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Summary 
This study aims to explore the correlation between renal blood 
perfusion (RBP) and diabetic nephropathy (DN). Methods: A total 
of 72 mice included db/db and db/m mice at the ages of 6, 14, 
and 22 weeks, forming six groups. RBP was assessed using Laser 
Speckle Contrast Imaging (LSCI). Kidney function markers and 
the extent of pathological damage were evaluated. Pearson 
correlation analysis was employed to predict the relationship 
between RBP and various indicators of kidney damage. Results: 
Compared to db/m mice of all ages, 6-week-old db/db mice 
showed no significant difference in kidney function markers and 
had no apparent pathological damage. However, db/db mice at 
other ages showed deteriorating kidney functions and evident 
pathological damage, which worsened with age. The RBP in db/m 
mice of all ages and 6-week-old db/db mice showed no 
significant difference; however, RBP in db/db mice demonstrated 
a significant declining trend with age. The correlation between 
RBP and kidney damage indicators was as follows: 24 h urinary 
microalbumin (r=-0.728), urinary transferrin (r=-0.834), urinary 
β2-microglobulin (r=-0.755), urinary monocyte chemoattractant 
protein-1 (r=-0.786), Masson's trichrome staining (r=-0.872), 
and Periodic Acid-Schiff staining (r=-0.908). Conclusion: RBP is 
strongly correlated with the extent of diabetic kidney damage. 
 
Key words 
Diabetic Nephropathy • db/db Mice • Laser Speckle Contrast 
Imaging • Renal Blood Perfusion • Renal Fibrosis 

Corresponding authors 
W.-J. Gao and X.-H. Zhou, Hebei Key Laboratory of Chinese 
Medicine Research on Cardio-Cerebrovascular Disease, 
Hebei University of Chinese Medicine, Shijiazhuang, China.          
E-mail: gwj6088@163.com and zxh19703@163.com; X.-M. Chen, 
National Key Laboratory of Kidney Diseases, National Clinical 
Research Center for Kidney Diseases, Beijing Key Laboratory of 
Kidney Disease Research, Department of Nephrology, First 
Medical Center of Chinese PLA General Hospital, Beijing, China. 
E-mail: xmchen301@126.com 
 
Introduction 
 

Globally, approximately 537 million adults 
suffer from diabetes mellitus (DM), most of whom have 
type 2 diabetes mellitus (T2DM). This number is 
expected to rise to 783 million by 2045 [1]. T2DM is 
associated with an increased risk of microvascular 
complications such as retinopathy, neuropathy, and 
nephropathy [2]. These complications significantly 
impair the quality of life of patients and  
impose a substantial socio-economic burden. Diabetic 
nephropathy (DN), one of the most common 
complications of T2DM, is a major disease leading to 
end-stage renal disease (ESRD) or requiring dialysis 
treatment [3]. Histologically, DN is characterized by 
diffuse thickening of the glomerular basement membrane 
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(GBM), effacement of podocyte foot processes, 
mesangial expansion, and nodular sclerosis [4]. 
Unfortunately, the pathogenesis of DN is not fully 
understood, but current research indicates that in a high 
glucose environment, mesangial cells (MCs) can secrete 
various cytokines, leading to capillary dysfunction, 
pathological angiogenesis in the kidneys, activation of the 
coagulation system, and microthrombus formation, 
resulting in microvascular lesions in the kidneys [5]. 

Some scholars believe that appropriate renal 
blood flow is crucial for maintaining normal blood 
pressure, kidney function, and water and electrolyte 
homeostasis [6]. Evidence suggests that in the early 
stages of DN (stages 1 and 2), during the normo-
albuminuric phase, there is already a reduction in renal 
plasma flow and peritubular capillary blood flow [7]. The 
continuous decrease in renal blood perfusion (RBP) in 
DN indicates the occurrence of microcirculatory 
disorders in the kidneys. Current studies consider that 
microcirculatory dysfunction in T2DM-induced kidneys, 
leading to chronic hypoxia, is one of the main 
mechanisms causing renal damage [8-10]. Pathological 
changes in DN mainly include glomerulosclerosis, 
tubular atrophy, interstitial fibrosis, reduction of peri-
tubular capillaries, and inflammatory response [11], all of 
which contribute to the reduction in RBP. Through these 
studies, we understand that the reduction in RBP  
under T2DM conditions might be associated with renal 
damage, but so far, no studies have directly elucidated 
their correlation. 

Over the past two decades, laser speckle  
contrast imaging (LSCI) has emerged as one of the 
primary tools for blood flow imaging in both basic and 
clinical research [12]. The LSCI perfusion signal can 
analyze changes in red blood cell velocity and 
concentration [13]. This technique allows for the 
detection of changes in renal microperfusion with high 
spatial and temporal resolution and has been used for the 
assessment of renal hemodynamics [14]. 

The db/db mouse, characterized by a congenital 
leptin receptor gene mutation leading to obesity-
associated T2DM, exhibits hyperglycemia, hyper-
insulinemia, and hyperlipidemia [15]. After the onset of 
T2DM, db/db mice develop progressive kidney disease 
similar to human DN, making them a commonly used 
animal model for DN research [16]. Conversely, db/m 
mice serve as the non-diabetic control. 

In this study, we aim to detect RBP in T2DM 
model animals (db/db mice) of different ages using visual 

technology means (LSCI), while also assessing multiple 
renal damage markers, and ultimately analyzing the 
correlation between RBF and these renal damage 
markers. 
 
Materials and Methods 
 
Experimental animals and grouping 

This animal study was approved by the Animal 
Management and Ethics Committee of Hebei University 
of Chinese Medicine (Approval No.: DWLL202302014). 
Male db/db mice (25-30 g, n=36) and db/m mice  
(18-20 g, n=36) aged 5 weeks were purchased from 
Changzhou Cavins Laboratory Animal Co., Ltd. Mice 
had free access to food and tap water and were housed in 
a specific pathogen-free facility at a constant temperature  
(23-25 ℃), with 50 % humidity and a 12-hour light/dark 
cycle. After a week of acclimatization, mice were 
randomly divided into six groups: 6-week-old db/db mice 
(to be euthanized at the age of 6 weeks, n=12)  
(6W-db/db), 14-week-old db/db mice (to be euthanized at 
the age of 14 weeks, n=12) (14W-db/db), 22-week-old 
db/db mice (to be euthanized at the age of 22 weeks, 
n=12) (22W-db/db); 6-week-old db/m mice (to be 
euthanized at the age of 6 weeks, n=12) (6W-db/m),  
14-week-old db/m mice (to be euthanized at the  
age of 14 weeks, n=12) (14W-db/m), and 22-week-old 
db/m mice (to be euthanized at the age of 22 weeks, 
n=12) (22W-db/m). 
 
Baseline measurements 

The body weight, average daily food intake, 
average daily water intake, and fasting blood glucose 
(FBG) of db/db mice and db/m mice were measured and 
compared at 6, 8, 10, 12, 14, 16, 18, 20, and 22 weeks of 
age. Mice were fasted overnight with water ad libitum, 
and blood was collected from the tail vein to measure 
FBG using the Roche Accu-Chek active glucose meter, 
Germany. 
 
Oral glucose tolerance test (OGTT) 

OGTTs were performed at 6, 14, and 22 weeks. 
After overnight fasting with water ad libitum, blood 
glucose levels (G0) were measured, followed by oral 
gavage of a glucose solution at 2 g/kg body weight. 
Blood glucose levels were measured again at 30 min 
(G30), 60 min (G60), and 120 min (G120) after gavage, 
and the area under the curve (AUC) was calculated: 

AUC=0.25×G0+0.5×G30+0.75×G60+0.5×G120 [17]. 
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RBP measurement 
Prior to euthanasia, RBP in each group of mice 

was detected in vivo using LSCI (PerCam PSI PERIMED 
Sweden). The device is equipped with a monochromatic 
laser with a wavelength of 785 nm. When the tissue is 
irradiated, a random interference pattern (also known as 
a speckle pattern) is generated on the tissue surface. The 
speckle pattern is recorded by the PeriCam PSI scanning 
head's built-in data monitoring camera (2448×2048 pixels) 
and transferred to a computer for data processing, 
generating blood perfusion images. During detection, the 
environmental temperature should be maintained at about 
23 ℃, curtains drawn, doors and windows closed, and 
lighting facilities turned off. The scanning head is 
positioned 12.5 cm from the kidney, with an image 
acquisition rate of 5 images per second. 
 
Biochemical indicators 
Sample collection 

Prior to euthanasia, urine samples were collected 
from each group of mice under fasting conditions using 
metabolic cages and stored at -80 °C for the analysis  
of 24-hour urinary microalbumin (24 h mALB), 
transferrin (TRF), β2-microglobulin (β2-MG), and 
monocyte chemoattractant protein-1 (MCP-1). 
 
Immunoturbidimetry 

The concentration of mALB in mouse urine over 
24 h was determined using a Urine microalbumin  
assay kit (Nanjing Jiancheng Bioengineering Institute, 
#E038-1-1, China) and measured with a UV-visible 
spectrophotometer (Beijing Puxi General Instrument Co., 
Ltd, #T6, China). 
 
Enzyme-Linked Immunosorbent Assays (ELISA) 

The concentrations of TRF and β2-MG in mouse 
urine were determined using a Mouse TRF ELISA Kit 
(Shanghai Tongwei Industry Co., Ltd, #TW11435, 
China) and a Mouse β2-MG ELISA Kit (Shanghai 
Tongwei Industry Co., Ltd, #TW8471, China), 
respectively, measured with a microplate reader 
(Thermofischer MULTISKAN FC, America). The 
concentration of MCP-1 in mouse urine was determined 
using a Mouse MCP-1 ELISA Kit (ZCIBIO Technology 
Co., Ltd, #ZC38075, China) and measured with  
an ELISA analyzer (Rayto, #RT-6100, China). 
 
 
 

Histological analysis 
Evaluation of renal pathological changes 

Mice were euthanized by an overdose of 
isoflurane anesthesia, kidneys were immediately 
harvested and fixed in 10 % neutral buffered formalin for 
24-48 h, dehydrated in graded alcohols, cleared in xylene, 
and embedded in paraffin. Sections of 3 μm thickness 
were cut and stained with Hematoxylin and Eosin (HE). 
Twenty fields per mouse were randomly selected and 
examined at 400× magnification under a light microscope 
(Olympus, #BX53, Japan) to evaluate renal pathological 
changes. 
 
Evaluation of renal fibrosis 

Paraffin-embedded kidney sections were stained 
with Masson's trichrome to observe positive staining 
areas. At 400× magnification under a light microscope 
(Olympus, #BX53, Japan), twenty fields per mouse were 
randomly selected, and collagen deposition was semi-
quantitatively analyzed using Image J 2.1.0 software. The 
ratio of Masson's trichrome-positive area to the total field 
area was calculated to evaluate the extent of renal 
fibrosis. 
 
Assessment of renal glycogen deposition 

Paraffin-embedded kidney sections were stained 
with Periodic Acid-Schiff (PAS) to observe positive 
staining areas at 400× magnification under a light 
microscope (Olympus, #BX53, Japan), twenty fields  
per mouse were randomly selected, and glycogen  
deposition was semi-quantitatively analyzed using Image 
J 2.1.0 software. The ratio of PAS-positive area to the 
total field area was calculated to assess changes in 
glycogen deposition. 
 
Statistical analysis 

Statistical analyses were performed using SPSS 
26.0. The measurement data were expressed as 
mean ± standard deviation (SD). If the data followed 
a normal distribution and passed the homogeneity of 
variance test, an independent t-test was used for 
comparisons between groups, and ANOVA was used for 
comparisons at different time points within the  
same group. Non-parametric tests were used to compare 
non-normally distributed data between groups. Results 
with P<0.05 were considered statistically significant. 
Pearson correlation was used to determine the correlation 
between RBP and indicators such as 24 h mALB, TRF, 
β2-MG, MCP-1, renal fibrosis, and glycogen deposition. 
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Results 
 
Baseline parameters 

The body weight, average daily food intake, 
average daily water intake, and FBG levels of db/db mice 
at each age were significantly higher than those of age-
matched db/m mice (P<0.05), showing a progressive 
increase with the age of db/db mice (Fig. 1A-D). 
 
Oral Glucose Tolerance Test (OGTT) 

db/m mice performed better in the OGTT, with 
no difference among the ages, while db/db mice showed 
worsening performance with age (P<0.05, Fig. 2A). 
There was no difference in the area under the curve 
(AUC) among db/m mice of different ages, while the 
AUC increased with age in db/db mice (P<0.05, Fig. 2B). 
 
Renal Blood Perfusion (RBP) 

LSCI detected no difference in RBP among 
db/m mice of different ages. Compared to db/m mice, the 
average RBP of db/db mice at 14 and 22 weeks of age 
was significantly reduced (P<0.05), and RBP showed 
a progressive decline with the age of db/db mice (P<0.05, 
Fig. 3C). 
 
Biochemical indicators 

Immunoturbidimetry detected the concentration of 
24 h mALB, revealing no difference among db/m mice of 
various ages. Compared to db/m mice, the concentration 
significantly increased in db/db mice at 14 and 22 weeks of 
age (P<0.05), and showed a progressive increase with the 
age of db/db mice (P<0.05, Fig. 4A). 

ELISA was used to measure the concentrations 
of TRF, β2-MG, and MCP-1, showing no difference 
among db/m mice of different ages. Compared to db/m 
mice, the concentrations of these markers were 
significantly increased in db/db mice at 14 and 22 weeks 
of age (P<0.05), and showed a progressive increase with 
the age of db/db mice (P<0.05, Fig. 4B-D). 
 
Pathological changes 
Renal pathological changes in db/db mice of different ages 

HE staining results showed: The renal tissue 
structure of db/m mice at all ages was normal, with 
regular morphology without atrophy or hypertrophy, 

orderly cell arrangement, and no inflammatory cell 
infiltration or cell proliferation. Compared to db/m mice, 
6-week-old db/db mice showed no significant 
pathological changes; compared to 6-week-old  
db/db mice, 14-week-old db/db mice had enlarged and 
irregularly shaped glomeruli, increased and disordered 
glomerular cells with inflammatory cell infiltration, 
dilated capillaries, narrowing of the renal capsular space, 
and epithelial cells of renal tubules showing edema and 
vacuolar degeneration. 22-week-old db/db mice exhibited 
thickening of the capillary walls and tumor-like 
expansions, with diffuse and mild nodular sclerosis 
occurring in the mesangial areas (Fig. 5A). 
 
Renal fibrosis in db/db mice of different ages 

Masson's trichrome staining revealed no 
significant collagen deposition in db/m mice and  
6-week-old db/db mice, but extensive collagen fibers 
were present in the interstitium and glomeruli of 14-
week-old and 22-week-old db/db mice (Fig 5A). 
Quantitative analysis of collagen fiber deposition showed 
a significantly higher ratio of stained positive area to total 
field area in 14-week-old and 22-week-old db/db mice 
compared to db/m mice of the same age (P<0.05). The 
ratio significantly increased with the age of db/db mice 
(P<0.05, Fig. 5B). 
 
Changes in renal glycogen deposition in db/db mice of 
different ages 

PAS staining showed no significant glycogen 
deposition in db/m mice and 6-week-old db/db mice, but 
clear increases in 14-week-old and 22-week-old 
db/db mice (Fig. 5A). Quantitative analysis of glycogen 
deposition showed a significantly higher ratio of stained 
positive area to total field area in 14-week-old and  
22-week-old db/db mice compared to db/m mice of the 
same age (P<0.05). This ratio significantly increased with 
the age of db/db mice (P<0.05, Fig. 5C). 
 
Strong correlation between RBP and the extent of renal 
damage in db/db mice 

There was a strong negative correlation between 
RBP and 24 h mALB (r=-0.728), TRF (r=-0.834), β2-MG 
(r=-0.755), MCP-1 (r=-0.786), Masson's trichrome staining 
(r=-0.872), and PAS staining (r=-0.908) (Fig. 6A-F).  
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Fig. 1. Monitoring mouse weight (A), average daily food intake (B), average daily water intake (C), and fasting blood glucose (FBG) 
(D) at 6, 8, 10, 12, 14, 16, 18, 20, and 22 weeks of age. Data are expressed as mean ± standard deviation (SD), n=6-8. Compared 
with age-matched db/m mice, **** indicates P<0.0001; compared with 6W-db/db, # indicates P<0.05, ## indicates P<0.01, 
### indicates P<0.001, #### indicates P<0.0001, and ns indicates not significant. 
 

 

 
 
Fig. 2. Blood glucose response curves (A) and area under the curve (AUC) (B) for the Oral Glucose Tolerance Test (OGTT) of each 
group of mice. Data are expressed as mean ± standard deviation (SD), n=6. For B: *** P<0.001; **** P<0.0001. 
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Fig. 3. Live images of mice renal blood perfusion (RBP) detected by laser speckle contrast imaging (LSCI) (A); real-time RBP images 
(B) and RBP bar graphs (C) for each group of mice. Data are expressed as mean ± standard deviation (SD), n=6. For C: ** P<0.01; 
*** P<0.001; **** P<0.0001; ns, not significant. 
 
 

 
 
Fig. 4. Bar graphs showing concentrations of 24-hour urinary microalbumin (24 h mALB), transferrin (TRF), β2-microglobulin (β2-MG), 
and monocyte chemoattractant protein-1 (MCP-1) in each group of mice (A-D). Data are expressed as mean ± standard deviation (SD), 
n=6. * P<0.05; *** P<0.001; **** P<0.0001; ns, not significant. 
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Fig. 5. Kidney tissue Hematoxylin and Eosin (HE) staining, Masson's trichrome staining, and Periodic Acid-Schiff (PAS) staining of each 
group of mice (A), Scale bar = 50 μm, 400× magnification. Bar graphs of semi-quantitative analysis using Image J of the ratio of 
positive area to total field area for Masson's trichrome and PAS staining (B-C). Data are expressed as mean ± standard deviation (SD), 
n=6. For B and C: *** P<0.001; **** P<0.0001. 
 
 

 
 

 
Fig. 6. Correlation analysis of RBP  
with the ratio of positive areas of  
24 h mALB, TRF, β2-MG, MCP-1, 
Masson's trichrome staining, and PAS 
staining to the total field of view (A-F). 
 
 



724   Wu et al.  Vol. 73 
 
 
Discussion 
 

Studies have shown that male db/db mice on 
a C57BLKS/J background begin to exhibit elevated blood 
glucose levels at 4 weeks of age, rapidly develop 
hyperglycemia between 6-10 weeks, exhibit albuminuria at 
10-12 weeks, and display evident albuminuria and late-stage 
T2DM kidney injury characteristics at 20 weeks [16,18,19]. 
Researchers often choose 12, 14, or 16-week-old db/db mice 
for early-stage DN studies [19-23], as these mice share 
similar pathological features with early-stage human DN. At 
the early stages of DN, db/db mice exhibit glomerular 
enlargement and mesangial matrix expansion [24]. Some 
researchers use 18-week-old db/db mice as an animal model 
for late-stage DN [25]. Based on these research advance-
ments, our study selected 6-week-old (hyperglycemic),  
14-week-old (early DN), and 22-week-old (late DN) db/db 
mice as experimental subjects. 

Biomarkers play a crucial role in the early 
detection of DN, with microalbuminuria (mALB) being 
the most notable, reflecting damage to both glomeruli and 
tubules. mALB is also a marker of the endothelial 
dysfunction prevalent in DM, making it a gold standard 
biomarker for DN [26]. Research has found that 
TRF levels in urine of patients with T2DM and normo-
albuminuria (before the appearance of microalbuminuria) 
are elevated, thus considered a biomarker for early 
glomerular damage in DN [26,27]. Additionally,  
an increase in urine β2-MG precedes the occurrence of 
mALB, leading to suggestions of using a panel of urinary 
markers, including β2-MG, for early DN diagnosis [28]. 
Macrophages play a crucial role in kidney fibrosis, with 
their accumulation in T2DM kidneys signaling a decline 
in renal function. The absence of MCP-1 in db/db mice 
reduces macrophage infiltration and histological damage 
[29]. Further research has found increased levels of  
MCP-1 in serum and urine in early DN, suggesting 
potential roles as biomarkers and mediators in 
DN progression [30]. Our study assessed the extent of 
T2DM kidney damage using these four urinary 
biomarkers and renal pathological changes, finding that 
24 h mALB, TRF, β2-MG, and MCP-1 levels increased 
with mouse age, indicating ongoing renal function 
decline. H&E staining revealed progressively worsening 
kidney tissue damage with age, while Masson's trichrome 
and PAS staining showed increasing fibrosis and 
glycogen deposition, respectively. 

Several methods exist for measuring RBP, 
including ultrasound contrast for early T2DM kidney 

damage assessment [31], arterial spin labeling magnetic 
resonance imaging for early DN hemodynamic changes 
[32], color Doppler ultrasound for renal cortical perfusion 
measurement in patients with renal insufficiency [33], 
and laser Doppler for microvascular function evaluation 
[34]. We used LSCI to measure RBP, a technique 
increasingly applied in hemodynamics research [12,35]. 
It can achieve high-resolution, non-contact, non-invasive, 
real-time monitoring of tissue perfusion dynamics, 
without the need for contrast agents, fluorescent agents, 
or other substances, making its operation straightforward 
[36-38]. However, LSCI does have certain limitations, as 
it is restricted to measuring blood flow in superficial 
tissues and cannot assess blood flow in deep tissues [37]. 

In this study, the RBP of db/db mice decreased 
as their age increased. One reason for the decrease in 
RBP is the excessive production of angiotensin II 
following the activation of the renin-angiotensin-
aldosterone system (RAAS), which continuously acts on 
the efferent arterioles of the glomeruli, causing a greater 
influx than outflow in the afferent arterioles and leading 
to an increase in glomerular internal pressure [39,40]. As 
the internal pressure of the glomerulus rises, so does its 
perfusion resistance [31]. Persistent low perfusion may 
also exacerbate kidney damage in db/db mice. At 6 weeks 
of age, there was hardly any difference in renal damage 
indicators between db/db and db/m mice, but by 
14 weeks of age, there was a significant difference 
between db/db and db/m mice (P<0.05), likely due to 
persistent low perfusion. We conducted a correlation 
analysis between mouse RBP and 24 h mALB, TRF,  
β2-MG, and MCP-1, finding significant negative 
correlations between them. Sustained low perfusion can 
lead to hypoxia in MCs, an increase in extracellular 
matrix production, and gradual accumulation of collagen 
fibers [41]. A correlation analysis between the Masson's 
trichrome staining positive area ratio to the total field of 
view and RBP resulted in a Wilson coefficient of -0.872, 
indicating a significant negative correlation and 
suggesting that persistent low perfusion might increase 
collagen fiber deposition. 

In this study, the RBP of 6-week-old db/db mice 
and db/m mice of various ages showed no significant 
difference, but at 14 and 22 weeks of age, the RBP of 
db/db mice significantly decreased (P<0.05), indicating 
that worsening kidney damage could exacerbate the 
decrease in RBP. Some studies suggest that the 
irreversible loss of RBP and function in the later stages of 
DN is due to impaired vascular homeostasis and nitric 
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oxide production [42]. Uncontrolled T2DM endothelial 
dysfunction in the later stages leads to the loss of 
glomerular capillaries, a decrease in the cross-sectional 
area of the renal vasculature, and ultimately a reduction 
in RBP [43]. 

This study confirmed a strong correlation 
between RBP and kidney damage indicators in T2DM 
mice, highlighting the importance of microcirculatory 
disorder in understanding DN pathogenesis. However, it 
did not establish a causal relationship, which we aim to 
address in future research. 
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