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Expression and clinical association of MFG-
E8 and TAM receptors in diabetic patients with 
different stages of microvascular complication
An experimental study
Yin Xiong, MMa  , Beibei Wang, MDb, Jinyu Jiao, MMc, Meina Tang, MMa, Ke Li, MMa, Rui Jiang, MMa, 
Wei Huang, MDa,* 

Abstract 
Background: Diabetic nephropathy (DN) is a major microvascular complication of diabetes mellitus that leads to end-stage 
renal disease. Hyperglycemia triggers apoptosis and kidney damage. Milk fat globule-epidermal growth factor 8 (MFG-E8) and 
TAM receptor tyrosine kinases, Tyro3, Axl, and Mer, are phagocytic receptors that mediate the clearance of apoptotic cells. This 
study aimed to identify the role of MFG-E8 and TAM receptors in the development of DN.

Methods: A total of 146 patients with type 2 diabetes mellitus (T2DM), early stage DN, clinical DN and 48 healthy controls 
were employed to analyze the serum levels of MFG-E8, soluble Tyro3, Axl, Mer, and RAGE by enzyme-linked immunosorbent 
assay. The serum levels of CREA, hsCRP, CysC, and β2-microglobulin were measured by spectrophotometric analysis using a 
biochemical analyzer (AU5800).

Results: Our results showed that the serum levels of MFG-E8 were elevated in patients with T2DM compared with healthy 
controls; however, it decreased gradually in patients with DN with the severity of kidney injury, especially in the clinical DN group. 
Moreover, the levels of sTyro3, sAxl, and sMer were reduced in patients with T2DM and DN compared to healthy controls, 
particularly in patients with DN. The levels of MFG-E8, sTyro3, sAxl, and sMer were negatively correlated with UAER at 24 hours, 
CREA, hsCRP, CysC, β2-microglobulin, and RAGE, respectively. In addition, TAM receptors had significantly higher predictive and 
diagnostic values for early stage DN from T2DM than hsCRP, β2-microglobulin, and CysC, which are also predictive biomarkers 
of early stage DN from clinical DN.

Conclusions: Decreased MFG-E8 and TAM receptor expression is associated with an increased risk of microvascular 
complications in patients with T2DM, which plays a critical role in the diagnosis of diabetic patients with microvascular complications, 
especially early stage DN, and in monitoring the development of DN.

Abbreviations: DN = diabetic nephropathy, MFG-E8 = milk fat globule-epidermal growth factor 8, T2DM = type 2 diabetes 
mellitus, UAER = urine albumin excretion rate.
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1. Introduction
The incidence of diabetes mellitus is rising with the contribu-
tion of hyperglycemia, hypertension, obesity, hereditary diseases, 
smoking, advancing age, etc. Diabetes mellitus induces a persistent 
hyperglycemic state, which may lead to severe microvascular and 
macrovascular complications.[1] Diabetic nephropathy (DN), a 
major microvascular complication of diabetes mellitus, is the pri-
mary cause of end-stage renal disease. DN is characterized by the 

development of proteinuria and a reduction in the glomerular fil-
tration rate, whereas the symptoms are not obvious in early stage 
DN.[1,2] Increasing evidence suggests that hyperglycemia, oxidative 
stress, and diabetic complications are closely related. An imbalance 
in oxidant-antioxidant homeostasis results in oxidative stress, lead-
ing to cellular damage in pathological conditions such as T2DM.[3] 
Inhibition of oxidative stress ameliorates the manifestations of DN, 
and overexpression of superoxide dismutase in streptozotocin-in-
duced DN alleviates diabetic renal injury.[4] Apoptosis has been 
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discovered in renal tubular epithelial cells, endothelial cells, and 
stromal cells in DN. Persistent oxidative stress in a state of hyper-
glycemia can damage mitochondrial genetic material and nuclear 
DNA, which may accelerate ROS generation and induce cell necro-
sis or apoptosis.[5]

Milk fat globule-epidermal growth factor 8 (MFG-E8), a 
lipophilic glycoprotein secreted by mammary epithelial cells, 
monocytes, dendritic cells, and macrophages, acts as a bridging 
molecule between apoptotic cells and phagocytic cells by rec-
ognizing phosphatidylserine on the surface of apoptotic cells to 
mediate the clearance of apoptotic cells.[6] Several studies have 
reported that MFG-E8 participates in the development of diabe-
tes mellitus and microvascular complications including diabetic 
peripheral neuropathy and diabetic retinopathy, and decreased 
MFG-E8 expression may increase the risk of developing dia-
betic peripheral neuropathy and diabetic retinopathy.[7,8]

The TAM receptor tyrosine kinases Tyro3, Axl, and Mer and 
the ligands Gas6/Protein S play a critical role in the phagocy-
tosis of apoptotic cells to maintain homeostasis.[9] The loss of 
Tyro3 and protein S is associated with accelerated renal podo-
cyte injury in diabetic mice.[10] Therefore, the aim of the present 
study was to identify the diagnostic value of MFG-E8 and TAM 
receptors in the development of DN in differentiating different 
stages of microvascular complications of T2DM.

2. Materials and methods

2.1. Patients

A total of 194 subjects (146 T2DM patients and 48 healthy con-
trols) from Wuhan No.1 Hospital were enrolled between January 

2018 and January 2019. The diagnosis of T2DM was based on 
the Guidelines for Prevention and Treatment of Type 2 Diabetes in 
China (2017 edition), and subjects with underlying diseases such 
as infection, tumor, liver cirrhosis, acute and chronic nephritis, and 
congestive heart failure were excluded. According to urinary albu-
min excretion rate (UAER) in 24 hours, the diabetes mellitus patients 
were classified into simple T2DM group (UAER < 30mg/24h), 
early-stage DN group (UAER: 30~300 mg/24h), and clinical DN 
group (UAER > 300mg/24h). Blood samples were collected, and 
sera were isolated by centrifugation and stored at -80 degrees 
centigrade until analysis by enzyme-linked immunosorbent assay. 
EDTA-anticoagulant blood was collected for the detection of 
glycosylated hemoglobin (HbA1C) (%). Urine was collected at 
24 hours and examined immediately. Written informed consent 
was obtained from all the study subjects. The study protocol was 
approved by the Ethics Committee of Wuhan No.1 Hospital.

2.2. Measurement of biochemical indicators

Serum levels of glucose (mmol/L), β2-microglobulin (mg/L), creati-
nine (CREA) (μmol/L), CysC (mg/L), and hsCRP (mg/L) were mea-
sured using an AU5800 automatic biochemical analyzer (Beckman 
Coulter, USA). Urine albumin at 24 hours was detected by immu-
noturbidimetry using a BNII automatic protein analyzer (Siemens, 
Germany). HbA1C in the blood was detected by high-performance 
liquid chromatography using a D10 HBA1c analyzer (Bio-Rad).

2.3. Enzyme-linked immuno-sorbent assay (ELISA)

The double antibody sandwich enzyme-linked immunosorbent 
assay was used to detect the serum concentrations of MFG-E8 

Table 1

Characteristics of the study subjects.

Characteristics HC T2DM early stage DN clinical DN 

Number 48 50 57 39
Age (yr) 58 (42–76) 61 (35–76) 63 (37–90) 59 (35–80)
Gender (n, male) 20 24 27 19
Fasting glucose (mmol/L) 4.3 (0.45) 6.94 (2.60)* 7.62 (2.99)* 7.34 (4.32)*
HbA1C (%) 5.3 (0.52) 7.5 (2.43)* 8.9 (3.62)*,** 9.7 (3.26)*,**
UAER (mg/24h) - 7.69 (11.05) 78.5 (53.65)** 486 (502.5)**,***
CREA (μmol/L) 57.8 ± 10.5 58.2 ± 13.1 73.2 ± 24.3 86.8 ± 49.6*,**
CysC (mg/L) 0.67 ± 0.16 0.93 ± 0.21 1.09 ± 0.31* 1.42 ± 0.65*,**,***
β2-microglobulin (mg/L) 1.32 ± 0.41 1.59 ± 0.48 1.94 ± 0.57* 2.16 ± 1.05*,**
hsCRP (mg/L) 0.18 ± 0.11 0.43 ± 0.75 1.22 ± 1.68 3.48 ± 3.62*,**,***

Data are described as median (range), median (interquartile range) or mean ± SD unless otherwise stated. HC, healthy control; T2DM, type 2 diabetes mellitus (UAER < 30 mg/24h); early-stage DN, T2DM 
patients with early stage diabetic nephropathy (UAER: 30–300 mg/24h); clinical DN, T2DM patients with clinical diabetic nephropathy (UAER > 300 mg/24h). CREA = creatinine, CysC = cystatin C, DN = 
diabetic nephropathy, hsCRP = hypersensitive C-reactive protein, T2DM = type 2 diabetes mellitus, UAER = urine albumin excretion rate. 
*P < .05 for all T2DM patients compared with healthy controls.
**P < .05 for patients with early stage DN or clinical DN compared with T2DM patients.
***P < .05 for patients with clinical DN compared with early stage DN.

Table 2

Serum levels of MFG-E8, sTyro3, sAxl, sMer, and RAGE in patients with DM, early stage DN, clinical DN, and healthy individuals.

Biomarker HC T2DM Early stage DN Clinical DN 

MFG-E8 (ng/mL) 2.09 ± 3.33 12.43 ± 12.33* 7.61 ± 12.73*,** 6.69 ± 9.58**
sAxl (ng/mL) 13.4 ± 10.58 8.38 ± 10.73* 4.2 ± 3.6* 5.36 ± 2.33*
sMer (ng/mL) 1.15 ± 0.44 1.4 ± 0.67 0.73 ± 0.55*,** 0.3 ± 0.28*,**,***
sTyro3 (ng/mL) 1.61 ± 0.4 1.41 ± 0.28* 1.16 ± 0.4*,** 0.76 ± 1.43*,**,***
RAGE (ng/mL) 0.066 ± 0.033 0.073 ± 0.05 0.118 ± 0.053*,** 0.188 ± 0.126*,**,***

Data are present as mean ± SD unless otherwise stated. HC, healthy control; T2DM, type 2 diabetes mellitus (UAER < 30 mg/24h); early stage DN, T2DM patients with early stage diabetic nephropathy 
(UAER: 30–300 mg/24h); clinical DN, T2DM patients with clinical diabetic nephropathy (UAER > 300 mg/24h). DN = diabetic nephropathy, MFG-E8 = milk fat globule-epidermal growth factor 8, T2DM = 
type 2 diabetes mellitus, UAER = urine albumin excretion rate.
*P < .05 for all patients compared with healthy controls.
**P < .05 for patients with early stage DN or clinical DN compared with T2DM patients.
***P < .05 for patients with clinical DN compared with early stage DN.
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(ng/mL) (Sigma), sTyro3 (ng/ml) (diluted 1:5, R&D Systems), 
sAxl (ng/mL) (diluted 1:10, R&D Systems), sMer (ng/mL) 
((R&D Systems), and RAGE (ng/mL) (R&D Systems). The 
Capture antibodies were diluted with 1 × PBS and incubated 
at 4 °C overnight. After washing 3 times with 0.05% PBST, 
the boards were blocked with 5% bovine serum albumin for 2 
hours. Then, diluted standard substances and serum specimens 
were added to the boards, incubated for 2 hours at room tem-
perature, and washed again. Next, the detection antibodies were 
added and incubated for 2 hours at room temperature. After 
washing, streptavidin conjugated to horseradish peroxidase was 
added, followed by incubation for 20 minutes. The stopping 
solution was then added and the optical density (OD) at 450 nm 
was determined. Finally, the concentrations of MFG-E8, sTyro3, 
sAxl, sMer, and RAGE were calculated according to the stan-
dard curves.

2.4. Statistical analysis

All statistical analyses were performed using SPSS soft-
ware 16.0. The clinical quantitative data were described as 
mean ± standard deviation (x ± s) in accordance with a nor-
mal distribution, and data that were not consistent with a 
normal distribution were described as median ± interquar-
tile range. Comparisons between 2 independent groups were 
analyzed using an unpaired Student t test in accordance with 
a normal distribution. More than 2 groups were compared 
using one-way analysis of variance. The Mann-Whitney U-test 
was used to analyze 2 groups that were not consistent with a 
normal distribution, and more than 2 groups were compared 
using the Kruskal-Wallis H-test. The correlation between 
MFG-E8, sTyro3, sAxl, sMer, RAGE, hsCRP, CysC, CREA, 

β2-microglobulin, and UAER was calculated by pairwise 
Spearman analysis, and correlation strength with an abso-
lute correlation |r|>0.2 was selected. The selected connections 
were plotted as an undirected network graph, with the width 
of the edge proportional to the correlation strength. The diag-
nostic values of selected parameters were assessed by ROC 
analysis and the area under ROC curve (AUC). Differences 
between groups were considered statistically significant if the 
P value was <.05.

3. Results

3.1. Cohort characteristics

The characteristics of the 194 patients are presented in Table 1. 
The 194 subjects were divided into 4 groups:48 healthy con-
trols, 50 patients diagnosed with T2DM, 57 T2DM patients 
with early stage DN, and 39 T2DM patients with clinical DN. 
The age and sex of all patients were similar to those of the 
healthy controls. Patients with DN showed a significant increase 
in fasting glucose, HbA1C and UAER compared to healthy sub-
jects and T2DM patients (P < .05).

3.2. Elevated serum levels of CREA, CysC, 
β2-microglobulin and hsCRP in patients with DN

The serum CREA level was significantly higher in patients with 
clinical DN than in healthy controls or T2DM patients (P < .05, 
Table 1), but there was no significant difference between patients 
with early stage DN and clinical DN. The levels of CysC, β2-mi-
croglobulin, and hsCRP were elevated gradually in patients with 
declining renal function, particularly in clinical DN patients, 

Figure 1.  The serum levels of biomarkers in healthy controls and patients with T2DM and DN. The serum levels of MFG-E8 (A), sTyro3 (B), sAxl (C), sMer (D), and 
RAGE (E) was detected with ELISA. HC, healthy control (n = 48); T2DM, type 2 diabetes mellitus (UAER < 30 mg/24h, n = 50); early-stage DN, T2DM patients 
with early-stage diabetic nephropathy (UAER: 30–300 mg/24h, n = 57); clinical DN, T2DM patients with clinical diabetic nephropathy (UAER > 300 mg/24h, 
n = 39). Data represent as x ± s, statistical differences among groups were performed using one-way ANOVA, *P < .05, **P < .01, ***P < .001. DN = diabetic 
nephropathy, MFG-E8 = milk fat globule-epidermal growth factor 8, T2DM = type 2 diabetes mellitus, UAER = urine albumin excretion rate.
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when compared to T2DM patients or healthy subjects (P < .05, 
Table 1). Notably, hsCRP levels were significantly enhanced in 
patients with clinical DN among these groups. These results 
demonstrate that increased levels of inflammatory mediators 
and damage-associated molecules are associated with the sever-
ity and development of DN in diabetic patients.

3.3. Decreased MFG-E8, sTyro3, sAxl, sMer and elevated 
RAGE expression were associated with diabetic patients 
with microvascular complications

Serum levels of MFG-E8, sTyro3, sAxl, sMer, and RAGE are 
shown in Table 2 and Figure 1. Serum levels of MFG-E8 were 
higher in patients with T2DM, early stage DN, and clinical DN 
than in healthy controls, particularly in patients with T2DM 
(P < .05). However, it decreased gradually in T2DM patients 
with microvascular complications (Fig.  1A). Compared to 
healthy individuals, the levels of soluble Tyro3 and Axl were 
decreased in patients with T2DM, early stage DN, and clinical 
DN, particularly in patients with clinical DN (Fig.  1B–C). In 
addition, the levels of sMer were significantly lower in patients 
with early stage and clinical DN than in diabetic patients and 
healthy individuals (P < .05), which showed no significant dif-
ference between T2DM patients and healthy subjects (Fig. 1D). 
In contrast, RAGE levels were remarkably elevated in patients 
with early stage and clinical DN compared with healthy con-
trols or T2DM patients (P < .05, Fig. 1E). These results indicate 
that decreased circulating MFG-E8, sTyro3, sAxl, sMer, and 
increased RAGE expression might contribute to the develop-
ment of DN in diabetic patients.

3.4. The correlation analysis of serum biomarkers in 
patients with DM and DN

Correlation analysis showed that the UAER level in patients 
with T2DM and DN was positively correlated with hsCRP 
(R = 0.2712), CysC (R = 0.3182), and CREA (R = 0.3269) 
(Fig.  2). Among the 10 circulating biomarkers in all patients, 
the levels of MFG-E8 was negatively correlated with UAER 
(r = −0.1895) or sAxl (r = −0.1933) (Fig.  2). Consistently, 
the levels of sTyro3 was negatively correlated with UAER 
(r = −0.6912), RAGE (r = −0.3779), CREA (r = −0.2398) or 
hsCRP (r = −0.3241). Moreover, sAxl levels were negatively 
correlated with RAGE (r = −0.2623) in patients with T2DM 
and DN, whereas it was positively correlated with UAER 
(R = 0.1933). In addition, a similar correlation was observed 
between sMer and UAER, CREA, hsCRP, β2-microglobulin, 
and RAGE (r = −0.462, r = −0.2091, r = −0.2928, r = −0.2797, 
r = −0.3533). In contrast, RAGE levels in patients with T2DM 
and DN were positively correlated with UAER, CREA, CysC, 
and β2-microglobulin (R = 0.4065, R = 0.3791, R = 0.3896, 
R = 0.3148). Therefore, decreased MFG-E8, soluble TAM recep-
tors Tyro3, Axl, and Mer, and elevated RAGE were associated 
with renal inflammation and injury.

3.5. Potential serum biomarkers of predictive and 
diagnostic value for early stage DN and clinical DN from 
diabetic patients

ROC curves were drawn for patients with T2DM, early stage 
DN, clinical DN, and healthy individuals to evaluate the 

Figure 2.  The correlation analysis of serum MFG-E8, sTyro3, sAxl, sMer, RAGE, hsCRP, CysC, CREA, β2-microglobulin and UAER in patients of T2DM (n = 50) 
and DN (n = 96) were analyzed using pairwise Spearman correlation analysis. Orange line represents positive relation, and green line represents negative rela-
tion. The width of the edge showing stronger or weaker interactions is proportional to the absolute value of biomarker-biomarker correlation (|r|). Edges were 
showed only when |r|>0.2. The correlation showed in this figure all has statistical difference, P < .05. DN = diabetic nephropathy, MFG-E8 = milk fat globule-epi-
dermal growth factor 8, T2DM = type 2 diabetes mellitus, UAER = urine albumin excretion rate.
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predictive and diagnostic value of biomarkers for early-and 
clinical DN (Table  3) (Fig.  3). Although the AUC of sTyro3, 
sAxl, or sMer was <0.5, the AUC of the combined sTyro3, sAxl, 
and sMer was the largest among all biomarkers (AUC = 0.963, 
[95% CI] = 0.926–0.999), P < 0.001), suggesting that the com-
bination of soluble TAM receptors is a potential biomarker 
for differentiating DN patients from healthy individuals. 
Furthermore, univariate logistic regression analysis showed that 
MFG-E8 (AUC = 0.658, [95% CI] = 0.533–0.784, P = .023), 
hsCRP (AUC = 0.885, [95% CI] = 0.810–0.960, P < .001), and 
the combination of β2-microglobulin and CysC (AUC = 0.873, 
[95% CI] = 0.793–0.953, P < .001) were also potential bio-
markers for differentiating DN patients from healthy individ-
uals (Fig. 3A).

To explore serum biomarkers to predict DN in patients with 
T2DM, we found that the combination of sTyro3, sAxl, and 
sMer (AUC = 0.967, [95% CI] = 0.931–1.004, P < .001), hsCRP 
(AUC = 0.848, [95% CI] = 0.742–0.954, P < .001), and β2-mi-
croglobulin and CysC (AUC = 0.842, [95% CI] = 0.741–0.943, 
P < .001) were potential biomarkers for predicting the develop-
ment of DN from T2DM (Fig. 3B).

An analysis was performed to determine the importance 
of the development of early stage DN in T2DM (Fig.  3C). 
The analysis revealed that the combination of sTyro3, sAxl, 
and sMer (AUC = 0.851, [95% CI] = 0.740–0.961, P < .001), 
hsCRP (AUC = 0.748, [95% CI] = 0.647–0.920, P = .001), and 
the combination of β2-microglobulin and CysC (AUC = 0.767, 
[95% CI] = 0.623–0.910, P = .002) were predictive biomarkers 
of early stage DN in T2DM patients.

Further univariate logistic regression analysis showed that the 
combination of sTyro3, sAxl, and sMer (AUC = 0.803, [95% 
CI] = 0.627–0.935, P = .001), hsCRP (AUC = 0.977, [95% 
CI] = 0.944–1.011, P < .001), and the combination of β2-mi-
croglobulin and CysC (AUC = 0.791, [95% CI] = 0.655–0.927, 
P = .001) were potential biomarkers for predicting clinical DN 
in T2DM patients (Fig. 3D).

In addition, ROC curves of biomarkers from early stage and 
clinical DN patients were drawn (Fig. 3E). Analysis showed that 
sTyro3 (AUC = 0.855, [95% CI] = 0.741–0.969, P < .001), sMer 
(AUC = 0.838, [95% CI] = 0.719–0.951, P < .001), the combi-
nation of sTyro3, sAxl, and sMer (AUC = 0.836, [CI] = 0.713–
0.959, P < .001), and the combination of β2-microglobulin and 
CysC (AUC = 0.844, [95% CI] = 0.710–0.979, P < .001) were 
significant predictors of the severity of microvascular compli-
cations in diabetes. Thus, our results demonstrated that the 
combination of soluble TAM receptors was significant for the 
early prediction of DN severity and progression in patients with 
diabetes.

4. Discussion
Inability to control glucose levels leads to major microvascu-
lar and macrovascular complications in diabetes. Among the 
various complications of diabetes, DN is observed in approx-
imately 40% of patients, leading to end-stage renal disease and 
even death.[11] Immune system and inflammatory processes are 
involved in the occurrence and development of DN.[12] In this 
study, decreased MFG-E8 and TAM receptor expression were 
associated with an increased risk of microvascular complica-
tions in patients with T2DM, with its potential diagnostic value 
in monitoring the development of DN.

Hyperglycemia, derived from diabetes mellitus, can cause 
an increase in the formation of intracellular advanced glyca-
tion end products (RAGE). Our results showed a consistent 
increase in RAGE expression in diabetic patients with severe 
renal injury in DN. RAGE binds to receptors on podocytes 
and mesangial or tubular epithelial cells and induces the gen-
eration of reactive oxygen species, which activate transcription 
factors and release inflammatory cytokines via mitochondrial 

electron transport chain response and glucose oxidation.[3,13] 
Increasing studies have shown that oxidative stress generates 
adverse synergic effects by metabolic attacks on the molecules of 
target renal tissues and alters renal hemodynamics, resulting in 
endothelial dysfunction, inflammation, apoptosis, and necrosis, 
which are closely related to the impairment of renal function.[14] 
Apoptosis played a critical role in homeostasis and is induced 
by the activation of intracellular signaling pathways such as 
phosphoinositide 3-kinase (PI3K)/Akt.[6] Emerging evidence has 
demonstrated that podocyte apoptosis is regulated by Bcl2/Bax 
under hyperglycemic conditions in DN.[15]

MFG-E8 is a multifunctional glycoprotein that exerts a reg-
ulatory role in intercellular interactions involved in a variety 
of biological and pathological processes, including inflamma-
tory diseases and diabetic vascular complications.[16] Compared 
with healthy subjects, the serum level of MFG-E8 was signifi-
cantly higher in T2DM and DN patients, which was in line with 
previous studies showing that the expression of MFG-E8 was 
increased in T2DM patients and in diabetic kidneys of db/db 

Table 3 

Potential biomarkers of predictive and diagnostic value for 
early-stage DN and clinical DN.

Biomarker AUC 95% CI P value 

HC vs DN    
MFG-E8 0.658 0.533–0.784 .023
sAxl 0.345 0.206–0.484 .026
sMer 0.179 0.082–0.275 <.001
sTyro3 0.081 0.018–0.144 <.001
hsCRP 0.885 0.810–0.960 <.001
β2-microglobulin + CysC 0.873 0.793–0.953 <.001
sTyro3 + sAxl + sMer 0.963 0.926–0.999 <.001
T2DM vs DN    
MFG-E8 0.370 0.220–0.521 .100
sAxl 0.474 0.294–0.655 .745
sMer 0.176 0.075–0.276 <.001
sTyro3 0.061 0.003–0.119 <.001
hsCRP 0.848 0.742–0.954 <.001
β2-microglobulin + CysC 0.842 0.741–0.943 <.001
sTyro3 + sAxl + sMer 0.967 0.931–1.004 <.001
T2DM vs early-stage DN    
MFG-E8 0.363 0.196–0.530 .111
sAxl 0.378 0.214–0.542 .156
sMer 0.208 0.077–0.339 .001
sTyro3 0.209 0.132–0.451 .015
hsCRP 0.784 0.647–0.920 .001
β2-microglobulin + CysC 0.767 0.623–0.910 .002
sTyro3 + sAxl + sMer 0.851 0.740–0.961 <.001
T2DM vs clinical DN    
MFG-E8 0.304 0.147–0.462 .026
sAxl 0.536 0.348–0.725 .681
sMer 0.014 0.011–0.040 <.001
sTyro3 0.023 0.012–0.057 <.001
hsCRP 0.977 0.944–1.011 <.001
β2-microglobulin + CysC 0.791 0.655–0.927 .001
sTyro3 + sAxl + sMer 0.803 0.627–0.935 .001
early-stage DN vs clinical DN    
MFG-E8 0.558 0.381–0.735 .528
sAxl 0.341 0.170–0.511 .083
sMer 0.838 0.719–0.958 <.001
sTyro3 0.855 0.741–0.969 <.001
hsCRP 0.272 0.117–0.427 .013
β2-microglobulin + CysC 0.844 0.710–0.979 <.001
sTyro3 + sAxl + sMer 0.836 0.713–0.959 <.001

Univariate logistic regression analysis of MFG-E8, sTyro3, sMer, sAxl, hsCRP, the combination of 
β2-microglobulin and CysC (β2-microglobulin + CysC), and the combination of sTyro3, sAxl and 
sMer (sTyro3 + sAxl + sMer) in patients with T2DM, early stage DN and clinical DN is conducted by 
SPSS software (16.0). The AUC, 95% CI and P value are analyzed and calculated.
DN = diabetic nephropathy, MFG-E8 = milk fat globule-epidermal growth factor 8, T2DM = type 2 
diabetes mellitus.
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mice.[16,17] Increased MFG-E8 along with activation of ERK1/2, 
Akt, and GSK-3β signaling pathways contributes to the patho-
genesis of DN, accounting for a variety of biological events, 
including mesangial cell-cycle progression, hypertrophy, and 
extracellular matrix protein synthesis.[17] Lin et al confirmed 
that high serum MFG-E8 expression is positively correlated 

with aortic stiffness and renal function impairment.[18] However, 
the expression of MFG-E8 in patients with early stage and clin-
ical DN was significantly lower than that in T2DM patients. 
Sun et al consistently reported that a lower serum MFG-E8 
concentration was significantly associated with an increased 
risk of microvascular complications in T2DM patients.[7] The 

Figure 3.  Univariate logistic regression analysis and ROC curves of serum biomarkers in patients with T2DM, DN, and healthy individuals. (A) The ROC curves 
of MFG-E8, sAxl, sMer, sTyro3, hsCRP, the combination of β2-microglobulin and CysC (β2-microglobulin + CysC), the combination of sTyro3, sAxl and sMer 
(sTyro3 + sAxl + sMer) in healthy controls and patients with DN. (B) The ROC curves of MFG-E8, sAxl, sMer, sTyro3, hsCRP, β2-microglobulin + CysC, and 
sTyro3 + sAxl + sMer in patients with T2DM and DN. (C) The ROC curves of MFG-E8, sAxl, sMer, sTyro3, hsCRP, β2-microglobulin + CysC, sTyro3 + sAxl + sMer 
in patients with T2DM and early-stage DN. (D) The ROC curves of MFG-E8, sAxl, sMer, sTyro3, hsCRP, β2-microglobulin + CysC, sTyro3 + sAxl + sMer in 
patients with T2DM and clinical DN. (E) The ROC curves of MFG-E8, sAxl, sMer, sTyro3, hsCRP, β2-microglobulin + CysC, sTyro3 + sAxl + sMer in patients with 
early-stage DN and clinical DN. DN = diabetic nephropathy, MFG-E8 = milk fat globule-epidermal growth factor 8, T2DM = type 2 diabetes mellitus.
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lessened expression of serum MFG-E8 may reflect its increased 
consumption during the removal of large numbers of apoptotic 
proximal tubule epithelial, endothelial, and interstitial cells in 
renal tissues in DN.[19,20] Correction of MFG-E8 can resolve 
inflammation and promote cutaneous wound healing, accom-
panied by elimination of apoptotic cells in the wound.[21] Our 
previous study also showed that as inhibitor of the “NLRP3 
inflammasome-NETs” inflammatory loop, exogenous recom-
binant MFG-E8 improves angiogenesis and accelerates wound 
healing in diabetes.[22]

TAM receptor tyrosine kinases Tyro3, Axl, and Mer contrib-
ute to cell survival, proliferation, migration, and clearance of 
apoptotic cells.[23,24] In this study, the serum levels of soluble 
TAM receptors Tyro3, Axl, and Mer were significantly lower in 
patients with DN than in diabetic patients or healthy individu-
als, and decreased gradually with the severity of renal microvas-
cular impairment. The serum levels of sTyro3 and sMer were 
negatively correlated with UAER and CREA, suggesting that 
the limitation of soluble TAM receptors is associated with the 
development of kidney injury. Tyro3 mRNA expression is highly 
enriched in human glomeruli and Tyro3 protein is expressed in 
podocytes. Glomerular Tyro3 mRNA expression increased in 
mild DN but was suppressed in progressed DN.[25] The decreased 
Tyro3 expression due to activation of the TNF-α/NF-κB path-
way in progressive diabetic kidney disease.[25] Zhong et al found 
that protein S-induced activation of Tyro3 receptors conferred 
protection against podocyte injury, and the loss of the protein 
S/Tyro3 signaling pathway aggravated diabetic kidney injury.[10] 
Recent study showed that Gas6, Axl, and soluble Axl concen-
trations were significantly lower in diabetic patients and were 
negatively correlated with eGFR, suggesting a potential predic-
tive value for DN.[26] Upregulation of Gas6/Axl signaling is a 
protective mechanism that reduces tubule-interstitial apoptosis 
and slows the progression to end-stage renal failure in DN.[27] 
However, Peter et al showed that patients with macroalbumin-
uria diabetes had higher circulating levels of sMer, and increased 
sTyro3 and sMer levels were associated with loss of tubular 
Tyro3 and Mer expression in DN tissue and glomerular depo-
sition of protein S.[28] We speculated that the steadily decreas-
ing expression of soluble TAM receptor could be attributed to 
aggravating podocytes, endothelial cells, and other glomerular 
cell injury in early stage and clinical DN patients in our study. 
Moreover, circulating levels of sMer and sTyro3 were negatively 
correlated with UAER, CREA, hsCRP, and β2 microglobulin. 
Nevertheless, our study demonstrated that decreased TAM 
receptors were associated with the severity of kidney injury in 
diabetes, exhibiting a protective role in progressive DN.

Because of the insidious onset of DN, preventive treatment is 
difficult when the clinical manifestations are proteinuria, edema, 
and renal insufficiency. However, DN can be reversed after early 
clinical intervention; thus, early diagnosis of renal injury is of 
great significance in diabetes. Emerging evidence has shown that 
serum CysC, hsCRP, and β2-microglobulin levels are sensitive 
markers of early diabetic renal damage.[29] In our study, hsCRP 
and combined detection of β2-microglobulin and CysC showed 
high sensitivity and specificity for the diagnosis of early DN or 
clinical nephropathy from diabetes. Furthermore, the detection 
of MFG-E8, sTyro3, or sMer is significant in the differential 
diagnosis of early stage DN and clinical DN. Interestingly, the 
combined detection of sTyro3, sAxl, and sMer had significantly 
higher predictive and diagnostic values for early stage DN from 
T2DM than hsCRP or combined detection of β2-microglobulin 
and CysC. The combination of sTyro3, sAxl, and sMer detection 
also had a greater significance in the differential diagnosis of 
early stage DN and clinical DN, as well as sTyro3 or sMer. Our 
results suggest that the TAM receptors sTyro3, sAxl, and sMer 
can serve as biomarkers to predict and monitor the development 
and progression of early stage DN and distinguish DN from 
T2DM, which is of great significance for the clinical prevention 

and treatment of early DN and monitoring the progression to 
end-stage renal disease.
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