-MIOX antibody (1:100, 
abcam) or anti-Sirt1 antibody (1:100, CUSABIO) overnight at 4℃, and horseradish peroxidase-conjugated 
secondary antibody and diaminobenzidine (DAB) substrate were added sequentially. After hematoxylin 
counter staining and dehydration, the sections were mounted and observed under a Leica microscope.

Detection of ROS
Intracellular ROS production in renal tissues was measured using 4 µm cryostat sections that were 

stained with Dihydroethidium (DHE) (1:20000, Sigma-Aldrich) and incubated at 37℃ for 20min. Twenty 

http://dx.doi.org/10.1159%2F000
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randomly selected fields were photographed. The color threshold was kept constant for each image and the 
mean fluorescence intensity was calculated.

Determination of KIM-1, NAGL, MIOX and Sirt1 protein levels
Serum/urine samples from the subjects were analyzed for KIM-1, NAGL, MIOX and Sirt1 protein levels 

using enzyme-linked immunosorbent assay (ELISA) kits from USCN Life Science (Catalog no: SEA785Hu 
for KIM-1, SEB388Hu for NGAL, SEG831Hu for MIOX and E94912Hu for SIRT1, Wuhan/CHINA). Briefly, 
standards and samples (100 μL/well) were pipetted into a 96-wells plate where anti-KIM-1/anti-NGAL/
anti-MIOX/anti-Sirt1 has been pre-coated at ambient temperature for 1 hour. After incubation, the 
substrate solution was added and the plates were incubated for 10-20 min. Then, adding the stop solution 
to terminated the reaction. Finally, the intensity of the color change in each well was measured at 450 nm in 
a microplate reader (Chromate Manager 4300, Palm City, USA).

Statistical analysis
All statistical analyses were performed using the SPSS (22.0) software, MedCalc (8.0), and GraphPad 

Prism software (7.0). Data are expressed as mean ± SD when normally distributed, and as median and QR 
(quartile range) in case of skewed distribution. Differences between two groups were tested using t-test 
or Mann–Whitney U test. A One-way ANOVA or Kruskale-Wallis H test was used for multiple independent 
sample. Spearman’s correlation and multivariate regression analysis were calculated between the renal 
MIOX expression, sMIOX, uMIOX, and other clinical parameters. Receiver operating characteristics curve 
(ROC) analysis was performed to calculate the area under the curve (AUC) for sMIOX and uMIOX to find an 
optimal cutoff value capable of identifying diabetic patients with normal albumin excretion. p < 0.05 was 
defined to be statistically significant.

Results

Overall characteristics of study subjects
The clinical characteristics of the healthy subjects and patients with T2DM are 

summarized in Table 1. There was no difference in age, gender, BMI or uric acid levels among 
the four groups. Diabetes duration, FBG, HbA1c and triglyceride levels of the T2DM patients 
were significantly higher than those in the control group (p<0.05). In addition, FBG, HbA1c, 
SBP, and UACR in the microalbuminuric and macroalbuminuric group were increased, 
compared with those in normoalbuminuric group (p<0.05). Additionally, the values of FBG, 
HbA1c, triglyceride, total cholesterol, Scr and UACR in the macroalbuminuric group were 
significantly higher than those in microalbuminuria group (p<0.05). In contrast, the serum 
albumin and eGFR in macroalbuminuria group were dramatically decreased compared with 
other groups (p<0.05).

Pathological lesions and tubular interstitial damage score are correlated with renal MIOX 
expression and oxidative stress
The detailed clinical features of patients with MCD are shown in Table 2. Morphological 

lesions in renal tissues were accessed by HE, PASM, PAS and Masson staining. Light 
microscopic analysis showed that samples from T2DN had glomerular basement membrane 
(GBM) thickening, mild mesangial expansion and extracellular matrix accumulation (Fig. 1A 
b, d, f, h), while the control group showed no obvious glomerular lesions (Fig. 1A a, c, e, g). 
Then, tubulointerstitial lesion index and tubular damage scoring system were determined. 
The control group mostly had scores of 0-1 points, while scores of 2 to 5 points were 
observed for patients with T2DN (Fig. 1B). Further analysis showed that tubular interstitial 
damage was positively correlated with renal MIOX expression (Fig. 2A, r = 0.665) and the 
renal ROS production (Fig. 2B, r = 0.588), while inversely related to Sirt1expression (Fig. 2C, 
r = -0.578). Furthermore, multiple regression analysis found a significant correlation among 
tubular interstitial damage, renal MIOX expression, oxidative stress and Sirt1 expression. The 

http://dx.doi.org/10.1159%2F000
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regression coefficients of MIOX (β1), 
ROS (β2) and Sirt1 (β3) contributed to 
tubular interstitial injury was 0.425, 
-0.325 and 0.089, respectively (p<0.05 
for all).

Renal expression of MIOX is 
increased in patients with T2DN 
and is correlated with oxidative 
stress and Sirt1 expression
IHC staining revealed elevated 

MIOX expression in T2DN patients, 
compared with the control (Fig. 1C 
b vs a). Moreover, the increase in 
staining was predominantly confined 
to the renal proximal tubules, and very 
little expression was observed in the 
glomerular mesangium. In contrast, 
compare with the control group, Sirt1 
expression was decreased in patients 
with T2DN (Fig. 1C d vs c). In addition, DHE staining, which reflects the intracellular ROS 
production, was performed to access oxidative stress. Compared to the control group, 
significantly higher ROS levels were observed in the renal tissues of patients with T2DN 
(Fig. 1C f vs e). Quantitative analysis showed that MIOX expression and oxidative stress were 
higher in T2DN patients than those in the control (Fig. 1D and F), while Sirt1 expression 
was lower (Fig. 1E, p＜0.05 for both comparisons). Further univariate correlation analysis 
showed that renal MIOX expression positively associated with ROS productions (Fig. 2D, r 
= 0.604), HbA1c (Fig. 2F, r = 0.698), logUACR (Fig. 2G, r = 0.633), triglyceride (Fig. 2H, r = 
0.576) and SBP (Fig. 2I, r = 0.556), while inversely related to renal Sirt1 expression (Fig. 2E, 
r = -0.562).

Table 1. Clinical characteristics of participants Abbreviations: N/A, not applicable; HS, health subject; y, 
years; m, male; f, female; kg, kilogram; FBG, fasting blood glucose; HbA1c, glycosylated hemoglobin; SBP, 
systolic blood pressure; DBP, diastolic blood pressure; Alb, albumin; eGFR: estimated glomerular filtration 
rate; UACR, urine albumin/creatinine ratio; uKIM-1: urinary kidney injury molecule 1; uNGAL: urinary 
neutrophil gelatinase-associated lipocalin; sMIOX, serum MIOX; uMIOX, urinary MIOX; Data are expressed 
as means ± SD except for UACR, KIM-1, NGAL: median (25–75th percentile). 1p < 0.05 versus. Health subjects; 
2p < 0.05 versus. normoalbuminuria; 3p < 0.05 versus. microalbuminuria

μ
μ

– – – –

Table 2. Clinical characteristics of the patients with MCD 
and T2DN. Abbreviations are as shown in Table 1

μ

– –

http://dx.doi.org/10.1159%2F000
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Fig. 1. Assessment of renal pathology, tubular damage score, the expression of MIOX, Sirt1 and ROS 
generation in patients with DN. (A) Pathology of renal biopsies from DN (n=15) and control groups (n=15) 
was assessed by HE, PAS, PASM and Masson staining; scale bars: 50 μm. (B) Tubular interstitial damage 
score. (C) IHC staining with MIOX antibody (a and b), Sirt1 antibody (c and d) and DHE staining (e and 
f). A notable increase in MIOX expression and ROS production was seen in the kidneys of DN patients 
compared to the control (b vs a and f vs e). In contrast, the expression of Sirt1 was decreased compared to 
the control (d vs c); scale bars: 25 μm.  (D, E and F) Semiquantitative analysis of MIOX, Sirt1 expression and 
the fluorescence intensity of DHE. Values are means ± SD. ****p<0.0001 vs. control.

Figure 1

http://dx.doi.org/10.1159%2F000
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The concentration of MIOX in urine and serum increased while Sirt1 decreased in patients 
with T2DM
Serum and urinary MIOX levels in patients of the three diabetic groups and healthy 

control group are shown in Table 1. The MIOX levels in serum and urine in T2DM patients 
were significantly higher than those in the health controls (Fig. 3, p＜0.01). Furthermore, in 
serum and urine, the concentration of MIOX in the normoalbuminuric, microalbuminuric, 
and macroalbuminuric groups were gradually increased with the increase in UACR (Fig. 3, 
p＜0.01). In addition, in the same group, MIOX levels in the urine were statistically higher 
than those in the serum except for in the macroalbuminuric group. Moreover, differences 
in the levels of serum Sirt1 according to UACR are shown in Table 1. Serum levels of Sirt1 
in the diabetic groups were significantly decreased compared to the healthy subjects, 

Fig. 2. Correlation analysis among renal MIOX expression, Sirt1 expression, ROS production, tubular 
interstitial damage and various clinical parameters in patients with DN. Scatter plots representing the 
relationship among tubular interstitial damage, renal MIOX expression (A) (r=0.665; p<0.01), renal ROS 
level (B) (r=0.588; p<0.01) and renal Sirt1 expression (C) (r= -0.578; p=0.024). D and E represent the 
relationship between renal MIOX expression and relative renal ROS (r = 0.604; p<0.05) as well as Sirt1 
expression (r = -0.562; p<0.05). G-I represent the significant relationship between renal MIOX expression 
and HbA1c (r=0.698; p=0.04), logUACR (r= 0.633; p=0.011), triglyceride (r= 0.576; p=0.025) and SBP (r= 
0.556; p=0.031).

Figure 2

http://dx.doi.org/10.1159%2F000
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and decreased with the increase of UACR in normoalbuminuric, microalbuminuric and 
macroalbuminuric groups (p＜0.01). We also detected the classical tubular damage markers 
KIM-1and NGAL (Table 1), and they indicated that the urine levels of KIM-1 and NGAL were 
significantly higher in the macroalbuminuric group than in the control, normoalbuminuria 
and microalbuminuria groups but were not significantly different between control and 
normoalbuminuric groups.

sMIOX and uMIOX levels were correlated with various clinical parameters in T2DM patients
To further analyze the concentration of MIOX in the serum or urine of patients with 

T2DM, a correlation analysis was carried out to assess whether there was an association 
with the development of T2DN. The results showed that sMIOX was associated positively 
with fasting blood glucose (Fig. 4A, r = 0.368), HbA1c (Fig. 4B, r = 0.588), serum creatinine 
(Fig. 4E, r = 0.754), and log(UACR) (Fig. 4F, r = 0.770), while inversely with serum albumin 
(Fig. 4C, r = -0.454) and eGFR (Fig. 4D, r = -0.604). However, there was no obvious correlation 
with age, BMI, diabetes duration, total cholesterol, SBP or DBP. Similar results were also 
observed in the relationship between urinary MIOX concentrations and clinical parameters 
(Fig. 5A-F). Furthermore, the above parameters that were found to be positively correlated 
with sMIOX at univariate analysis were introduced into a multivariate model using sMIOX as 
a dependent variable; Significance was only maintained for the correlation between sMIOX 
and HbA1c (β = 0.289), Scr (β = 0.343), and logUACR (β = 0.369; p＜0.05 for all). Similarly, 
in multivariate analysis, uMIOX was found to be correlated with HbA1c (β = 0.359), Scr (β = 
0.212), and logUACR (β = 0.522; p＜0.05 for all). All of the above coefficients are included in 
Table 3.

Fig. 3. MIOX levels in the serum and urine of T2DM patients and healthy subjects. (A) ELISA showed that 
the serum MIOX levels in healthy subjects, the normoalbuminuric group (NA), the microalbuminuric group 
(MA) and the diabetic nephropathy group (DN group), (B) and the urinary MIOX level in each group. Values 
are means ± SD, #p vs. controls; $p vs. NA; *p vs. controls; * *p vs. NA; * * *p vs. MA. p<0.001.

Figure 3

http://dx.doi.org/10.1159%2F000
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Figure 4

Fig. 4. Univariate analysis of sMIOX and clinical parameters in patients with T2DM. Serum MIOX correlated 
positively with fasting blood glucose (A) (r=0.368; p<0.01), HbA1c (B) (r=0.588; p<0.01), serum albumin (C) 
(r = -0.454; p<0.01), eGFR (D) (r = -0.604; p=0.001), Scr (E) (r=0.754; p<0.01), and logUACR (F) (r=0.770; 
p<0.01) respectively.

Figure 5

Fig. 5. Univariate analysis of uMIOX and clinical parameters in patients with T2DM. Urinary MIOX correlated 
positively with fasting blood glucose (A) (r=0.358; p=0.001), HbA1c (B) (r=0.639; p<0.01), serum albumin 
(C) (r = -0.386; p<0.01), eGFR (D) (r = -0.581; p<0.01), serum creatinine (E) (r=0.713; p<0.01), and logUACR 
(F) (r = 0.802; p<0.01) respectively.

http://dx.doi.org/10.1159%2F000
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Fig. 6. ROC analysis of sMIOX and uMIOX 
in health subjects and normoalbuminuric 
patients. The AUCs for sMIOX and uMIOX 
were 0.981 (CI 0.907 – 0.999) and 0.986 (CI 
0.914 – 1.000), respectively. The difference 
between the two areas was not significant (p 
= 0.7422). For sMIOX the best cutoff value for 
the identification of diabetes was found to 
be 299.9 pg/mL with a sensitivity of 96.6 (CI 
82.8.7 – 99.9) and a specificity of 86.6 (CI 69.3 
– 96.2), whereas for uMIOX it was 323.1 pg/mL 
with a sensitivity of 93.3 (CI 77.9 – 99.2) and a 
specificity of 96.6 (CI 82.8 – 99.9).

ROC analysis of sMIOX 
and uMIOX
ROC analysis was 

performed to define the 
diagnostic profile of sMIOX 
and uMIOX in screening 
patients with T2DM among 
all participants with normal 
UACR (i.e., healthy controls 
+ normoalbuminuric 
group). To this end, sMIOX 
exhibited a very good 
diagnostic profile, depicting 
an AUC of 0.981 (CI 0.907–
0.999) with an optimal 
cutoff value of 299.9 pg/
ml (sensitivity 96.67 %; 
specificity 86.67%) (Table 
4 and Fig. 6). Additionally, 
uMIOX exhibited a good 
diagnostic profile, showing 
an AUC of 0.986 (CI 0.914–
1.000) and an optimal 
cutoff value of 323.1 ng/
ml (sensitivity 93.33%; 
specificity 96.67%) (Table 5 
and Fig. 6). However, there 
is no difference between 
these two areas (p=0.7422).

Table 3. Univariate correlation analysis of renal MIOX, sMIOX and 
uMIOX with clinical parameters. Abbreviations are as shown in Table 1

μ

Table 4. ROC analysis of sMIOX values. Best cutoff value for the 
identification of diabetic patients among subjects with normal albumin 
excretion (health subjects and normoalbuminuric diabetic patients): 
[299.9 pg/ml. Area under the ROC curve = 0.981; SE = 0.0121; 95 % 
CI = 0.907–0.999. +LR Positive likelihood ratio; -LR negative likelihood 
ratio. a Best sMIOX cutoff value

≥141.2

Figure 6

http://dx.doi.org/10.1159%2F000
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Discussion

The investigation 
described in the previous 
section highlights three 
major findings. First, MIOX 
expression was found to be 
increased in renal biopsy 
tissues of T2DN patients and 
was positively correlated 
with tubular injury and 
renal oxidative stress, 
while negatively associated 
with Sirt1 expression. 
Second, serum and urinary 
MIOX levels were also 
significantly increased 
in patients with T2DM, 
even before the diagnosis 
of microalbuminuria, representing an early biomarker of ‘‘normoalbuminuric’’ DN. Third, 
sMIOX and uMIOX showed an optimal diagnostic power in identifying the presence of tubular 
damage among all normoalbuminuric subjects with T2DM.

By convention, the general progression of DN starts with increasing UACR, which is 
the most widely recognized early diagnosis marker [2]. However, in some patients with 
T2DM this is usually accompanied by coronary atherosclerosis, and the UACR is correlated 
significantly with the severity of coronary atherosclerosis [21]. Thus, we believe that UACR 
is prone to a non-optimal biomarker for revealing early tubular damage in DN. In addition, 
many studies have demonstrated that tubular damage plays a key role in the progression of 
DN and the extent of damage to this compartment correlated much better with the decline 
of renal function (e.g., decrease in the eGFR) than does damage to the glomerular tissue 
[22]. For example, urinary proteomic analysis of T1DM patients with normoalbuminuria 
and microalbuminuria has highlighted several tubule-related proteins, whose expression 
were strictly correlated to HbA1c and microalbuminuria levels [23]. Furthermore, in clinical 
practice, we usually find some diabetic patients who manifest with normal UACR but have 
renal insufficiency and pathological changes that majorly present as tubulointerstitial 
damage [2]. Now it has been referred to as normoalbuminuric diabetic kidney disease 
(NADKD) [24]. However, there is still a lack of potential biomarkers to clinically screen for 
NADKD.

In vivo and in vitro studies have demonstrated that the MIOX expression was confined 
to the proximal tubular cells, and its expression was up-regulated in HK-2 cells (a human 
proximal tubular cell line) and LLC-PK1 (porcine) when exposed to high-glucose [15, 17]. 
In the present study, we also found that MIOX expression was significantly elevated in renal 
biopsy tissues from T2DN patients and predominantly expressed in the renal tubular cells 
(Fig. 1A b vs a). Moreover, the increased MIOX expression was correlated positively with 
tubular interstitial damage (Fig. 2A), indicating that abnormal increased expression of MIOX 
in the kidney may participate in the pathogenesis of DN. Interestingly, we also found that 
increased MIOX expression correlated positively with HbA1c (Fig. 2F), which was in line 
with what Nayak and Lu have reported: that MIOX expression was in proportion to serum 
glucose concentration in db/db mice and rats with DN [14, 25].

Overproduction of ROS is a common event in hyperglycemia situation [26]. Many studies 
by Dr. Kanwar and other groups have shown that increased MIOX expression could induce 
ROS generation in diabetic kidneys [15, 27]. In the current study, we demonstrated that 
ROS production was significantly increased in renal biopsy tissues of patients with T2DN as 

Table 5. ROC analysis of uMIOX values. Best cutoff value for the 
identification of diabetic patients among subjects with normal albumin 
excretion (health subjects and normoalbuminuric diabetic patients): 
[323.1 pg/ml. Area under the ROC curve = 0.986; SE = 0.0105; 95 % CI 
= 0.914–1.000. +LR = Positive likelihood ratio; -LR = negative likelihood 
ratio. a Best uMIOX cutoff value

≥187.7
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detected by DHE staining (Fig. 1B f vs e). Furthermore, the increased ROS production was 
correlated positively with tubular interstitial damage (Fig. 2B) and renal MIOX expression 
(Fig. 2D), confirming that the increased MIOX expression related to enhanced ROS production 
in the kidneys of patients with T2DN.

In addition, Sirt1, an NAD+-dependent deacetylase, functions as sensor to detect 
the concentration of NAD+ and regulates metabolic changes by making histones, nuclear 
transcriptional factors and enzymes deacetylation [28]. Recently, we confirmed that 
Glucuronate-Xylulose (G-X) pathway was involved in the metabolism of MI in the proximal 
tubules of the kidney and MIOX served as the crucial enzyme [16]. Two different steps of 
the G-X pathway consume a large amount of NAD+. As a result, intracellular NAD+ depletion 
induced Sirt1 inactivation and lead to renal damage [28]. Likewise, consistent with what had 
been found in type 2 diabetic rats [29], our study found that renal Sirt1 expression was down-
regulated in patients with T2DN (Fig. 1B d vs c). We also found that Sirt1 expression was 
inversely correlated with tubular interstitial damage (Fig. 2C) and renal MIOX expression (Fig. 
2E), indicating that upregulated renal MIOX expression induces the inactivation of Sirt1and 
is involved in the development of tubular injury. Taken together, renal tubulointerstitial 
injury is probably modulated by MIOX during the progression of T2DN.

In this regard, renal MIOX expression may serve as a marker for tubular damage in 
renal biopsy tissues of T2DN patients, but it may not be practical because collecting kidney 
specimens during the early stages of DN could be a major impediment. Therefore, it is 
important for nephrologists to identify a sensitive biomarker to screen for tubular injury, 
especially for patients with normoalbuminuria.

Thus, we examined the MIOX levels in the serum and urine of T2DM patients with different 
UACR. We then performed an ELISA to measure the serum/urine MIOX concentration and 
Spearman’s correlation to access the relationships between MIOX level and various clinical 
parameters. Compared to the controls, the levels of sMIOX and uMIOX were significantly 
increased in normoalbuminuric diabetic patients whose serum creatinine and UACR were 
in the normal range. The urine levels of KIM-1 and NGAL were not significantly different 
between the control and normoalbuminuric groups (Table 1), suggesting that KIM-1 and 
NGAL may not function as early maker of diabetic nephropathy. The reason for these results 
may be that our study subjects were comprised of T2DN with eGFR of more than 60 mL/
min/1.73 m2. We also found that the levels of sMIOX or uMIOX in patients with T2DM were 
gradually elevated with the increase in UACR (Fig. 3). Although there is a positive correlation 
between serum/urinary MIOX and UACR in diabetic patients, they are not increased in 
MCD patients with massive albuminuria, suggesting the level of MIOX is independent of 
albuminuria. These data suggest that the elevation of MIOX in serum or urine preceded the 
elevation of UACR, indicating its use as a potential diagnostic biomarker for early tubular 
injury in T2DN.

It is known that poor glycemic control, hypertension, and hyperlipidemia are significant 
risk factors for the progression of DN [30]. Thus, we performed univariate correlation 
analysis and found that renal MIOX expression associated positively with logUACR (Fig. 2G), 
triglyceride levels (Fig. 2H) and SBP (Fig. 2I). Likewise, sMIOX and uMIOX were directly 
correlated with fasting blood glucose (Fig. 4A and Fig. 5A), HbA1c (Fig. 4B and Fig. 5B), Scr 
(Fig. 4E and Fig. 5E), and logUACR (Fig. 4F and Fig. 5F), while inversely related to serum 
albumin (Fig. 4C and Fig. 5C) and eGFR (Fig. 4D and Fig. 5D). Furthermore, ROC analysis 
showed that sMIOX or uMIOX exhibited an optimal diagnostic power in identifying the 
presence of tubular damage among all normoalbuminuric participants (Fig. 6). Another 
study has demonstrated that the expression of MIOX is not confined to the kidney and can 
also be detected in the retina and human lens epithelial cells which are also susceptible to 
the complications of DM[13]. However, the kidney is the only major organ where the MIOX 
protein is expressed at detectable levels. Thus, we conclude that the renal tissues are the 
major resource of MIOX in patients with DM. Consequently, these data indicate that the MIOX 
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levels in the serum or urine may be a predictive marker of the progression of renal tubular 
interstitial damage in patients with T2DM.

There are limitations in this study, since it was a single-center and cross-sectional study 
and the pathogenesis of diabetic nephropathy is complex, and is not only simply involved in 
tubular injury but also the damage and reduction of podocytes. Therefore, MIOX combined 
with other diagnostic markers or indices might have more predictive value for the early 
diagnosis of DN, and further study is needed.

Conclusion

The current study demonstrated for the first time that MIOX expression is up-regulated 
in renal biopsy tissues of patients with T2DN. Furthermore, it was shown that MIOX levels 
are increased in the serum and urine of patients with T2DM. Thus, sMIOX or uMIOX may be 
new biomarkers for identifying early tubular damage in T2DN and a potential diagnostic 
parameter for NADKD.
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