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Abstract

Objective Thrombospondin-2 (TSP-2) is a multifunctional matricellular glycoprotein correlated with glucose homeo-
stasis, insulin sensitivity, and estimated glomerular filtration rate. Investigation of the association of TSP-2 with type 2
diabetes mellitus (T2DM) and the potential diagnostic value of serum TSP-2 for detecting early diabetic kidney disease
(DKD) is needed.

Research design and methods An enzyme-linked immunosorbent assay was used for detection serum TSP-2 levels
in 494 Chinese T2DM subjects. The protein expression of TSP-2 in the kidney and other tissues were tested by western
blotting.

Results Serum TSP-2 levels in T2DM subjects were significantly higher than in healthy individuals. Serum TSP-2
correlated positively with triglycerides, serum uric acid, creatinine, platelets, and urinary albumin-to-creatinine ratio
(UACR), but negatively with estimated glomerular filtration rate, after adjusting for age, sex, and T2DM duration.
Logistic regression analysis demonstrated an independent association between serum TSP-2 and early DKD. Further-
more, the high UACR identified at risk of early DKD increased significantly from 0.78 (95%CI 0.73-0.83) to 0.82 (95%Cl
0.77-0.86, p <0.001) when added to a clinical model consisting of TSP-2 and age. In db/db mice, serum TSP-2 levels
were elevated. TSP-2 expression was markedly increased in the kidney tissue compared with that in db/m and m/m
mice. Furthermore, serum TSP-2 expression correlated well with UACR in mice.

Conclusions TSP-2 is a novel glycoprotein associated with early DKD in patients with T2DM. The paradoxical increase
of serum TSP-2 in T2DM individuals may be due to a compensatory response to chronic inflammatory and renal vas-
cular endothelial growth, warranting further investigation.
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Introduction

Diabetes mellitus (DM) has become a challenging global
public health concern, which was considered the lead-
ing cause of end-stage renal disease and caused approx-
imately 1.5 million deaths worldwide in 2016 [1]. Renal
puncture biopsy is currently the only gold standard for
staging and diagnosing diabetic kidney disease (DKD).
However, its clinical applications are limited by its inva-
sive and high cost. It is necessary to identify biomarkers
for noninvasive detection of early DKD among T2DM
patients, and to develop effective pharmacotherapy to
prevent or delay the progression from DM to DKD.

The thrombospondin (TSP) family consists of five
members (TSP-1-5) with a wide range of biological func-
tions including angiogenesis, inflammation, osteogenesis,
cell proliferation, apoptosis and transforming growth
factor-beta (TGF-P) activation. Based on the oligomeri-
zation domain, it is divided into two subgroups: trimer
subgroup A (TSP-1, TSP-2) and pentamer subgroup
B (TSP-3, TSP-4 and TSP-5). Only data on the role of
TSP-1 and TSP-2 in renal disease are available currently.
These two TSPs are hardly expressed in the healthy renal
cortex. However, according to animal studies, TSP-1
and TSP-2 can be up-regulated within renal diseases.
In different animal models of renal disease, both TSPs
have previously been shown to be essential regulators of
pathophysiological changes during renal disease [2].

The study of TSP-2 in renal inflammation and angio-
genesis is still controversial. On the one hand, TSP-2 acts
at a distance by regulating the activity of growth factors
in the cell environment, and promoting stromal angio-
genesis [3]. However, it lacks TGF-p activation ability but
regulates extracellular matrix remodeling and inflamma-
tion in experimental nephropathy [4]. In a mouse model
of Thyl mesangial proliferative glomerulonephritis,
overexpression of TSP-2 in muscle could significantly
improve inflammation by reducing glomerular TGF-3
activation and formation of extracellular matrix, and
inhibit the proliferation of glomerular endothelial and
mesangial cells [5]. At this moment, TSP-2 is expected
to be a potential inhibitor of TGF-f activation and extra-
cellular matrix accumulation. On the other hand, some
studies have confirmed that TSP-2 may have an unfa-
vorable effect on the kidney by increasing thrombosis.
Reduced accumulation of extracellular matrix and von
Willebrand factor were observed in TSP-2 knockout
mice, suggesting that TSP-2 may increase thrombosis by
mediating the aggregation of extracellular matrix [6]. In
addition, it was found that the treatment of TSP-2 did not
improve the experimental chronic allograft nephropa-
thy, but rather worsened. This effect was likely due to its
anti-angiogenesis on renal microvessels. Compared with
the control group, the rats treated with TSP-2 showed
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significantly higher glomerular and peritubular endothe-
lial sparsity and reduced endothelial cell proliferation in
the transplanted kidney, which might be related to the
decreased levels of renal vascular endothelial growth fac-
tors, although TSP-2 has anti-inflammatory and TGF-
activation blocking effects [7]. In conclusion, the above
results suggest that TSP-2 may be a chronic inflamma-
tory and angiogenic protein associated with nephropathy.

Although these experimental findings are certainly of
pharmacological interest relevant to urology, the physi-
ological role of TSP-2 remains poorly understood. To
explore the clinical relevance of TSP-2 in humans, we
measured its serum concentrations in 494 Chinese
T2DM subjects and healthy as a control, and analyzed
its association with parameters of diabetes and a cluster
of renal function factors. Unexpectedly, our data demon-
strated a significantly increased serum level of TSP-2 in
T2DM individuals and subjects with early DKD. In line
with these clinical findings, we also observed an elevated
TSP-2 expression in both serum and kidney tissue in
rodent models of diabetes.

Materials and methods

Patients and clinical examinations

In is part, we followed the methods of Gan, et al. (2022).
This study measured serum TSP-2 levels among 494
subjects from our previous study [8] versus 148 con-
trol cases from healthy blood donors. The diagnosis of
T2DM is based on the diagnostic and classification cri-
teria of DM proposed by the World Health Organiza-
tion in 1999: Symptoms of diabetes, a blood glucose
level of 11.1 mmol/L (200 mg/dL) at any time, a fasting
blood glucose (FPG) level of 7.0 mmol/L (126 mg/dL) or
a 2-h blood glucose level of 11.1 mmol/L (200 mg/dL)
[9]. Early DKD is diagnosed according to KDOQI clini-
cal practice guidelines using the urinary albumin to cre-
atinine ratio (UACR) (if>30 mg/g) [10], or according to
the Mogensen diagnostic and classification criteria using
the urinary albumin excretion rate (UAER) in continuous
urine collection (if 30-300 mg/24 h or 20-200 pg/min)
was calculated of T2DM patients. All participants gave
written informed consent approved by the Human Ethics
Committee of Ruian People’s Hospital.

Measurement of TSP-2 and biochemistry parameters

Serum concentrations of TSP-2 were determined using
ELISA kits (Antibody and Immunoassay Service, HKU,
Hong Kong). We followed the methods of Lee et al
(2021). The assay was highly specific to human TSP-2,
the lowest detection limit was 0.156 ng/mL, with intra-
and inter-assay coefficients of variation being<4.6%
and <7.2%, respectively, as described elsewhere [11].
Methods of measurement at baseline including body
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mass index (BMI), systolic blood pressure (SBP) and
diastolic blood pressure (DBP), and methods of detect-
ing biochemistry parameters including hemoglobin Alc
(HbAlc), FPG, triglyceride (TG), total cholesterol (TC),
high-density lipoprotein cholesterol (HDL-c), low-den-
sity lipoprotein cholesterol (LDL-c), serum uric acid
(SUA), blood urea nitrogen (BUN), serum creatinine
(SCR), urinary creatinine, and urinary albumin, and the
calculation formula of UACR and the estimated glomer-
ular filtration rate (eGFR) have been described in detail
elsewhere [8].

Animal experiments

C57BL/6 ] male mice were purchased from the Animal
Center of Wenzhou Medical University. Sixteen-week-
old male C57BLKS/] db/db mice (caused by a mutation in
the leptin receptor), which are considered a rodent model
for T2DM, were obtained from the Jackson Laboratories.
In addition, age-matched wild-type C57BL/6 db/m and
m/m mice (with normal glucose and lipid metabolism)
were chosed as non-diabetic controls. Mice were housed
in a temperature-controlled room (22 +1 °C) with stand-
ard food and water ad libitum in the Laboratory Animal
Center of Wenzhou Medical University. All experiments
were conducted under the Wenzhou Medical University
guidelines for the humane treatment of experimental
animals.

Western blotting analysis

RIPA lysis buffer containing PMSF (PMSE:RIPA =1:100)
was used to extract tissue protein. Then we loaded equal
amounts of protein samples on SDS-PAGE gels and
transferred them onto nitrocellulose membranes. After
blocking 5% milk for one hour, the membranes were
washed with TBST 3 times, each for 10 min, and then
incubated at 4 °C overnight with TSP-2 (1:1000) anti-
bodies. The membranes were then incubated with HRP-
conjugated secondary antibodies at 4 °C for one hour
the next day. Immunoblots were visualized by enhanced
chemiluminescence (Thermo Scientific) and quantified
by Image] software (NIH).

Statistical analysis

In this study, all statistical analyses were performed using
SPSS software Version 26.0 (IBM Corporation, NY, USA).
Continuous data are reported as mean + standard devia-
tion or median (interquartile range), and categorical data
are expressed as proportions. For continuous data, one-
way ANOVA or the nonparametric Kruskal-Wallis test
was applied. Additionally, multiple comparisons were
analysed by one-way ANOVA followed by Tukey’s HSD
test, Kruskal-Wallis test followed by Dunn’s test. For
categorical data, the x* test was used. Statistical analyses
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were performed on natural log-transformed values for all
the non-normally distributed variables.

Pearson correlation coefficient for a continuous vari-
able and Kendall tau-b correlation coefficient for cat-
egorical variable were used to analyze the correlation of
TSP-2. Partial correlation analysis adjusted for age, sex,
and T2DM duration was used to identify the association
of TSP-2 with potential confounding factors. Variables
associated with TSP-2 in the partial correlation (p <0.05)
were entered in a multivariable logistic regression anal-
ysis to examine the independent predictive factors of
early DKD. Risk factors including TSP-2, TG, SUA, SCR,
eGFR, Platelets, and UACR were selected for logistic
regression analysis. Model 1 is adjusted for basic factors
including age, sex, T2DM duration, BMI, and drug use
of statins and angiotensin converting enzyme inhibitors
(ACEIs)/angiotensin receptor blockers (ARBs); Model 2
is adjusted for factors in model 1 and all parameters with
significant correlation with serum TSP-2. In this study, p
values <0.05 were considered to indicate statistical signif-
icance, and all tests were two-sided.

Results

Levels of serum TSP-2 are significantly increased in T2DM
patients and correlate closely with a cluster of early DKD
risk factors

TSP-2 assay was used to measure serum concentrations
in 494 subjects with T2DM and 148 healthy controls
included in this study as shown in Table 1. Serum TSP-2
levels ranged from 0.11 to 52.12 ng/mL. Unexpectedly,
T2DM subjects had significantly higher serum TSP-2
levels than healthy [7.03 (3.48-12.91) vs. 6.86 (5.11-8.36)
ng/mL, p=0.014], in addition, the levels were signifi-
cantly increased in these T2DM patients with early DKD
compared to those without [10.48 (7.19-15.73) vs. 7.03
(3.48-12.91) ng/mL, p<0.001], suggesting that TSP-2
may be related to the progress of early DKD in these
patients with T2DM.

Consistent with the change of age, a higher prevalence
of hypertension was observed in these subjects, follow-
ing a longer duration of T2DM [(102.63+80.04) vs.
(39.08+68.80) months ng/mL, p<0.001], and a lower
eGFR [100.1 (106.9-114.7) vs. 93.6 (101.6-111.4) mL/
min/1.73m?, p=0.002]. However, no obvious differences
in FPG and Albumin, as well as blood lipid parameters
including TG, TC, HDL-c and LDL-c, and renal func-
tion parameters including SUA, BUN and SCR, were
observed in these T2DM subjects with or without early
DKD (all p >0.05).

To investigate whether TSP-2 is related to the patho-
genesis of early DKD in patients with T2DM, we next
investigated the relationship between serum TSP-2 lev-
els and a cluster of anthropometric parameters and renal
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Table 1 Baseline characteristics of the study participants with early-stage renal damage stratified UACR (if > 30 mg/q)
Variables Healthy T2DM_DN T2DM_No_DN pT2DM_DNvs pT2DM_No_DNvs pT2DM_DN vs
(n=148) (n=154) (n=340) Healthy Healthy T2DM_No_DN
Male 3(29.1%) 7 (63.0%) 262 (77.1%) <0.001 <0.001 0.002
Current smoking 0 (20.5%) 77 (50.3%) 149 (43.8%) <0.001 <0.001 0.204
Current drinking 8 (26.0%) 0(32.5%) 100 (29.4%) 0.254 0511 0527
Physical activity 77 (52.4%) 9(12.3%) 34 (10.0%) <0.001 <0.001 0436
Hypertension 0 (0.0%) 76 (49.4%) 123 (36.2%) <0.001 <0.001 0.007
Age, years 34304827 54494997 50.96+10.25 <0.001 <0.001 <0.001
T2DM duration, months  — 102.63 £80.04 39.08 +£68.80 — — <0.001
BMI, kg/m2 21.04+2.39 25904322 2523+333 <0.001 <0.001 0.034
FPG, mmol/L 445 (4.24-4.67) 7.79 (6.64-9.85) 7.53(6.15-9.38) <0.001 <0.001 0.60
HbAlc, % 5.23(5.04-5.43) 848 (7.36-10.37) 8.23(7.20-10.40) >0.999 <0.001 <0.001
SBP. mmHg 112.87+12.22 139.22+19.35 130.18+17.46 <0.001 <0.001 <0.001
DBP, mmHg 68.92+9.25 78.54+10.62 75.06+10.15 <0.001 <0.001 0.001
TG, mmol/L 0.93 (0.75-1.17) 1.57 (1.11-2.33) 145 (1.04-2.02) <0.001 <0.001 0.364
TC, mmol/L 4.36 (4.06-4. 69) 4.80 (4.10-5.45) 4.56 (3.88-5.29) <0.001 0.010 0.295
HDL-c, mmol/L 141012 64) 1.04 (0.89-1.18) 1.03 (0.87-1.23) <0.001 <0.001 >0.999
LDL-¢c, mmol/L 248 (2.1 97282) 2.93(231-342) 2.84(2.18-3.38) <0.001 <0.001 >0.999
SUA, pmol/L 263.0(295.0-340.3) 257.3(3285-386.3) 278.0(327.0-389.0) 0.001 0.045 >0.999
BUN, mmol/L 421 (4.83-5.58) 4.55 (5.40-6.32) 440 (5.20-6.19) 0.004 0.010 >0.999
SCR, mg/dL 48.75 (56.0-67.0) 61.0 (68.0-77.25) 64.0 (69.0-75.0) <0.001 <0.001 >0.999
eGFR, mL/min/1.73m? 116.2(1234-1320) 93.6(101.6-111.4) 100.1 (106.9-114.7)  <0.001 <0.001 0.002
Albumin, g/L 45.80 (44.10-47.30) 90 (38.93-45.0) 42.30(39.40-44.70) <0.001 <0.001 >0.999
Platelets, 10%/L 228.0 (200.0-260.0) .0(171.3-252.0)  75.10 (40.80-177.0) 0.203 <0.001 <0.001
UACR, mg/g 5.28(2.92-7.92) 89 (44.05-104.48) 9.92 (6.50-15.21) <0.001 <0.001 <0.001
TSP-2, ng/mL 6.86 (5.11-8.36) 1048 (7.19-15.73) 7.03(3.48-1291) <0.001 0.014 <0.001
Use of statin — 46 (29.9%) 76 (22.4%) — — 0.091
Use of ACEIs/ARBs — 85 (55.2%) 138 (40.6%) — — 0.003
Type of antidiabetic therapy
No — 27 (23.9%) 163 (42.8%) — — <0.001
Insulin — 6 (5.3%) 16 (4.2%) — — 0.607
OHA — 46 (40.7%) 132 (34.6%) — — 0.265
Insulin + OHA — 72 (18.9%) 35(31.0%) — — 0.009

Data are presented as mean + SD, or median (interquartile range)

BMI Body mass index, FPG Fasting plasma glucose, HbATc Hemoglobin A1c, SBP Systolic blood pressure, DBP Diastolic blood pressure, TG Triglyceride, TC Total

cholesterol, HDL-c High-density lipoprotein cholesterol, LDL-c Low-density lipoprotein cholesterol, SUA Serum uric acid, BUN Blood urea nitrogen, SCR Serum
creatinine, eGFR Estimated glomerular filtration rate, UACR Urinary albumin-to-creatinine ratio, TSP-2 Thrombospondin-2, OHA Oral hypoglycemic agent

function parameters. Correlation analysis showed a sig-
nificant positive association of serum TSP-2 levels with
SBP, TG, platelet,and renal function parameters includ-
ing SUA, SCR, and UACR, respectively (all p <0.05), but a
negative association with eGFR (p<0.05), after adjusting
for age. Furthermore, the positive correlation of serum
TSP-2 with these parameters, except for SBP, remained
significant even after adjusting for age, sex, and T2DM
duration (Table 2). Although there was a significant dif-
ference in anti-diabetic treatments (Table 1), no correla-
tion was found between the anti-diabetic treatments and
serum TSP-2 levels (Table 2). These results suggested

that TSP-2 is closely ralated to renal function in patients
with T2DM.

Serum TSP-2 is independently associated with early DKD

To further evaluate the potential clinical values of TSP-2
for early-stage renal damage in patients with T2DM,
multivariable logistic regressions with different models
on the basis of variant risk factors were performed. The
results of the logistic regression analysis for predicting
early DKD were shown in Table 3. Logistic regression
analysis included age, sex, T2DM duration, BMI, drug
use of statins, ACEIs/ARBs, and TSP-2 levels at baseline.
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Table 2 Correlation between serum TSP-2 (log transformed) with various parameters (n = 494)

Serum TSP-2°

Serum TSP-22
(age-adjusted)

Serum TSP-22
age, sex, and T2DM

duration-adjusted)
Variables r p r p r p
Age 0.063 0.163 — — — —
Sex -0.006 0.867 -0.009 0.845 — —
Current smoking 0.068 0.066 0.075 0.096 0.081 0.075
Physical activity 0.039 0.285 0.044 0335 0.041 0.364
Hypertension 0.033 0.367 0.035 0442 0.034 0453
No antidiabetic therapy -0.026 0474 -0.040 0.378 -0.029 0.524
Insulin+OHA -0.008 0.819 -0.012 0.782 -0.024 0.602
T2DM duration 0.051 0.263 0.032 0484 — —
BMI 0.068 0.134 0.073 0.109 0.073 0.108
FPG® 0.030 0.503 0.035 0466 0.036 0435
HbA1c? -0.023 0.619 -0.006 0.891 -0.006 0.892
SBP 0.104 0.022 0.090 0.049 0.087 0.055
DBP 0.085 0.060 0.087 0.055 0.088 0.053
TG 0.098 0.030 0.109 0.016 0.109 0.016
T 0.026 0.566 0.036 0425 0.039 0.393
HDL-c? -0.031 0491 -0.044 0.338 -0.043 0.343
LDL-c? -0.017 0.710 -0.007 0.874 -0.005 0916
SUA® 0.135 0.003 0.144 0.002 0.145 0.001
BUN? 0.024 0.593 0.006 0.893 0.005 0912
SCR? 0.104 0.021 0.101 0.025 0.113 0.013
eGFR? -0.127 0.005 -0.111 0.014 -0.112 0.014
Albumin? -0.058 0.203 -0.044 0.335 -0.048 0.294
Platelets? 0.098 0.030 0.095 0.037 0.095 0.036
UACR? 0339 <0.001 0334 <0.001 0.344 <0.001

OHA Oral hypoglycemic agent, BMI Body mass index, FPG Fasting plasma glucose, HbATc Hemoglobin A1lc, SBP Systolic blood pressure, DBP Diastolic blood pressure,
TG Triglyceride, TC Total cholesterol, HDL-c High-density lipoprotein cholesterol, LDL-c Low-density lipoprotein cholesterol, SUA Serum uric acid, BUN Blood urea
nitrogen, SCR Serum creatinine, eGFR Estimated glomerular filtration rate, UACR Urinary albumin-to-creatinine ratio

2 Log transformed

Table 3 Multivariable logistic regression analysis showing the
association of serum TSP-2 level with DN (n =494)

Variables OR (95%(Cl) p value
Model 1
Age 1.06 (1.03-1.09) <0.001
T2DM duration 1.00 (1.00-1.01) 0.008
BMI, kg/m? 1.09 (1.02-1.17) 0015
TSP-22, ng/mL 2.26 (1.63-3.14) <0.001
Model 2
Platelets?, 107/L 1.66 (1.06-2.60) 0.026
UACR?, mg/g 2.52(1.82-3.49) <0.001
TSP-29, ng/mL 1.94 (1.24-3.04) 0.004

? Log transformed. Model 1, variables included in the analysis were basic factors
including age, sex, T2DM duration, and BMI, and drug use of statin, ACEIs/ARBs,

and TSP-2 levels. Model 2, variables included in the analysis were those in model
1 plus TG, SUA, SCR, eGFR, Platelets, and UACR levels

We found that the serum TSP-2 level was independently
associated with development of early DKD [OR 2.26 (95%
CI 1.63-3.14), p<0.001], together with age [OR 1.06
(95% CI 1.03-1.09), p<0.001], T2DM duration [OR 1.00
(95% CI 1.00-1.01), p=0.008], and baseline BMI [OR
1.09 (95% CI 1.02-1.17), p=0.015]. Results were similar
after adjustment for baseline plus TG, SUA, SCR, eGFR,
Platelet, and UACR levels. Serum TSP-2 level remained
independently associated with early DKD [OR 1.94 (95%
CI1.24-3.04), p=0.004], together with platelets [OR 1.66
(95% CI 1.06-2.60), p=0.026], and UACR, a recently
commonly used clinical laboratory marker [OR 2.52 (95%
CI 1.82-3.49), p<0.001].

For the lack of sensitivity and specificity in UACR
(commonly used for the diagnosis of DKD), we next
analysed the area under the receiving operator curve
(AUROC) of both TSP-2 and UACR. Data from receiv-
ing operator characteristics (ROC) analysis indicated that
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the absolute value of AUROC for serum TSP-2 was 0.66
(95% CI 0.61-0.71), and for the UACR was 0.78 (95% CI
0.73-0.83), these results remained stable with a com-
bined analysis for both TSP-2 and UACR, which reached
to 0.80 (95% CI 0.75-0.84), furthermore, a larger AUROC
for both TSP-2 and UACR after the addition of age at
baseline was produced (Fig. 1). Taken together, serum
TSP-2 levels may be a good predictor for the incidence of
early DKD in patients with T2DM, and measurement of
serum TSP-2 levels may be beneficial for identifying the
high and low risk of DKD in patients who have under-
gone T2DM.

TSP-2 expression is increased in kidney tissues of db/db
mice and positively associated with UACR

Serum levels of TSP-2 were significantly increased in
db/db mice (p<0.05), (Fig. 2A). The db/db mice had sig-
nificantly higher serum TSP-2 levels than the db/m mice
[(468.56 +62.34) vs. (384.27 +51.44) ng/mL, p=0.048],
and m/m mice [(468.56+62.34) vs. (357.88+36.36) ng/
mL, p=0.012]. In addition, we also detected the levels of
FPG, SCR, and UACR, consistent with the development
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of diabetes, higher FPG level, but lower levels of SCR
were observed in the db/db mice. Similarly, the level of
UACR was markedly elevated in db/db mice compared
with db/m mice [(73.43+34.66) vs. (17.78+2.69) mg/g,
p=0.004] (Table 4). In addition, correlation analysis
revealed a significant positive correlation between UACR
and its serum protein concentration (Fig. 3). These data
are in agreement with our clinical observations showing
increased serum levels of TSP-2 in T2DM individuals.

To further observe the physiological relevance of TSP-2
above in clinical findings, we next compared TSP-2
expression between various tissues and renal tissue in
different 16-week-old male mice by Western blotting.
Interestingly, TSP-2 expression was increased only in
renal tissues of both db/m and db/db mice (Figs. 2B). The
observation that TSP-2 was expressed in the renal tissue
of db/m led us to examine whether TSP-2 expression was
altered in diabetes. To this end, we compared the TSP-2
expression in renal tissues between 16-week-old male db/
db mice and db/m mice. Notably, TSP-2 expression in
renal tissue was markedly elevated in diabetic mice com-
pared with db/m mice (Fig. 2C). These data suggest that

1.0
0.8
2 0.6
o —
>
. —
R
wn
=
O
5]
0.4
02 AUROC (95%CI) p value
’ —— AgetUACR+TSP-2 0.82(0.77-0.86)  <0.001
— UACR+TSP-2 0.80(0.75-0.84) <0.001
— UACR 0.78 (0.73-0.83) < 0.001
— TSP-2 0.66 (0.61-0.71) < 0.001
Baseline
0.0
0.0 0.2 0.4 0.6 0.8 1.0

1-Specificity

Fig. 1 Serum TSP-2 levels and other clinical risk factors for the identification of DN in study participants with T2DM (n = 494)
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Fig. 2 TSP-2 is expressed in kidney tissue and is elevated in db/db mice. A: Serum level of TSP-2 in different mice. B: Detection and comparison of
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Table 4 Baseline characteristics of mice

Variables m/m db/m db/db db/db vs m/m db/db vs db/m db/mvs m/m
(n=7) (n=5) (n=7) U(p) Up) Up)

FPG, mmol/L 6.11+0.60 6.24+0.53 3145+1.24 49.0 (0.001) 35.0 (0.003) 21.0 (0.639)

SCR, umol/L 1600245 17404251 943+1.13 0.5 (0.001) 0.0 (0.003) 9.0 (0.537)

UACR, mg/g 15.05+3.09 17.78+£2.69 7343 +34.66 24.0 (0.010) 30.0 (0.004) 16.0 (0.190)

TSP-2, ng/mL 357.88+36.36 38427 £51.44 468.56 +62.34 27 (0.012) 30.0 (0.048) 14.0 (0413)

FPG Fasting plasma glucose, SCR Serum creatinine, UACR Urinary albumin-to-creatinine ratio, TSP-2 Thrombospondin-2
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Fig. 3 Correlation between serum levels of TSP-2 and its UACR (log transformed) in mice
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renal tissue contributed, at least in part, to the elevated
circulating TSP-2 levels observed in diabetic mice.

Discussion

As a chronic, lifelong disease, T2DM is rapidly increas-
ing in China [12], which has caused a heavy psychological
and economic burden on society and individuals. Hyper-
glycemia, a hallmark of T2DM, could cause chronic
damage and dysfunction of various tissues, especially
eyes, kidneys, heart, blood vessels, and nerves. T2DM
is a major factor contributing to cardiovascular disease
(CVD), increasing all-cause mortality [13]. At the same
time, T2DM accounts for most cases of DKD, inadequate
glycemic control and ultrafiltration are two essential fac-
tors in the development of DKD [14]. The prevalence
of DKD in mainland China ranged from 29.6 to 49.6%
according to regional cross-sectional studies [15, 16].
And the overall prevalence of DKD in the United States
from 1998 to 2014 was 17 to 35% [17]. Since DKD pre-
sents an important role to promote and increase the
morbidity of CVD, early diagnosis and treatment are
essential.

At present, UACR and eGFR are commonly used for
the clinical diagnosis and staging of DKD. However, these
two indicators lack sensitivity and specificity. UACR is
susceptible to infection, fever, exercise, excessive protein
intake, hypertension, hyperglycemia, heart failure, uri-
nary tract infection, menstruation, and other factors. In
addition, some patients may have decreased renal func-
tion, but the urinary albumin is still normal [18]. The
eGFR cannot be measured directly and is generally esti-
mated by the formula including SCR, age, and gender.
However, the test results of SCR are also susceptible to
many internal and external factors, such as metabolic
level, protein intake, muscle, exercise, etc. In addition,
the kidney has powerful reserve and compensation abil-
ity, and the level of SCR may be still within the normal
reference range in the early stage of DKD [19]. Therefore,
it is crucial to find noninvasive biomarkers with high sen-
sitivity and specificity for the early diagnosis of DKD.

The association between TSP-2 and cardiovascular risk
has recently been particularly interesting [20]. TSP-2 is a
multifunctional matricellular glycoprotein characterized
by anti-inflammatory, anti-angiogenic, and antiprolifera-
tive effects [4, 21-24]. However, the effect of TSP-2 in
renal disease is controversial. Despite the TGF-p activa-
tion, blocking and anti-inflammatory effects presented
by TSP-2, gene therapy of TSP-2 did not improve, but
worsened the experimental chronic allopathy, most
likely through its antiangiogenic properties on renal
microvessels [7]. In contrast, a potential therapeutic

Page 8 of 10

effect of TSP-2 on inhibiting glomerular proliferation and
inflammation, as well as TGF-§ activation and extracel-
lular matrix accumulation, has been observed in experi-
mental mesangial proliferative glomerulonephritis [5].
Animal-based studies have demonstrated that TSP-2
was involved in the pathogenesis of renal damage in rel-
evant mouse models [25, 26]. In accordance with the data
in mice, mounting data from clinical-based studies sug-
gest TSP-2 as a potent metabolic regulator with multiple
beneficial effects on metabolic complications. Increased
plasma TSP-2 has been observed in obese patients [27,
28], which may contribute to the development of obe-
sity-related metabolic complications and nephropathy
of T2DM [3, 25]. Nevertheless, the limitation is that we
did not distinctly segregate anthropometric, physiologi-
cal and biochemical parameters with reference to insulin
resistance. Further studies are needed to elucidate the
impact of TSP-2 on the association of obesity-related
metabolic complications. On the other hand, this is a
cross-sectional study. The findings of this current study
needs to be confirmed by prospective studies or cohort
studies if indicated.

In this study, we found that TSP-2 is significantly
increased in T2DM patients with early DKD compared
to those without early DKD, and serum TSP-2 positively
correlated with renal function parameters including SUA,
SCR, and UACR, but negatively with eGFR. Furthermore,
TSP-2 was independently associated with early DKD by
regression analysis. Besides, the predictive validity for
early DKD of TSP-2 and UACR together achieved a more
stable value. TSP-2 will be promising for use to make
up for the deficiency of UACR. These findings indicate
that TSP-2 may be a novel biomarker for early DKD in
patients with T2DM. Therefore, measurement of serum
TSP-2 may be beneficial for predicting early renal dam-
age in patients with T2DM in routine clinical practice.
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