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Abstract. Diabetic nephropathy (DN) is a major complication 
of diabetes, the accumulation of extracellular matrix (ECM) is 
considered an indication of nephropathological changes. Lysyl 
oxidases (LOXs) are also associated with ECM. However, the 
majority of studies on LOXs have focused on their potential 
role in renal fibrogenesis and there has no examination of LOXs 
expression or the correlation with histopathological changes of 
DN, including glomerular basement membrane (GBM) thick-
ening and glomerulosclerosis. In this study, the association 
between histological changes and LOXs was explored using a 
type 2 diabetes model of male Zucker diabetic fatty rats. The 
expression of LOX and lysyl oxidase‑like 1 to 3 (LOXL1 to 3) 
levels were evaluated by immunohistochemical staining. The 
expression levels of LOX and LOXL2 in the kidney tissue in 
the diabetic group were significantly higher compared with 
those of the control group, but LOXL1 and LOXL3 expression 
levels were not significantly different between the two groups. 
These results indicated that LOXL2 and LOX may be critical 
factors involved in the progression of DN.

Introduction

Diabetic nephropathy (DN) is one of the major complications 
of diabetes, and is a major cause of end‑stage renal disease 
worldwide (1). Since the rise in the incidence of obesity and 
type 2 diabetes, high morbidity and mortality associated with 
DN (2,3). Over the past few decades, even though big strides 
have been made in improving diagnosis and treatment of DN 

patients, we are still unable to dramatically reduce the mortality 
of diabetic patients worldwide. Nevertheless, if therapeutic 
interventions start in the early stages of DN, its pathophysi-
ological progression can be slowed down considerably (4‑6). 
Therefore, there is urgent need to identify key biomarkers to 
correctly classify the clinical stage of DN. Recent study found 
Hydrogen sulfide possessed important therapeutic character-
istics that prevented the development of DN (7). However, 
many studies are conflicting regarding the specificity and 
sensitivity of biomarkers currently used in clinical practice for 
DN diagnosis (8,9). Recent studies suggest that the membrane 
attack complex and levels of mannose‑binding lectin might 
contribute to renal damage in the hyperglycaemic mileu (10) 
and reticulum stress response in renal cells is a key factor of 
progression of DN (11).

As a diabetic microangiopathy, the pathogenesis of DN 
begins with thickening of the glomerular basement membrane 
(GBM) and glomerulosclerosis (12). The damage to the capil-
laries in the kidneys' glomeruli by the GBM thickening and 
increased mesangial matrix accompanies irreversible loss of 
kidney function and is associated with excessive deposition of 
extracellular matrix (ECM) (13). The functional integrity of 
the basement membrane largely depends on the appropriate 
cross‑linking of collagen. Cross‑linked collagen fibers show 
progressively increased tensile strength and become insoluble, 
in a process that is essential for normal tissue function (14). 
This natural vascular ECM cross‑linking stabilizes the fibrous 
ECM proteins in a beneficial manner, but the over‑abundance 
of collagen cross‑linking renders collagen resistant to 
proteinase degradation  (15). Thus, cross‑linking of ECM 
molecules is an initial and important step for matrix maturation 
and stabilization that is mediated by extracellular enzymes, 
including transglutaminases (16), matrix metalloproteinases‑2 
and ‑9 (17), and lysyl oxidases (LOXs).

The group of LOXs includes five members, LOX and lysyl 
oxidase‑like 1, 2, 3, 4 (LOXL1, LOXL2, LOXL3, and LOXL4). 
It was reported that LOX and LOXL may be associated 
with several abnormalities related to an imbalance in ECM 
synthesis and degradation (18,19). Study from Kiemer et al 
also indicated that LOXL was upregulated in differentiated 
kidney epithelial cells undergoing the epithelial‑mesenchymal 
transition, suggesting LOXL may have a role in remodeling the 
extracellular environment during dynamic processes such as 
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tissue injury (20). As to LOXL4, a member of the LOX family, 
has been reported that its expression levels are much lower 
than levels of other members in various normal tissues (21) 
and might have some correlation to tumor progression, such 
as gastric cancer  (22), bladder cancer  (23) and head/neck 
cancer (24,25). However, no studies have analyzed the correla-
tion between the expression of LOXs and DN, and most have 
focused on renal fibrosis (26,27), which only appears in the 
advanced stages of DN.

So we hypothesized that there is a relationship between 
LOXs and classical lesions of early DN and LOXs may be a key 
biomarker in the early stage of DN. Both glomerulosclerosis 
and thickening of the GBM can develop as classical lesions of 
early DN and often are harbingers of progressive glomerular 
destruction. Although glomerular damage is believed to cause 
early kidney damage in DN, tubular injury also causes damage 
in DN (28). To determine whether LOX and LOXL1‑3 asso-
ciate to the initial stage of the DN, we separately examined its 
expression of the glomerulus and renal tubules in the kidney of 
type 2 diabetes model rats.

Materials and methods

Diabetic model of rats. In the preliminary study, the 
8‑week‑old male Sprague‑Dawley (SD) rats were purchased 
from the Experimental Animal Center of Sichuan University 
and randomly divided into normal control group (n=5) and 
diabetes group (n=5). To induce type 2 diabetes, diabetes rats 
were maintained on a high‑fat diet (38% fat, 12% protein, 
and 50% carbohydrate), whereas control rats received a 
standard rat chow. After 8 weeks of dietary manipulation, 
diabetes rats were received a single intraperitoneal injec-
tion of streptozocin (STZ; Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany) at a dose of 40 mg/kg diluted in citrate 
buffer (pH 4.0), while the control rats were injected citrate 
buffer with vehicle in an equivalent dose (29). Seventy‑two 
hours after STZ injection, the diabetes rats developed hyper-
glycemia with blood glucose levels over 16.7 mmol/l. In 
our current experiment, the 8‑week‑old obese male Zucker 
diabetic fatty (ZDF) rats (ZDF/Crl‑Leprfa), a model of type 
2 diabetes (T2D), were purchased from the Beijing Vital 
River Laboratory Animal Technology Co., Ltd. (Beijing, 
China) and maintained on high‑fat diet (Purina 5008; 
Harlan Teklad, Indianapolis, IN, USA). According to time of 
collecting samples, ZDF rats were assigned to two groups: 
9 weeks groups and 16 weeks groups (n=10 in each group). 
ZDF rats (fa/fa) (diabetes group) and ZDF lean rats (fa/+) 
(control group) were examined for blood glucose and body 
weight at intervals of at least one week. All rats were housed 
at a temperature of 20‑25˚C, humidity of 65‑69%, and were 
subjected to a 12‑h light/dark cycle with free access to food 
and tap water. Nine and sixteen weeks after the induction of 
diabetes, rats were euthanized separately and kidney samples 
were collected. The study was performed in accordance 
with the guidelines issued by the Ethics Committee of the 
West China College of Stomatology of Sichuan University 
(WCCSIRB‑D‑2015‑135). The experiment was repeated 
three times on three different occasions. All experiments 
were repeated in 3 independent occasions which make the 
total rat number 60.

Morphological analysis of the kidney. The renal tissue speci-
mens were fixed in 10% formalin and embedded in paraffin. 
For assessment of injury, sections of 3‑µm thickness were 
stained with hematoxylin and eosin (H&E), Masson's trichrome 
staining, and periodic acid‑schiff silver methenamine (PASM). 
Histological changes in all 3 anatomic compartments of the 
renal tissue (glomeruli, renal tubule, and tubulointerstitium) 
were assessed and scored.

Glomerular lesions. Glomerulosclerosis was defined as 
mesangial expansion and ECM deposition. The mesangial 
expansion was evaluated by the assessment of PASM‑positive 
and nucleus‑free areas in the glomeruli. According to the 
percentage of glomerular involvement, the degree of glomeru-
losclerosis was graded from 0 to 4 as previously described (30). 
Briefly, a score of 0 indicated no sclerosis; 1, <25% sclerotic 
changes in glomeruli; 2, 25‑50% sclerotic areas in glomeruli; 
3, 50‑75% and 4, >75% sclerotic areas. In each round of experi-
ment, 10 glomeruli were randomly selected in cortical fields 
and evaluated at 20X power in each kidney section, and an 
average score was calculated.

The index of GBM expansion was determined by a semi 
quantitative estimate of the width of basement membranes 
in each glomeruli as observed with PASM dyeing (31). The 
scoring was 0 as normal, 1.0 as twice the normal thickness, 
2.0 as three times the normal thickness, and so on. Half grades 
were assigned where appropriate. In each round of experiment, 
10 glomeruli were randomly selected in cortical fields and 
evaluated at 20X power in each kidney section, and an average 
score was calculated.

Tubular lesions. Histological injury of renal tubule was 
evaluated as the percentage of tubules that showed tubular 
dilation, tubular atrophy, tubular epithelial cell necrosis, and 
cast formation as follows: 0, normal; 1, <10%; 2, 10 to 25%; 
3, 26 to 50%; 4, 51 to 75%; and 5, >75% (32). H&E stained 
sections were used to evaluate the renal tubular injury score. 
At 20X power in each kidney section, 10 areas of renal 
tubule were randomly chosen per kidney for the assess-
ment and an average score was calculated in each round of 
experiment.

Tubulointerstitial lesions. We evaluated the tubulointerstitial 
damage with observation at 20X power‑field according to 
the scoring system (33). The injury of tubulointerstitial was 
scored according to the degree of tubular dilation, tubular 
atrophy, cast formation, ECM accumulation, the number of 
inflammatory cells, and extent of tubulointerstitial fibrosis. A 
score of 0 was assigned when the section shows no damage, a 
score of 1 was assigned when less than 25% was present, 
a score of 2 was assigned when there was at least 25% but 
less than 50%, a score of 3 was assigned when there was at 
least 51% but less than 75%, a score of 4 was assigned when 
there was at least 76% but less than 95%, and finally, a score 
of 5 was assigned when there was at least 95%. Glomeruli, 
arterioles, and blood vessels of the cortex were excluded. 
At 20X power, the severity of tubulointerstitial injury was 
evaluated by examining 10 randomly selected fields in each 
kidney section stained with Masson's trichrome staining in 
each round of experiment.
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Immunohistochemistry. All specimens were fixed with 4% 
formaldehyde, dehydrated, embedded and cut into 3 µm serial 
sections. Briefly, the sections were heated in a microwave oven 
in citrate buffer (pH=6.0) for 15 min at 95˚C and was then 
cooled to room temperature. Endogenous peroxidase activity 
was blocked by incubation in 3% hydrogen peroxide for 20 min 
at room temperature. After washing with PBS, non‑specific 
binding sites were blocked with normal goat serum for 30 min 
at room temperature. The sections were then incubated 
overnight at 4˚C with primary antibody (rabbit monoclonal 
anti‑LOX (1:400), anti‑LOXL1 (1:400), anti‑LOXL2 (1:400) 
and anti-LOXL3 (1:400). After washing with PBS, sections 
were incubated with secondary antibodies for 30 min at 37˚C. 
The sections were then washed three times with PBS and 
the sections were visualized with diaminnobenzidine‑tetra-
hydrochloride (DAB kit; Zhonshan Goldenbridge Biological 
Technology Co., Ltd., Beijing, China). Finally, the sections 
were counterstained with hematoxylin and dehydrated. The 
semiquantification assessment of the immunohistochemical 
staining was performed at 20X power in each kidney section. 
In each round of experiment, 10 glomeruli and 10 fields of 
tubules were randomly chosen in the kidney section. The 
means of integrated option density (MD) were determined 
for LOX and LOXL1‑3 for each glomeruli and tubule using 

Image J software (National Institutes of Health, Bethesda, 
MD, USA).

Statistical analysis. All of the scores and index values, 
including the glomerulosclerosis score, the index of GBM 
expansion, the score of tubular injury, and the MD of LOX and 
LOXL1‑3 were expressed as the mean ± standard deviation. 
Data were analyzed with the two‑tailed Student's t‑test for 
parametric test. Mann‑Whitney U test was used for non‑para-
metric test. P<0.05 or U>1.96 were considered to indicate a 
statistically significant difference.

Results

Blood glucose levels and body weight in the two groups. Both 
at 9 and 16 weeks, the diabetic group showed marked increases 
in blood glucose levels compared with the control group 
(Fig. 1A and B). At 9 weeks, the body weight was significantly 
increased in the diabetic group, but at 16 weeks, there was no 
significant difference in body weight between the two groups 
(Fig. 1C).

Histopathological examination showed increased damage 
of kidney tissue in the diabetes group. Diabetes is typically 

Figure 1. Diabetes group showed increased blood glucose. (A) In 16 weeks groups, the blood glucose values were significantly increased in the diabetes group 
from 8 weeks to 16 weeks. (B) By 9 weeks of age, the blood glucose values were significantly increased in the diabetes group. (C) There was no difference in 
the average body weight between the control group (16 weeks) and the diabetes group (16 weeks). In contrast, the average body weight of the diabetes group 
(9 weeks) increased significantly compared with that of the control group (9 weeks). **P<0.01; ***P<0.001; NS, no significant difference. n=5.
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accompanied by progressive glomerular and tubular damage 
(Fig. 2). At 9 weeks, there was no significant morphological 
change in the kidneys of the rats (Fig. 2A, C and E), by contrast, 
at 16 weeks, the kidneys of the rats in the diabetes group 
showed significant morphological changes compared with the 
control group (Fig. 2B, D and F). Compared to the control 
group, the glomerular volume was significantly increased in 
the diabetic group (Fig. 2D). Our data showed that mean area 
of glomeruli was remarkably increased in the diabetes group 
(16 weeks) (Fig. 2H), but there is no different between the 

in the diabetes group (9 weeks) the control group (9 weeks) 
(Fig. 2G). Additionally, cast formation was observed in the 
tubular area of the diabetic kidney that was not evident in the 
control group (Fig. 2F).

PASM staining of kidney tissues showed glomerular damage 
in the diabetes group. PASM staining on the kidney tissues 
was then performed as presented in Fig. 3. GBM thickening 
and mesangial matrix expansion were observed in the diabetes 
group (16 weeks), but the control group (9 weeks, 16 weeks) 

Figure 2. Representative images of H&E staining of kidney tissues showed kidney injury in tissue from the diabetes group. (A) H&E staining showed no histo-
logic abnormalities in the kidney tissue in the two groups (9 weeks). (B) Hematoxylin & eosin staining showed histologic abnormalities in the kidney tissue 
of diabetes group (16 weeks) (indicated by black arrows). Histopathological changes were detected in the diabetes kidney. (C) Histologic abnormalities were 
not observed in the glomerulus in the two groups (9 weeks). (D) Histologic abnormalities were observed in the glomerulus in the diabetes group (16 weeks) 
compared to the control group (16 weeks) (circled area). (E) Histologic abnormalities were not observed in the renal tubules in the two groups (9 weeks). 
(F) Histologic abnormalities were observed in the renal tubules in the diabetes group (16 weeks). The protein casts were observed in the diabetic renal tubule 
area (indicated by black arrows). (G) The mean area of glomeruli showed no significant difference between the control group (9 weeks) and the diabetes group 
(9 weeks). (H) There were significant differences in mean area of glomeruli between the control group (16 weeks) and the diabetes group (16 weeks). *P<0.05; 
NS, no significant difference. n=5, repeated 3 times.

Figure 3. Representative images of PASM staining of kidney tissues showed glomerular damage in the diabetes group. (A) PASM staining showed no histologic 
abnormalities in the glomerulus in the two groups (9 weeks). (B) The severity of glomerulosclerosis was scored from 0 to 4, according to the degree of sclerotic 
changes. There was no significant difference in the average glomerulosclerosis scores between the control group (9 weeks) and the diabetes group (9 weeks). 
(C) The severity of GBM expansion was scored from 0 to 4, according to the width of the basement membranes. The index of GBM expansion showed no 
significant difference between the control group (9 weeks) and the diabetes group (9 weeks). (D) PASM staining showed histologic abnormalities in the 
glomerulus in the diabetes group (16 weeks). The increase of mesangium (white arrow) and GBM expansion (yellow arrow) were observed in the glomerulus 
in the diabetes group (16 weeks). (E) There were significant differences in the average glomerulosclerosis scores between the control group (16 weeks) and 
the diabetes group (16 weeks). (F) The index of GBM expansion showed a significant difference between the control group (16 weeks) and the diabetes group 
(16 weeks). **P<0.01; NS, no significant difference. n=5, repeated 3 times.
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and the diabetes group (9 weeks) all showed nearly normal 
glomeruli with only few fields of mesangial matrix expansion 
(Fig. 3A and D). Enlarged glomeruli in diabetes group were 
observed compared with those in the control group. There was 
a mild increase in the mesangial matrix in the glomeruli in 
the diabetic rats, and a few glomerulus appeared to be under-
going sclerosis. We consistently observed GBM thickening 
and a range of mild to moderate mesangial matrix expansion 
causing capillary luminal narrowing. No Kimmelstiel‑Wilson 
lesions or fibrosis were observed in either group. Light 
photomicrographs revealed the early developmental stages of 
glomerular lesions in DN. The degree of glomerulosclerosis, 
defined as ECM deposition and mesangial matrix expan-
sion, was assessed using the scoring system as previously 
described  (30). Glomerulosclerosis was defined with an 
average score of 2.52±0.104 in the diabetes group (16 weeks), 
significantly higher than the average score of the control group 
(16 weeks) (P<0.01; Fig. 3E). Additionally, the GBM index 

in the diabetes group (16 weeks) was significantly higher 
(1.33±0.095) compared to that of the control group (16 weeks) 
(0.175±0.066; P<0.01; Fig. 3F). But there was no diffidence in 
9 weeks groups. (Fig. 3B and C).

Masson's trichrome and H&E staining of kidney tissues 
showed tubulointerstitial and tubular tissue damage in the 
diabetes group. Next, Masson's trichrome and H&E staining 
was performed (Fig.  4). By 16  weeks, the control group 
showed no obvious tubular damage in the tubulointerstitial 
areas, but the diabetic group showed remarkable changes 
(Fig. 4C and E). Few areas of interstitial fibrosis surrounding 
the tubules were observed, but there was scattered tubular dila-
tion and atrophy (Fig. 4C). There was a statistically difference 
in damage between the control group (16 weeks) (0.82±0.225) 
and the diabetes group (16  weeks) (3.48±0.076; P<0.01; 
Fig. 4D). Additionally, tubular atrophy, tubular dilation, and 
tubular epithelial cell necrosis was observed in the diabetes 

Figure 4. Representative images of Masson's trichrome and H&E staining of kidney tissues showed tubulointerstitial and tubular tissue damage in the diabetes 
group. (A) H&E staining showed no histologic abnormalities in the renal tubules in the two groups (9 weeks). (B) The severity of the tubular injury was scored 
from 0 to 5, according to the degree of tubular dilation, tubular atrophy, tubular epithelial cell necrosis, and cast formation. The score of tubular injury showed 
no significant difference between the two groups (9 weeks). (C) Masson's trichrome staining showed histologic abnormalities in the tubulointerstitial in the 
diabetes group (16 weeks). Tubular dilation (red arrow), atrophy (yellow arrow), and tubulointerstitial fibrosis (black arrow) were detected in the diabetes group 
(16 weeks). (D) The severity of the tubulointerstitial damage injury was scored from 0 to 5, according to the degree of tubular dilation, tubular atrophy, cast 
formation, extracellular matrix accumulation, the number of inflammatory cells, and the presence of tubulointerstitial fibrosis. The scores of tubulointerstitial 
damage were significantly different between the control group (16 weeks) and the diabetes group (16 weeks). (E) H&E staining showed histologic abnormalities 
in the tubules in the diabetes group (16 weeks). Tubular dilation (red arrow), tubular atrophy (yellow arrow), and tubular epithelial cell necrosis (black arrow) 
were detected in kidney tissue from rats in the diabetes group (16 weeks). (F) The severity of the tubular injury was scored from 0 to 5, according to the degree 
of tubular dilation, tubular atrophy, tubular epithelial cell necrosis, and cast formation. The score of tubular injury showed a significant difference between the 
control group (16 weeks) and diabetes group (16 weeks). **P<0.01; NS, no significant difference. n=5, repeated 3 times.
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group (16 weeks) (Fig. 4E). There was scattered tubular dilata-
tion that affected the cortical and juxtamedullary tubules, but 
was more prominent in the juxtamedullary zone. The renal 
tubule score in the control group (16 weeks) was 0.38±0.189 
compared to 2.35±0.1 in the diabetes group (16  weeks), 
significantly higher than the control group (16 weeks) (P<0.01; 
Fig. 4F). On the contrary, tubulointerstitial and tubular tissue 
appeared normal in the 9 weeks groups (Fig. 4A and B).

Expression of LOX and LOXL1‑3 in control and diabetes 
group. To determine the role of LOXs in the processes of the 
DN, we measured the expression of LOX family members 
(LOX and LOXL1‑3) in the diabetic group and the control 
group (Fig. 5‑8). By 16 weeks, the expression of LOX was 
increased significantly in the glomerular area of the rats in 

the diabetic group (MD=0.1135±0.0130), compared with 
the levels of rats in the control group (MD=0.0747±0.0008; 
P<0.05; Fig. 5E and F). Similarly, the expression of LOX in the 
tubular zones was also increased significantly in the diabetes 
group (MD=0.1384±0.0024) compared to the control group 
(MD=0.0953±0.0026; P<0.05; Fig. 5G and H). The expression 
of LOXL2 was also increased markedly in the glomerulus 
in the diabetes group (MD=0.0210±0.0042) compared to 
the control group (MD=0.0033±0.0011; P<0.05; Fig. 6E and 
F), as well as in the tubular zones MD=0.0689±0.0079 for 
the diabetic model compared to MD=0.0360±0.0023 for 
the control group (P<0.05; Fig. 6G and H). However, there 
was no significant difference in the levels of LOXL1 (Fig. 7) 
or LOXL3 (Fig. 8) between the diabetes and control group. 
In addition, the expression of LOXs showed no significant 

Figure 5. Representative images of IHC staining of LOX in kidney tissues showed increased expression of LOX in the diabetes group. (A) IHC staining of 
LOX showed similar expression of LOX in the glomerular area in the two groups (9 weeks). (B) Quantification showed no significant change of LOX expres-
sion between the two groups (9 weeks). (C) IHC staining of LOX showed similar expression of LOX in the renal tubule area in the two groups (9 weeks). 
(D) Quantification showed no significant change of LOX expression between the two groups (9 weeks). (E) IHC staining of LOX showed higher expression of 
LOX in the glomerular area in diabetes group (16 weeks). (F) Quantification showed a significant increase of LOX expression in the diabetes group (16 weeks) 
compared to control group (16 weeks). (G) IHC staining of LOX showed higher expression of LOX in the renal tubule area in the diabetes group (16 weeks). 
(H) Quantification showed a significant increase of LOX expression in diabetes group (16 weeks) compared to the control group (16 weeks). *P<0.05; NS, no 
significant difference. n=5, repeated 3 times.
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difference in 9 weeks groups (Figs. 5A‑D, 6A‑D, 7A‑D and 
8A‑D).

Discussion

The accumulation of ECM is considered an indication of 
pathological alterations in DN. This excessive accumulation 
may lead to mesangial matrix expansion and thickening of 
GBM (34‑36), which signal subsequent progressive glomerular 
destruction. As the leading causes of end‑stage renal disease, 
the identification of relevant biomarkers of early stages of 
DN is thus necessary. Our study focuses on presenting LOXs 
involved in DN pathogenesis and progression, with a hope to 
develop new biomarkers, especially to classify and to broaden 

the therapeutic window for patients who are at different stages 
of DN.

ZDF rats were chosen as model of type 2 diabetes as they 
exhibit the pertinent clinical signs of DN including early stage 
and disease progression. So we can better assess the effects 
of diabetes with and without renal dysfunction, as well as 
with concomitant obesity. Distinguish from traditional T2D 
model which used STZ to produce diabetes, around the ages 
of 8‑16 weeks, male obese ZDF rats appear obese, insulin 
resistant, and progress to non‑insulin dependent diabetes. 
Consequently, ZDF rats develop progressive DN causally 
linked to diabetes and show a well‑characterized animal 
model of DN (37,38). Using type 2 diabetes model of male 
ZDF rats, we provided evidence that diabetic rats display 

Figure 6. Representative images of IHC staining of LOXL2 in kidney tissues showed increased expression of LOXL2 in the diabetes group. (A) IHC staining of 
LOXL2 showed similar expression of LOXL2 in the glomerular area in the two groups (9 weeks). (B) Quantification showed no significant change of LOXL2 
expression between the two groups (9 weeks). (C) IHC staining of LOXL2 showed similar expression of LOXL2 in the renal tubule area in the two groups 
(9 weeks). (D) Quantification showed no significant change of LOXL2 expression between the two groups (9 weeks). (E) IHC staining of LOXL2 showed 
higher expression of LOXL2 in the glomerular area in the diabetes group (16 weeks). (F) Quantification showed a significant increase of LOXL2 expression in 
the diabetes group (16 weeks) compared to the control group (16 weeks). (G) IHC staining of LOXL2 showed higher expression of LOXL2 in the renal tubule 
area in the diabetes group (16 weeks). (H) Quantification showed a significant increase of LOXL2 expression in the diabetes group (16 weeks) compared to the 
control group (16 weeks). *P<0.05; NS, no significant difference. n=5, repeated 3 times.



CHEN et al:  LYSYL OXIDASE EXPRESSION IN THE DIABETIC RAT NEPHRON2438

significant histologic changes, including mesangial matrix 
expansion and GBM thickening. Of these pathological events, 
the two histologic changes are considered the earliest indicator 
of renal failure in the diabetic kidney. By analysis of kidney 
photomicrograph images, we confirmed that the rat model of 
diabetes reflects the early stage of DN.

Recent study has confirmed a key factor of heart failure 
is adverse ECM remodeling, which is associated with LOX, 
the change in LOX expression relates to alterations in cardiac 
function and LOX inhibition could prevented the cardiac 
dysfunction  (39). Moreover, a previous study found that 
HG‑induced increased LOX expression is associated with 
retinal endothelial cell excesspermeability  (40). Therefore, 
our immunohistochemical data suggests that increased LOX 
expression in the glomerulus tissue of diabetic rats correlate 
with increased mesangial matrix expansion and GBM thick-
ening, which contributed to increased glomerular filtration rate. 

In retinal capillary endothelial cells, HG‑induced up‑regulation 
of LOX could improve stiffness of subendothelial basement 
membrane (41), besides abnormity of the levels of LOX could 
impair the function of the vascular endothelial barrier, 
resulting in vascular endothelial dysfunction  (42). Because 
each glomerulus consists of a complex branching system of 
capillaries, our study suggests that increased LOX expression 
may compromise capillary endothelial cells and impair GBM 
functional integrity. We also found that LOX expression was 
increased in the tubular compartment of kidneys from diabetic 
rats. Most studies have examined tubulointerstitial fibrosis in 
the advanced stages of DN, but the mechanisms of tubular 
injury have not been thoroughly explored during the early stage 
of DN. Therefore, we infer that increased LOX expression in 
renal tubular epithelial cells may promote injury by excess 
ECM accumulation. All the results in our current study indicate 
that LOX should be considered in the development of DN.

Figure 7. Representative images of IHC staining of LOXL1 in kidney tissues showed equal expression of LOXL1 in the two groups. (A) IHC staining of LOXL1 
showed similar expression of LOXL1 in the glomerular area in the two groups (9 weeks). (B) Quantification showed no significant change of LOXL1 expression 
between the two groups (9 weeks). (C) IHC staining of LOXL1 showed similar expression of LOXL1 in the renal tubule area in the two groups (9 weeks). 
(D) Quantification showed no significant change of LOXL1 expression between the two groups (9 weeks). (E) IHC staining of LOXL1 showed similar expres-
sion of LOXL1 in the glomerular area in the two groups (16 weeks). (F) Quantification showed no significant change of LOXL1 expression between the two 
groups (16 weeks). (G) IHC staining of LOXL1 showed similar expression of LOXL1 in the renal tubule area in both groups (16 weeks). (H) Quantification 
showed no significant change of LOXL1 expression between the two groups (16 weeks). NS, no significant difference. n=5, repeated 3 times.
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Disorder of the ECM increases LOXL2 expression and 
contributes to several pathological lesion such as invasive 
cancer and fibrosis (43‑45). In contrast, LOXL2 is increased 
in invasive cancer and fibrosis as a consequence of abnormal 
signaling pathways and inflammatory mediators leading to 
remodeling of ECM (46), furthermore, our data reveal that 
increased LOXL2 expression may be associated with renal 
injury, such as glomeruluar damage, by increasing the levels 
of ECM‑modifying factors during the early stage of DN. Thus, 
we speculate that LOXL2 could have role in the process of DN. 
Also because LOXL2 mediates ECM remodeling by upregu-
lation of the tissue inhibitor of metalloproteinase‑1 (TIMP‑1) 
and matrix metalloproteinase‑9 (MMP‑9) (47), so we propose 
that the inhibition of LOXL2 may effectively delay glomerular 
damage in DN, which needed to be studied deeply in future.

LOXL1 appears to play a key role in glaucoma (48,49) 
and may be also a critical factor for cardiovascular complica-
tions (50‑52). In contrast, cleft palate and spinal deformities 

were observed in the LOXL3 null mice  (53) and LOXL3 
was likely associated with Stickler Syndrome (54) and high 
myopia (55) in human beings. But In our study we found the 
expression of LOXL1and LOXL3 in diabetes groups was 
similar to control groups as well, so we speculated that LOXL1 
and LOXL3 could have no role in the process of DN.

Previous studies suggested that LOXs are important 
contributors to the pathogenesis of renal fibrosis  (27,56). 
Consistent with those results, increased LOXL2 expression 
was also observed in renal biopsy tissues from patients with 
chronic renal disease (27). However, to date, nothing has been 
reported about the relationship of the expression of LOXs and 
the histologic changes of early stages of DN. In the present 
study, by using type 2 diabetes model of male ZDF rats in the 
early stage of DN, our data indicated that the LOX and LOXL2 
expression of the diabetic groups were significantly higher than 
that of the control groups. This suggests that LOX and LOXL2 
may be a novel well‑validated biomarker in early stage of DN. 

Figure 8. Representative images of IHC staining of LOXL3 in kidney tissues showed similar expression of LOXL3 in the two groups. (A) IHC staining of 
LOXL3 showed similar expression of LOXL3 in the glomerular area in the two groups (9 weeks). (B) Quantification showed no significant change of LOXL3 
expression between the two groups (9 weeks). (C) IHC staining of LOXL3 showed similar expression of LOXL3 in the renal tubule area in the two groups 
(9 weeks). (D) Quantification showed no significant change of LOXL3 expression between the two groups (9 weeks). (E) IHC staining of LOXL3 showed 
similar expression of LOXL3 in the glomerular area in the two groups (16 weeks). (F) Quantification showed no significant change of LOXL3 expression 
between the two groups (16 weeks). (G) IHC staining of LOXL3 showed similar expression of LOXL3 in the renal tubule area in the two groups (16 weeks). 
(H) Quantification showed no significant change of LOXL3 expression between the two groups (16 weeks). NS, no significant difference. n=5, repeated 3 times.
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When used in combination with conventional biomarkers, 
LOX and LOXL2 can improve the level for diagnosing the 
stage of DN and accurately stratify DN patients according to 
their disease stage, providing targeted personalized treatment 
for them even.

Our report indicates LOX and LOXL2 increased expres-
sion levels were observed in diabetic rat kidneys, so we 
presume that the level of LOX and LOXL2 may be required 
for the stability of renal tubular epithelial cells, glomerular 
capillary epithelial cells, and mesangial cells during early 
DN. And we speculate that there is a balance between 
ECM formation and the level of expression of the LOXs, 
and factors that disrupt this balance can lead to mesangial 
expansion, GBM thickening, or even renal tubule injury. 
However, the molecular events are likely complex and require 
further study.

In conclusion, we establish a link between LOX, LOXL2 and 
the early stage of DN. This suggests that LOX and LOX2 may 
be helpful to accurately classify disease stage of DN patients 
and design treatment strategies accordingly, as novel potential 
therapeutic targets and biomarker for DN. Further study is 
needed to determine if the pharmacological inhibition of LOXs 
is feasible in clinical practice to slow the progression of DN.
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