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Abstract 

Stromal cell derived factor (SDF)-1 is a unique pleiotropic chemokine that mediates several biological and pathological 

functions through binding with its cognate receptor CXCR4. The SDF-1/CXCR4 axis typically exhibits a nephroprotective 

role, where it largely contributes to renal development and homeostasis. However, it was also reported to play an essential 

regulatory role in the initiation and development of diabetic kidney disease (DKD); yet, whether it is renoprotective or 

detrimental remains unclear. This study aimed to assess the prognostic capacity of circulating stromal cell -derived factor 

(SDF)-1 for diabetes-induced tubular atrophy. Thirty male Sprague Dawley rats (200-250gm) were allocated into diabetic 

(n=20) and sham (n=10) groups. Diabetes was induced by a single dose of 65 mg/kg STZ, then diabetic animals were 

categorized into treated group receiving 2-8U Mixtard®30 daily, and untreated group (n=10/each). Blood glucose, renal 

functions, circulating SDF-1, and inflammatory markers were weekly assessed, and renal expression of SDF-1/CXCR4 

was profiled by real-time PCR. Insulin treatment ameliorated hyperglycemia and normalized renal functions and 

inflammation, while the untreated animals exhibited the typical course of hyperglycemia-associated nephropathy. 

Circulating SDF-1 levels were significantly lower in both diabetic groups than in sham (P<0.05), but persistently higher in 

the untreated animals (P<0.0001). Renal SDF-1/CXCR4 expression was 1.51, 2.11, and 2.76, 1.45 fold higher in untreated 

animals relative to non-diabetic and treated animals; respectively. ROC curve analyses of plasma/urinary SDF-1 in 

diabetic groups showed AUC of 0.9568 and 0.9793; respectively with cut-off values 72.78 pg/mL and 0.7182 pg/mg Cr; 

respectively. Both thresholds showed predictive potentials with 81.82-83.33% sensitivity and 100% specificity. In 

conclusion, plasma/urinary SDF-1 levels showed considerable prognostic potential for early tubular atrophy during DKD.  

 

Keywords: SDF-1; CXCR4; diabetic kidney disease; type 1 diabetes millitus; tubular dialation; tubular atrophy; renal 

inflammation. 

 

1. Introduction 

Type I diabetes mellitus (T1DM) is an autoimmune 

disorder associated with impaired glucose 

homeostasis as a result of selective destruction/ or 

dysfunction of insulin-producing β-cells by the 

infiltration of T-cells into the pancreatic Langerhans 

islets [1]. Several elements of the immune system are 

implicated in the pathogenesis of T1DM, most 

predominantly SDF-1 (CXCL12); a member of low 

molecular weight chemokines that mediate 

recruitment and migration of autoreactive T-cells into 

the β-islets, leading to the pancreatic inflammation or 

“insulitis” [2]. SDF-1 was first described as a pre-B 

cell growth-stimulating factor in 1994 and was then 

designated as "stromal cell-derived factor" for its 

continuous expression in stromal cells of the bone 

marrow [3]. The SDF-1 chemokine has a unique 

pleiotropic nature, where it mediates several 

biological and pathological functions through binding 

with its cognate receptor CXCR4 [4]. The 

implication of the SDF-1/CXCR4 axis in the 

pathophysiology of diabetes and its complications 

has been controversial, where it was proposed that 

SDF-1 disturbs the balance of T-cells in favor of 

autoreactive T cells by retaining the regulatory T-

cells (Treg) in the bone marrow, which intensifies the 

disease progression, hence SDF-1 blockade would 

inhibit/delay insulitis and diabetes initiation [5]. On 

the other hand, a recent study proposed that the SDF-

1/CXCR4 axis inhibits the dedifferentiation of islet β-

cells in diabetes and accordingly restrains the disease 

progression [6].  

SDF1/CXCR4 axis also plays an essential regulatory 

role in the initiation and development of diabetic 

kidney disease (DKD); however, whether it is 

renoprotective or detrimental remains dialectical [7]. 
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SDF-1 is reported to be expressed in the majority of 

renal cells, and to contribute to renal development 

especially vasculature formation [8]. The consensus 

notion about the SDF-1/CXCR4 axis is that it exerts a 

renoprotective effect during DKD, where it promotes 

the survival of renal podocytes and thusly maintains 

the glomerular structure; reduces glucose-induced 

mesangial expansion and tubular apoptosis [9]. 

However, another study reported that SDF-1 

expressed in renal podocytes promoted 

glomerulosclerosis and proteinuria in type 2 diabetic 

mice model, and the blockade of expression 

efficiently halted the progressive proteinuria and 

glomerulosclerosis [10]. Also, the SDF-1 cognate 

receptor CXCR4 is expressed on the surface of 

several immune cells including B and T lymphocytes, 

which might contribute to the recruitment and 

migration of inflammatory cells and accordingly 

intensifies renal inflammation in DKD [11]. 

Altogether, the SDF-1/CXCR4 axis plays a dual 

complex effect during DKD onset that deserves 

further attention. In this study, we aimed to unfold 

such complexity seeking the determinant threshold 

between the renoprotective and harmful roles of 

SDF-1, and assess it as a potential prognostic marker 

from tubular degeneration during the early DKD 

onset. 

2. Experimental 

2.1 Approval of the Ethical Committee 

Experimental procedures were approved by the 

Medical Ethical Committee of the National 

Research Centre in Egypt (Approval No: 

44410112021) in strict accordance with ARRIVE 

Guidelines 2.0 for reporting animal research, and 

the National Institute of Health Guide for Care and 

Use of Laboratory Animals (NIH Publication no. 

85–23, revised 2011) and the UK Animals 

(Scientific Procedures) Act 1986. 

 

2.2 Animals 

The study was conducted at the animal house of 

National Research Centre; Dokki-Giza; Egypt, 

Before the experiment, thirty 7-8 weeks old male 

Sprague Dawley rats (200-250 gm) were acclimated 

for seven days under constant environmental 

conditions and a 12: 12-h light/dark cycle (lights on 

at 7:00 am) at controlled room temperature (22 ± 2 

°C). Animals were allowed free access to standard 

rat pellets. Food and water was daily weighed/ 

measured before serving and the next day, and 

weight/volume difference in each group represented 

the mean consumption per group., and the animal 

weights were weekly  recorded. Animals were 

monitored by a blinded veterinarian to assess signs 

of fatigue and general health conditions, besides 

animal mortality on daily basis. 
 

2.3 Induction of Diabetes Mellitus 

Diabetes mellitus (DM) was induced with a single 

high dose of 65 mg/kg STZ in 0.1 mole/L citrate 

buffer used as a single i.p dose to induce diabetes in 

12 h-fasting rats (n= 20), while the sham group (n= 

10) received only the vehicle. To limit early 

mortality resulting from insulin release of damaged 

pancreatic islets, all STZ-treated animals were 

intraperitoneally injected with glucagon 5µg/kg 

[12]. Fasting blood glucose (FBG) was estimated 

after three and seven days of STZ-injections, and 

animals with FBG ≥ 280 mg/dL were considered 

diabetic and subdivided into two weight-matched 

groups (n=10); one group was left untreated (DM 

untreated), while the other group received 2-8 

U/daily subcutaneous dose of Mixtard®30 (long-

acting; 100 IU/ml; Insulin human (rDNA) + Insulin 

Protophane Protamine) depending on the blood 

glucose levels (DM-sc insulin). If the blood glucose 

level was 300-400, 400-500, or > 550 mg/dL, 

diabetic rats were given 2, 4 or 8 units of 

insulin/day; respectively [13]. After the completion 

of the experimental period, animals were ether-

anesthetized and sacrificed by cervical dislocation. 

For renal pathology studies, kidneys were dissected 

and rinsed with cold isotonic saline and then 

weighed to determine kidney hypertrophy index 

(Ki) by dividing the kidney wet weight by the body 

weight in each animal [14]. 

 

2.4 Classical Serum and Urinary Biochemical 

Analyses 

Biochemical assessments were carried out using 

Biodiagnostic kits (Biogamma, Stanbio, West 

Germany) according to the user manual. Following 

the previous protocol of Ahmed et al., [18], fasting 

blood glucose levels were estimated in diabetic rats 

on days 0, 7, 14, 21, and 28th using a glucose 

oxidase-based commercial glucometer (Accu-Chek 

Active, Roche Diagnostic). Renal functions were 

weekly monitored in terms of urine volume; blood 

urea (Cat# UR 21 10); plasma/urinary creatinine 

(Cat# CR 12 50), and urinary albumin (Cat# AB 10 

10). Depending on plasma levels of creatinine, the 

estimated glomerular filtration rate (eGFR) was 

calculated according to Besseling et al. [15] in each 

animal using one of the following equations; where 

W: body weight; C: serum creatinine, U: blood urea. 

 

Serum 

Creatinine 

(µmol/L) 

Equation 

< 52 
eGFR (µL/min) = 880 × W 0.695 × C -0.66 × 

U -0.391 

> 52 
eGFR (µL/min) = 5862 × W 0.695 × C -1.15 

× U -0.391 
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2.5 Immunological Studies and Assessment of 

Renal Redox Status 

Plasma levels of IL-1ß (Cat# SL0402Ra); TNF-α 

(Cat# SL0722Ra); kidney injury molecule (KIM)-

1 (Cat# SL0433Ra); matrix metalloproteinase 

(MMP)-9 (Cat# SL0490Ra), and SDF-1 (Cat# 

SL0661Ra) were estimated using the corresponding 

Instant Rat ELISA kits (SunLong Co., Ltd- China) 

according to the manufacturer instructions. Urinary 

levels of SDF-1 were also estimated and normalized 

to concurrent urinary creatinine concentrations at 

each time point. The absorbance was measured at 

450 nm and the cut-off value considered a positive 

response was established as twice the mean OD450 of 

the negative control. The nitric oxide production in 

kidney tissues and renal levels of reduced 

glutathione (GSH); lipid peroxidation (MDA), and 

activity of catalase and glutathione-s-transferase 

antioxidant enzymes were biochemically assessed 

using the corresponding kits of Biodiagnostic 

(Biogamma, Stanbio, West Germany) according to 

the user manual. 

 

2.6 Real-time PCR 

Gene expression of SDF-1 and its cognate receptor 

CXCR4 was profiled in frozen renal tissue samples 

preserved in RNAlater (Thermofisher Scientific, 

USA) directly after animal sacrifice by real-time 

PCR. First, total RNA was extracted from renal 

tissues using PureLink™ RNA Mini Kit 

(InvetrogenTM, USA) according to the user manual. 

The quantity and quality of extracted RNA were 

spectrophotometrically evaluated as an OD260/280 

ratio >1.5, while the integrity was checked on 1% 

agarose gel premixed with 0.3% ethidium bromide. 

Complementary DNA (cDNA) was synthesized 

from 1μg of RNA template using Maxima Reverse 

Transcriptase (Thermofisher Scientific, USA) 

according to the manufacturer’s protocol. According 

to Siddiqi et al., [16], cDNA was used to amplify 

SDF-1 and CXCR4 genes besides GAPDH as 

housekeeping gene with the following primers: 

SDF-1 F: gctctgcatcagtgacggtaag, SDF-1  

R: tggcgacatggctctcaaa, CXCR4  

F: atcatctccaagctgtcacactcc; CXCR4  

R: gtgatggagatccacttgtgcac; GAPDH  

F: accacagtccatgccatcac, GAPDH  

R: tccaccaccctgttgctgta. Cycling conditions included 

95˚C for 1 min; annealing temperature of respective 

primer for 45 s; extension at 72˚C for 1 min; final 

extension at 72˚C for 10 min; for 35 cycles. The 

melting curves were analysed to confirm the 

presence of specific amplification and the absence 

of primer dimers. Data were analysed by the 

comparative threshold cycle (ΔΔCt) method, and 

normalization was performed using the geometric 

mean of the GAPDH housekeeping gene. 

 

2.7 Histopathological Assessments 

For histopathological studies, the collected kidney 

specimens were fixed in 10% phosphate-buffered 

neutral formalin. Twenty-four hours after formalin 

fixation, specimens were routinely washed, 

dehydrated in serial dilutions of ethanol, cleared in 

xylene, and lastly embedded in paraffin. Paraffin 

blocks were sectioned at 4μm, and the obtained 

sections were stained with hematoxylin and eosin 

(H&E) according to the method described by 

Suvarna and Layton [17]. The severity of renal 

injury were assigned a quantitative score, where 0= 

no abnormality noted, 1= slight (minimal, <25%), 

2= mild (25%-50%), 3= moderate (>50%), and 4= 

severe (>75%). 

 

2.8 Statistical Analysis 

Numerical data were expressed as mean ± SD in 

each group. Statistical analysis of all data was 

performed using GraphPad Prism version 9.0.2 

(GraphPad, San Diego, CA). Numerical data were 

analyzed by unpaired parametric t-test and/or one-

way analysis of variance (ANOVA) followed by 

Turkey's multiple comparison test. The correlation 

matrix was analyzed using Pearson correlation 

followed by linear regression tests. Two-tailed P 

values< 0.05 were considered statistically 

significant. Receiver operating characteristic (ROC) 

curve was used to calculate the appropriate 

threshold for prediction of prognostic threshold of 

investigated biomarkers using the values obtained in 

insulin-treated animals as control versus those of the 

untreated, followed by Fisher’s exact test to assess 

the predictive capacity; sensitivity, and specificity 

of the calculated cut-off values. 

 
3. Results  

3.1 Changes in body weight, glycemic load, food 

consumption, and water intake in diabetic 

animals 

Persistent hyperglycaemia was successfully induced 

in all STZ-treated animals as confirmed by fasting 

blood glucose estimations three days and one week 

after induction. No mortality was recorded in sham 

and insulin-treated groups, while three animals of 

the untreated diabetic animals (30%) died during the 

study period. The non-diabetic animals maintained a 

consistent blood glucose level throughout the study 

period, and they significantly gained weight (P= 

0.0001) compared to the initial, while the untreated 

diabetic animals (DM-untreated) showed the 

classical signs of diabetes including polydipsia 

reflected as increased water intake; hyper-urination, 

and fatigue. The progressive hyperglycaemia and 

weight loss were also more pronounced in the DM-

untreated group compared to the insulin-treated 

(DM-sc insulin) and sham groups [F(2, 138) = 14.69, 

P<0.0001] and [F(2, 138) = 102.8, P<0.0001]; 
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respectively. At the end of the study, the terminal 

fasting blood glucose (FBG) and body weight were 

6.427 ± 1.144mmol/L and -88.61 ± 3.581gm; 

respectively compared to the initial (Fig.1A, B). 

Insulin treatment has significantly alleviated the 

blood glucose; food consumption, and water intake 

(Fig.1C, D) from the 1st week of treatment, where it 

showed 37.98, 11.038, and 32.6% lower FBG, food 

consumption, and water intake; respectively 

comparing to the untreated group. On the other 

hand, the effect of insulin treatment on the weight 

loss was observed starting from the 3rd week, when 

the treated animals reached a terminal mean body 

weight of -1.127 ± 2.622compared to the initial. No 

statistical difference in food intake was found 

between the untreated diabetic group and the sham, 

while the insulin-treated group had a significantly 

lower food amount relative to both [F(2, 138) = 6.694, 

P= 0.0017]. Despite the insulin treatment, both 

diabetic groups showed a significantly higher water 

intake relative to sham at all time points [F(2, 138) = 

58.28, P<0.0001] (Fig. 1D). 

 

3.2 The impact of progressive hyperglycemia on 

renal functional and structural markers Comparing to 

non-diabetic and insulin-treated animals, the 

untreated animals had significantly higher weekly 

urine volume [F(2, 138) = 50.95, P< 0.0001] and higher 

levels of albuminuria  [F(2, 139) = 22.16, P< 0.0001], 

concomitant with lower output of urinary creatinine 

[F(2, 138) = 8.439, P=0.0004]; eGFR [F(2, 138) = 11.31, 

P< 0.0001] and creatinine clearance [F(2, 138) = 8.807, 

P= 0.0003]. The highest peak of albuminuria was 

observed in the 2nd week then began to decline; 

however, it was still significantly higher than both 

sham and insulin-treated groups at the end of the 

experiment [F(2, 24) = 8.568, P= 0.0016]. Similarly, 

the plasma levels of creatinine; urea, and KIM-1 were 

significantly higher in the untreated animals relative 

to non-diabetic and insulin-treated [F(2, 138) = 52.66; 

47.75, and  112.8; respectively, P< 0.0001 each] (Fig. 

2). The insulin treatment has halted the regression of 

the renal functions starting from the 1st week, 

reaching convergent values to the control by the end 

of the study. The treated group also showed 32.06 

and 73.21% lower urine volume and albuminuria 

levels (P<0.0001 each) concomitantly with 7.1, 4.29, 

and 2.32 fold higher eGFR (P= 0.0011), creatinine 

clearance (P<0.0001) and urinary creatinine 

(P<0.0001); respectively comparing to the untreated 

group. Plasma levels of creatinine and urea were 

normalized in the insulin-treated animals starting 

from the 1st week, where no statistical difference was 

observed relative to the sham group, while KIM-1 

was normalized by the 4th. The treated animals ended 

up with 62.28, 71.85, and 95.76% lower levels of 

plasma creatinine; urea, and KIM-1; respectively 

compared with the untreated (P<0.0001, each). The 

mean kidney weight and kidney/body weight 

percentage of both diabetic groups were significantly 

lower than that of sham (P<0.0001 each), but no 

statistical difference in kidney/body weight % (Ki) 

was found despite the 40.51% larger kidney weight 

of the treated animals relative to the untreated 

(P<0.0001). 

 
 
Figure 1: Changes in blood glucose, body weight, food 

consumption, and water intake during the study period. 

Persistent hyperglycaemia (A) was generated in all 

STZ-treated animals, with FBG levels significantly 

higher in the untreated diabetic animals (n=7) 

compared to sham (n=10) and insulin-treated (n=10) 

along the five time points of the study [F(2, 138) = 14.69, 

P<0.0001]. The untreated animals also maintained a 

significant weight loss (B) compared to the other groups 

[F(2, 138) = 102.8,P<0.0001] while the insulin treatment 

alleviated the blood glucose and weight loss starting 

from the 1st and 3rd week; respectively. No statistical 

difference in food consumption (C) was found between 

sham and untreated animals, but the insulin-treated 

animals consumed significantly lower amounts relative 

to both [F(2, 138) = 6.694, P= 0.0017]. Both diabetic groups 

showed higher water intake (D) relative to sham at all 

time points [F(2, 138) = 58.28 , P<0.0001]. Non-diabetic 

animals maintained consistent blood glucose, weight 

gain, food consumption, and water intake at the 

expected rate. All data are represented as mean ± SD 

 
. Figure 2: The effect of hyperglycaemia on renal 

functional and structural markers. The untreated 

diabetic animals showed significantly higher weekly 
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urine volume [F(2, 138) = 50.95, P< 0.0001], albuminuria 

[F(2, 138) = 22.16, P< 0.0001], plasma creatinine , urea, 

and KIM-1 levels [F(2, 138) = 52.66; 47.75, and  112.8; 

respectively, P< 0.0001 each] concomitant with lower 

eGFR, urinary creatinine and creatinine clearance [F(2, 

138) = 11.31, P< 0.0001; 8.439, P=0.0004, and 8.807, P= 

0.0003; respectively] compared to non-diabetic and 

insulin-treated animals. The insulin treatment 

ameliorated the renal functions starting from the 1st 

week, where treated animals showed 32.06 and 73.21% 

lower urine volume and albuminuria levels (P<0.0001 

each) concomitantly with 7.1, 4.29, and 2.32 fold higher 

eGFR (P= 0.0011), creatinine clearance (P<0.0001) and 

urinary creatinine (P<0.0001); respectively comparing 

to the untreated. Plasma creatinine, urea, and KIM-1 

levels were normalized with sham by the end of the 

study. Kidney weights and kidney/body weight % of 

both diabetic groups were significantly lower compared 

to the non-diabetic animals (P<0.0001 each), but no 

statistical difference in kidney/body weight % was 

found between the diabetic groups although the insulin-

treated had 40.51% larger kidney weight relative to the 

untreated (P<0.0001). All data are represented as mean 

± SD 

3.3 Inflammatory response and renal redox status 

in diabetic animals 

Starting from the first week, the plasma levels of IL-

1β and MMP-9 were significantly higher in the 

untreated animals compared to the insulin-treated 

[F(2, 138) = 21.44, and 27.01; respectively, P<0.0001 

each], while no statistical difference was observed in 

TNF-α levels between the two groups till the 3rd week 

despite the higher levels in both diabetic groups 

relative to sham [F(2, 138) = 52.09, P<0.0001]. Renal 

production of nitric oxide in the untreated animals 

was estimated as 4.42 and 16.46 fold higher than 

insulin-treated and sham groups; respectively [F(2, 21) 

= 13.14, P= 0.0002]. Regarding the renal redox 

status, the untreated animals had significantly lower 

levels of reduced GSH [F(2, 21) = 2.644, P= 0.0046] 

concomitant with lower activity of catalase [F(2, 21) = 

14.39, P= 0.0001] and GSH-s-transferase [F(2, 21) = 

6.9, P= 0.0053] and higher MDA levels [F(2, 21) = 

13.56, P= 0.0002] comparing to non-diabetic and 

insulin-treated animals (Fig. 3).  Compared to the 

non-diabetic animals, the significant effect of insulin 

treatment on plasma levels of inflammatory markers 

was observed as early as one week post-treatment for 

IL-1β and MMP-9 which were both normalized by 

the 3rd week, while the reduction of TNF-α levels 

started from the second and maintained a significant 

difference at each time point till the end of the study. 

The plasma levels of the three pro-inflammatory 

markers reached final concentrations estimated as 

91.65, 48.64, 60.45% lower IL-1β; TNF-α, and 

MMP-9 levels; respectively, whereas renal 

production of nitric oxide (NO) was lower by 77.41% 

at the end of the experiment (P<0.0001 each) 

compared to the untreated. The insulin treatment has 

also promoted the antioxidant compounds and 

enzymes, where treated animals had 76.55% lower 

MDA levels (P<0.0001) and 8.08 (P<0.0001); 1.4 

(P<0.0001), and 1.44 (P= 0.0004) fold higher GSH 

content and catalase and GSH-s-transferase activity; 

respectively relative to untreated animals (Fig. 3). 

   
Figure 3: Profile of inflammatory markers and renal 

redox status in diabetic animals. Plasma levels of IL-1β 

and MMP-9 were significantly higher in untreated 

animals starting from the 1st week relative to non-

diabetic and insulin-treated animals (P<0.0001, each) 

despite the declined IL-1β observed in the 2nd week, 

while no statistical difference was observed in TNF-α 

levels between the diabetic groups till the 3rd. Insulin 

treatment normalized the plasma levels of inflammatory 

cytokines, reaching levels near sham control. Renal NO 

was 4.42 and 16.46 fold higher in untreated animals 

(n=4) relative to insulin-treated and non-diabetic 

animals; respectively [F(2,21) = 13.14, P= 0.0002] 

(n=10/each). Similarly, the dysregulated renal redox 

status was more pronounced in the untreated animals, 

were they had significantly lower activity of catalase 

and GSH-S-transferase enzymes [F(2, 21) = 14.39, P= 

0.0001and 6.9, P= 0.0053; respectively]; lower GSH 

content [F(2, 21) = 2.644, P= 0.0046], and higher lipid 

peroxidation profile in terms of MDA levels [F(2, 21) = 

13.56, P= 0.0002] comparing to non-diabetic and 

insulin-treated animals.  All data are represented as 

mean ± SD. 

 

3.4 Histopathological Alterations 

The histopathological assessment of renal tissues 

revealed normal morphology of glomerular 

capillaries and mesangium, and intact proximal/distal 

tubules with normal nuclei and cytoplasm in both 

sham (Fig. 4A) and insulin-treated (Fig. 4B) animal 

kidneys. The later; though, showed mild 

accumulation of hyaline droplets within the glomeruli 

and tubular cells, and a few distal tubules with mild 

degeneration and dilated lumens. In the untreated 

diabetic animals, the glomeruli showed mild 

mesangial proliferation with no basement thickening 

detected, and tubular atrophy with vacuolated 

cytoplasm and karyolitic nuclei despite the presence 

of intact brush borders in the proximal tubules. The 
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distal tubules showed dilated lumens with irregular 

cell morphology, and hyaline droplets were 

massively accumulated in both glomeruli and tubules 

(Fig. 4C). Renal injury scores based on 

histopathological assessments are listed in Table (1) 

(Supplementary file 1).  

 
Figure 4: Hematoxylin and eosin (H&E)-stained renal 

sections (×400 magnified) of sham and diabetic animals 

(n=5/group). (A): No remarkable histological alterations 

were observed in renal sections of the sham group. 

Glomerular capillaries and mesangium showed normal 

morphology with intact proximal and distal tubules. 

(B): Normal morphology of glomerular structure was 

observed in the insulin-treated kidneys, with few 

hyaline droplets (green arrows) observed in the 

glomeruli and proximal/distal tubules, and mild 

degeneration of some tubules (red arrows). (C): 

Tubular atrophy with vacuolated cytoplasm and 

karyolitic nuclei (red arrows) were observed in the 

sections of untreated diabetic animals. Distal tubules 

showed dilated lumens "D" and irregular cells, and 

hyaline droplets (green arrows) were massively 

accumulated in both glomeruli and tubules despite the 

intact brush border in some proximal tubules 

"asterisk". No mesangial expansion was detected but 

glomerular hypertrophy (black arrow) was observed. 

 

3.5 The pattern of circulating and renal 

expression of SDF-1 in diabetic animals 

Along the five time points of the experiment, both 

diabetic groups showed significantly lower levels of 

plasma (Fig. 5A) and urinary (Fig. 5B) SDF-1 

relative to the sham group [F(2, 138) = 3.36, P= 0.0376 

and 11.7, P< 0.0001; respectively]. The non-diabetic 

animals maintained a constant pattern of plasma/ 

urinary SDF-1 levels along the study period except 

for a slight decline of the later observed in the 4th 

week, while both levels were consistently higher in 

the untreated animals relative to insulin-treated 

starting from the 1st week (P<0.0001, each), with no 

significant changes observed starting from the 1st and 

2nd weeks for plasma/urinary levels; respectively. The 

insulin treatment normalized the urinary SDF-1 

levels as early as the 1st week, showing no statistical 

difference relative to sham, concomitant with an 

abrupt decline in plasma levels before they elevate to 

convergent levels with those of untreated animals 

during the 2nd and the 3rd week then declined again by 

the 4th week, ending up with 20% lower levels 

relative to untreated animals (P<0.0001). Results of 

gene expression profiling revealed that untreated 

diabetic animals had 1.51 and 2.76 fold higher renal 

SDF-1 and CXCR4 mRNA folds compared to non-

diabetic animals (P= 0.0046 and <0.0001; 

respectively), while they had 2.11 and 1.45 fold 

higher mRNA folds; respectively than observed in 

insulin-treated kidneys (P= 0.0001, 0.0029; 

respectively). Despite the absence of statistical 

difference, the insulin-treated animals showed lower 

renal SDF-1 mRNA compared to the non-diabetic; 

however, the renal CXCR4 mRNA fold was found to 

be 1.9 higher (P= 0.0019) (Fig. 5C). 

 
Figure 5: The pattern of circulating SDF-1 and renal 

expression of SDF-1/CXCR4 in diabetic animals. Both 

diabetic groups showed lower levels of plasma and 

urinary SDF-1[F(2, 138) = 3.36, P= 0.0376 and 11.7, P< 

0.0001; respectively] relative to non-diabetic animals 

along the study period. While the sham group 

maintained a steady pattern of circulating SDF-1, the 

untreated animals showed generally higher levels of 

both compared to insulin-treated animals (P<0.0001, 

each). No statistical difference was observed in renal 

SDF-1 mRNA folds between non-diabetic and insulin-

treated animals (n=5/group), but the later showed renal 

CXCR4 mRNA 1.9 times higher fold (P= 0.0019). The 

untreated (n=5) showed 1.51, 2.11 fold higher renal 

SDF-1 mRNA (P= 0.0046 and 0.0001; respectively) and 

2.76, 1.45 fold higher CXCR4 mRNA (P<0.0001, 0.0029; 

respectively) compared to sham and insulin-treated 

groups; respectively. All data are represented as mean ± 

SD. 

 

3.6 Correlation analyses of circulating SDF-1 levels with 

hyperglycemia, inflammatory and renal injury markers 

The results of correlation analyses showed a different 

pattern in each diabetic group. In the insulin-treated group, 

plasma levels of SDF-1 were correlated with blood glucose 

(Fig. 6A.1), IL-1β (Fig. 6A.2), TNF-α (Fig. 6A.3), plasma 

creatinine (Fig. 6A.4), and albuminuria (Fig. 6A.5). 

Urinary SDF-1 was similarly correlated with blood glucose 

(Fig. 6A.6), IL-1β, and TNF-α (Fig. 6A.7, 8) besides KIM-

1 (Fig. 6A.9), MMP-9 plasma levels (Fig. 6A.10), and 

plasma creatinine while inversely correlated with blood 

urea levels. In the untreated diabetic group, a different 

pattern of correlations was observed, where plasma SDF-1 

levels were found to be inversely correlated with blood 



ASSESSMENT OF CIRCULATING STROMAL CELL-DERIVED FACTOR (SDF)-1 AS PROGNOSTIC MARKER 

__________________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 66, No. 6 (2023) 

 

285 

glucose (Fig. 6B.1), IL-1β (Fig. 6B.2), albuminuria, and 

plasma creatinine (Fig. 6B.3) as well as KIM-1 (Fig. 6B.4) 

and MMP-9 levels (Fig. 6B.5), while they were positively 

correlated with TNF-α (Fig. 6B.6); eGFR (Fig. 6B.7) and 

creatinine clearance (Fig. 6B.8). Noteworthy, the 

correlation between plasma SDF-1 and eGFR initiated from 

the 1st week unlike other parameters that showed 

correlations starting from the zero time. In contrast with 

plasma levels, urinary SDF-1 levels were positively 

correlated with blood glucose (Fig. 6B.9); KIM-1 (Fig. 

6B.10), and MMP-9 levels (Fig. 6B.11), as well as plasma 

creatinine and blood urea levels while they were inversely 

correlated with TNF-α (Fig. 6B.12), eGFR and creatinine 

clearance. Notably, a strong positive correlation 

between plasma and urinary SDF-1 was detected in 

the insulin-treated animal group (r= 0.7425, 

P<0.0001), while it was absent in the untreated. In 

both diabetic groups, the terminal levels of 

circulating SDF-1 as well as renal expression of 

SDF-1/CXCR4 were strongly correlated with renal 

SDF-1/CXCR4 mRNA folds on one hand, and with 

renal injury scores on the other. Pearson coefficients 

and P values of the correlation analyses between 

circulating/expressed SDF-1 with plasma/urine 

parameters and histopathological scores are listed in 

Tables (2) and (3) (Supplementary file). A positive 

correlation was also observed between urinary and 

plasma levels of SDF-1 in insulin-treated animals (r= 

0.4875, P= 0.0002) (Fig. 6B.13), while none was 

found in the untreated. 

 
Figure 6: (A): Linear regression of circulating SDF-1 

with renal functional and structural markers in insulin-

treated diabetic animals. Plasma levels of SDF-1 had 

positive correlations with blood glucose (r= 0.4449) (1), 

IL-1β (r= 0.3692) (2), TNF-α (r= 0.3346 (3), plasma 

creatinine (r= 0.4409) (4) and albuminuria (r= 0.4189) 

(5). Urinary SDF-1 levels similarly correlated with 

blood glucose (r= 0.6309) (6), IL-1β and TNF-α (r= 

0.5701and r= 0.4661; respectively) (7) and also with 

KIM-1 (r= 0.4761) (8), MMP-9 (r= 0.4654) (9) and 

plasma creatinine (r= 0.6911).  (B): Linear regression of 

circulating SDF-1 with renal functional and structural 

markers in untreated diabetic animals. Plasma levels of 

SDF-1 were inversely correlated with blood glucose (r= 

-0.5012) (1), IL-1β (r= -0.6067) (2), plasma creatinine 

(r= -0.3632) (3), KIM-1 (r= -0.3789) (4) and MMP-9 

levels (r= -0.4687) (5), while they were positively 

correlated with TNF-α (r= 0.3725) (6); eGFR (r= 

0.3608) (7) and creatinine clearance (r= 0.4711) (8). 

Urinary SDF-1 levels were positively correlated with 

blood glucose (r= 0.4257) (9); KIM-1 (r= 0.683) (10) and 

MMP-9 levels (r= 0.5683) (11), while they were 

inversely correlated with TNF-α (r= -0.6124) (12). 

Unlike the untreated animals, a positive correlation was 

also observed between urinary and plasma SDF-1 levels 

in the insulin-treated group. (r= 0.4875, P= 0.0002) (13). 

 

 

3.7 Prediction of Circulating SDF-1 Prognostic 

Threshold 

While the plasma/urinary SDF-1 levels were 

significantly higher in untreated diabetic animals 

relative to insulin-treated along the study period, the 

prognostic potential of circulating levels for early 

tubular damage was assessed by receiver operating 

characteristic (ROC) curve, using values of 

circulating SDF-1 in insulin-treated animals as 

control against those of the untreated. For plasma 

SDF-1, area under curve (AUC) was 0.9568 (SEM= 

0.03208, P <0.0001) with 95% confidence interval 

(CI) 0.8939 to 1.000 (Fig. 7A), while AUC for 

urinary SDF-1 was 0.9793 (SEM= 0.01604, P 

<0.0001) with 95% CI 0.9479 to 1.000 (Fig. 7B). The 

calculated threshold predicted from both curves was 

72.78 pg/mL for plasma-SDF-1 with 83.33% 

sensitivity (95% CI: 60.78% to 94.16%) and 100% 

specificity (95% CI: 82.41% to 100.0%), and 0.7182 

pg/mg Cr for urinary SDF-1 with 81.82% sensitivity 

(95% CI: 61.48% to 92.69%) and 100% specificity 

(95% CI: 85.13% to 100.0%). The standard renal 

injury markers used in this study were also subjected 

for ROC curve analysis and to confirm the precision 

of the whole experiment, and they all showed highly 

significant AUC values (Fig. 7 C-K) with sensitivity 

and specificity ranging between 82-100% and 50-

90%; respectively (AUC; P values and predictive cut-

off values with sensitivity and specificity are listed in 

Table (4)/ Supplementary file). Also, ROC analysis 

of FBG values in both diabetic groups showed a large 

AUC value (0.9495, P<0.0001). The calculated FBG 

cut-off predicting DKD was 26.72 mmol/L (481 

pg/dL), with 100%, 82.35% sensitivity and 

specificity; respectively (Fig. 7L). The prognostic 

potential of the calculated cut-off values of 

circulating SDF-1 was further validated by Fisher’s 

exact results that showed a significant  predictive 

capacity for both plasma and urinary SDF-1 (P 

<0.0001). Plasma SDF-1 cut-off value showed 

78.26% sensitivity (95% CI: 0.6443 to 0.8774) and 

66.67% specificity (95% CI: 0.5155 to 0.7899) with 

positive and negative predictive values of 72% (95% 

CI: 0.5833 to 0.8253) and 73.68% (95% CI: 0.5799 

to 0.8503); respectively, while the urinary SDF-1 



 Heba Shawky  and Dalia B. Fayed. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 66, No. 6 (2023) 

 

 

286 

threshold showed 84.21% sensitivity (95% CI: 

0.7264 to 0.9146) and 93.55% specificity (95% CI: 

0.7928 to 0.9885), with positive and negative 

predictive values of 96% (95% CI: 0.8654 to 0.9929) 

and 76.32% (95% CI: 0.6079 to 0.8701); respectively 

(Fig. 7M, N). 

 
Figure 7: Prediction of the prognostic thresholds of 

plasma and urinary SDF-1 by ROC curve analyses. 

Area under curve (AUC) for plasma SDF-1 was 0.9568 

(SEM= 0.03208, P <0.0001) with 95% CI: 0.8939 to 

1.000 (A), while AUC for urinary SDF-1 was 0.9793 

(SEM= 0.01604, P <0.0001) with 95% CI 0.9479 to 1.000 

(B). The calculated threshold predicted from both 

curves was 72.78 pg/mL for plasma-SDF-1 with 83.33% 

sensitivity (95% CI: 60.78% to 94.16%) and 100% 

specificity (95% CI: 82.41% to 100.0%), and 0.7182 

pg/mg Cr for urinary SDF-1 with 81.82% sensitivity 

(95% CI: 61.48% to 92.69%) and 100% specificity 

(95% CI: 85.13% to 100.0%). The standard renal 

injury markers used in this study and FBG values were 

also subjected for ROC curve analysis and to confirm 

the precision of the whole experiment, and they all 

showed highly significant AUC values (C-L) with 

sensitivity and specificity ranging between 82-100% and 

50-90%; respectively. Fisher’s exact test results 

revealed high predictive values of the calculated SDF-1 

thresholds, where plasma SDF-1 cut-off predicting 

DKD showed 78.26%, 66.67% sensitivity and 

specificity; respectively with positive and negative 

predictive values of 72% and 73.68%; respectively 

while urinary SDF-1 showed 84.21%, 93.55% sensitivity 

and specificity; respectively with positive and negative 

predictive values of 96% and 76.32%; respectively (M, 

N). 

 

4. Discussion 

Although diabetic kidney disease (DKD) has always 

been perceived as a "glomerulopathic disorder" 

associated with overt microalbuminuria and declining 

eGFR; a growing body of evidence refers that tubular 

injury might precede glomerulosclerosis and even 

proteinuria during DKD onset [18]. While type 1 

diabetes mellitus (T1DM) is an autoimmune disease 

prompted by the selective destruction of the 

pancreatic β-islets by infiltrating immune cells 

causing insulitis [1], several chemokines are typically 

involved in the disease progression and 

complications. Of those, the pleiotropic stromal cell-

derived factor-1 (SDF-1/CXCL12) chemokine and its 

cognate receptor CXCR4 have been reported to exert 

unpredictable impacts on several pathophysiological 

processes in the course of T1DM [19]. On one hand, 

it acts as an anti-inflammatory/ immunomodulatory 

chemokine regulating the immune cells’ 

differentiation and function [20], while high plasma 

levels of SDF-1 correlated with insulitis; 

nephropathy, and adipose tissue inflammation are 

typically reported in T2DM patients [21, 22]. SDF-1 

is also expressed in most renal cells particularly 

stromal cells [23], and it significantly contributes to 

the development of renal vasculature as pro-

angiogenetic chemokine [8]. In stark contrast, the 

SDF-1/CXCR4 axis is reportedly involved in the 

initiation and progression of several renal disorders, 

including acute renal injury; DKD, and it was 

recently considered a potential biomarker for lupus 

nephritis and renal carcinoma [7]. All of these 

findings have motivated us to assume that such 

pleiotropic behavior of SDF-1 during the DKD onset 

might be titer-dependent, where it might be a certain 

“threshold” that governs the interplay between 

renoprotective/pro-angiogenetic and detrimental 

roles, and this threshold -if present- may predict the 

turning point from controlled diabetes to early 

tubulopathy.  

To test this hypothesis, we generated two diabetic 

models; an insulin-treated with controlled 

hyperglycemia, and an untreated diabetic model that 

underwent the normal course of DKD. In the 

untreated model, levels of plasma creatinine; blood 

urea, and eGFR showed remarkable changes as early 

as one week post STZ injection, which might be 

attributed to the transient cytotoxic effect of STZ 

itself on renal tissues [24] rather than the effect of 

hyperglycemia. In contrast to our previous report 

[25], a single STZ-dose was enough to induce 

persistent hyperglycemia in our animal model, where 

no spontaneous recovery was reported during the 

study period. This could be explained by the variation 

of animal strain, where Sprague Dawley rats are 

reported to be hypertensive, and hence more 

susceptible to the diabetogenic effect of STZ-impact 

on pancreatic β-islets [26, 27]. Despite the significant 

difference relative to non-diabetic animals, the 

insulin treatment had significantly ameliorated 

hyperglycemia, weight loss, hyper-urination, and 
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polydipsia, in addition to renal functions, eGFR, 

kidney redox, and inflammatory response that were 

normalized after two weeks of treatment. These 

results comply with the findings of Akbas [28] who 

reported the protective effect of insulin treatment on 

early renal pathological changes in diabetic rodents. 

Notably, microalbuminuria levels were significantly 

declined in the untreated animals after the 2nd week, 

reaching 26.33% lower levels than the initial despite 

the glomerular hyperflitration, which suggests the 

implication of proximal tubular reabsorption of 

excess albumin from the glomerular filtrate [29], 

particularly with the absence of enlarged glomerular 

basement and intact brush borders of proximal 

tubules as revealed by histopathological assessment. 

SDF-1 is constitutively expressed in various organs, 

particularly the highly vascularized such as kidneys, 

liver, and spleen, and it is involved in several 

physiological functions including organs and immune 

cells homeostasis [30]. However, under diabetic 

conditions, the SDF-1 expression is significantly 

downregulated as a result of the impaired 

proliferation of stem cells associated with deficient 

paracrine factor release, which leads to impaired 

homing of endothelial progenitor cells and explains 

deteriorated wound healing in diabetic patients [31]. 

These findings of previous reports interpreted the 

significant reduction of circulating SDF-1 in both 

diabetic groups; however, they remained persistently 

higher in the untreated animals during the study 

period, which could be attributed to the higher renal 

SDF1/CXCR4 expression that is typically induced 

during renal injury to trigger homing of progenitor 

cells to injured sites [11]. In contrast, despite the 

down-regulation of SDF-1 expression in renal tissues 

of insulin-treated animals comparing to those of sham 

and untreated groups, the expression of the cognate 

receptor was significantly upregulated, suggesting the 

implication of glucose-dependent upregulation of the 

transcription factor HIF-α that reportedly regulates 

CXCR4 expression in diabetic kidneys [32, 33].  

The pattern of correlations between circulating SDF-

1 with blood glucose, inflammatory markers, renal 

functions, and redox status in diabetic groups 

revealed a differential mechanism of SDF-1 action in 

both controlled and untreated diabetic animals. In the 

untreated animals, the progressive hyperglycemia 

levels were strongly correlated with plasma MMP-9 

levels, which is typical of the dysregulated redox 

status during diabetes that would trigger the 

expression of the redox-sensitive MMP-9 [34]. This 

would also explain the inverse correlation found 

between blood glucose and plasma SDF-1 levels 

given the catalytic activity of MMP-9 that was 

reported to cleave SDF-1 or at least interfere with 

SDF-1/CXCR4 signal transduction crucial for 

maintaining cell homeostasis [35], and thusly 

elucidate the reason of histopathological alterations 

observed in the untreated animals' kidneys despite the 

upregulated SDF-1expression. Moreover, the strong 

positive correlation found between plasma MMP-9 

levels and urinary SDF-1 in both diabetic groups 

supports this assumption. Furthermore, the plasma 

SDF-1 levels were found to be positively correlated 

with TNF-α in both diabetic groups; which is, in turn, 

was positively correlated with eGFR in the untreated 

animals, while such correlation was absent in the 

insulin-treated. This finding suggests possible TNF-

α-mediated apoptosis [36]. Unlike the other renal 

injury markers that were correlated with circulating 

SDF-1starting from three days after STZ dosing; the 

correlation between eGFR with plasma SDF-1 levels 

was not observed until the 10th day; i.e, after the 

initiation of renal injury. Furthermore, renal 

expression of SDF-1 and CXCR4 also showed strong 

correlations with renal structural markers and injury 

scores in both diabetic groups.  

From this correlation matrix, we can conclude that 

SDF-1 was intrinsically overexpressed for 

immunomodulation and organ homeostasis in 

response to hyperglycemia; however, the blood 

glucose level is the "shunt" that dictates which role it 

can play. Under controlled diabetic conditions, ROS 

production and inflammation were alleviated and 

renal injury was ultimately limited; which explains 

the absence of correlation between circulating SDF-1 

and eGFR and interprets the significant; despite 

weak, positive correlation between urinary and 

plasma SDF-1 levels absent in the untreated animals. 

In this context, we claim that the FBG cut-off value 

calculated in this study (481 mg/dL) might represent 

the turning point that prompt DKD. On the other side, 

the progressive hyperglycemic load triggered 

theexpression of MMP-9 that neutralized SDF-1 

activity either by cleavage or intercepting with signal 

transduction with its receptor essential for renal 

homeostasis on one hand, and it also upregulated the 

CXCR4 expression which seems to contribute the 

recruitment and migration of CXCR4-positive 

immune cells and accordingly perpetuates renal 

inflammation [7]. 

We further investigated the prognostic capacity of 

different levels of circulating SDF-1 among the 

diabetic groups. The ROC curve analyses showed a 

significantly large area under curve for both 

plasma/urinary SDF-1 levels (0.9568 and 0.9793; 

respectively, P <0.0001 each), with a wide range of 

95% confidence interval (0.8939 to 1.000) and high 

sensitivity (81.82-83.33%) and specificity (100% 

each) of the predicted cut-off values. Moreover, the 

calculated values showed high positive and negative 

predictive values with sensitivity and specificity 

ranges of 78.26%-84.21% and 66.67%-93.55% and 

95% confidence interval reaching to 98.85%. Despite 

the large AUC values obtained for the classic renal 

injury markers studied herein, none of these markers 
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were correlated with structural markers of renal 

injury in such early point of the DKD onset. 

Together, with their strong correlations with 

functional and structural markers beside the injury 

scores, the calculated thresholds may represent the 

thin line between protective and detrimental roles of 

SDF-1 in DKD, besides their high prognostic 

capacity for early tubular atrophy during the disease 

onset. 
 

5. Conclusion 

This study represents the first in-depth reporting of 

the effect of the SDF-1/CXCR4 axis on renal 

inflammation during DKD. Herein, we proposed an 

SDF-1 threshold that could elucidate the determinant 

point between the renoprotective and pro-

inflammatory role of this pleiotropic chemokine. 

Notably, the cross-talk between SDF-1 and cognate 

receptor expressed on both renal and inflammatory 

cells is largely complicated, but our results showed 

that it is mostly orchestrated by the blood glucose 

levels that promoted the oxidative stress and the 

downstream cascade of inflammatory response that 

prompted the renal injury. While tubular injury seems 

to initiate before the typical glomerulosclerosis in 

DKD, the proposed predictive values of circulating 

SDF-1 may represent a promising biomarker for 

diabetes-induced tubular atrophy. 
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