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Abstract: Background and objectives: This study aimed to assess the clinical significance of serum
cystatin C in the early diagnosis of renal injury and its association with dyslipidemia in young T1D
patients. Materials and Methods: A total of 779 subjects were evaluated for kidney function by estimat-
ing glomerular filtration rate (eGFR) based on serum creatinine (eGFRcreat) and cystatin C (eGFRcys).
Results: The median age of study subjects was 16.2 years (2.1;26.4), diabetes duration—>5.3 years
(0.51;24.0). The median of HbAlc was 8% (5.2;,19.9) (64 mmol/mol (33.3;,194)); 24.2% of participants
had HbAlc < 7% (53 mmol/mol). Elevated albumin excretion rate was found in 13.5% of subjects.
The median of cystatin C was 0.8 mg/L (0.33;1.71), the median of creatinine—63 umol/L (6;126).
The median of eGFRcys was lower than eGFRcreat (92 mL/min/1.73 m? vs. 101 mL/min/1.73 m?,
p <0.001). A total of 30.2% of all patients were classified as having worse kidney function when using
cystatin C vs. creatinine for eGFR calculation. Linear correlations were found between cystatin C and
HbAlc, r = —0.088, p < 0.05, as well as cystatin C and HDL, r = —0.097, p < 0.01. Conclusions: This
study showed that cystatin C might be used as an additional biomarker of early kidney injury in
young patients with T1D.
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1. Introduction

Diabetic kidney disease is defined as renal dysfunction or structural abnormalities
lasting for 3 or more months and highly affecting the patient’s quality of life [1]. Starting
with glomerular hypertrophy, hyperfiltration, and hyperperfusion, diabetic kidney damage
progresses to end-stage renal disease, which is one of the leading causes of morbidity and
mortality in young type 1 diabetic patients [2]. Estimated glomerular filtration rate (eGFR)
below 60 mL/min/1.73 m? determines chronic kidney disease. Recent data suggest the
benefits of GFR calculated with serum cystatin C for evaluation of early risk for end-stage
renal disease [3].

Cystatin C is a low-molecular-weight protein (Mw 13,343 Da), an inhibitor of endoge-
nous cysteine protease [4]. It is produced in all tissues and found in all biological fluids.
Through regulating cysteine protease activity, cystatin C was reported to be involved in
many disease processes, such as inflammation and tumor metastasis [5]. Recent studies
showed that cystatin C is an ideal endogenous glomerular filtration rate marker [6,7] and is
a more sensitive parameter for renal function assessment compared to serum creatinine [4].

Increased cystatin C and disorders of lipid metabolism are associated with a higher
risk of cardiovascular diseases (CVD), which are the leading cause of mortality in patients
with type 1 diabetes (T1D) [7-9]. Early observations of lipid profile in patients with T1D,
revealing pro-atherogenic features, such as hypercholesterolemia and hypertriglyceridemia,
are associated with poor glycemic control and kidney damage [8-10].
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Recent studies showed that cystatin C is a valuable marker for acute kidney injury
in the pediatric population and even helps to stratify CVD risk in children with chronic
kidney disease [11,12]. However, in the SEARCH for Diabetes in Youth study, higher
levels of cystatin C were found in healthy subjects compared to type 1 and type 2 diabetes
patients [13].

Since there are controversies regarding the role of cystatin C in the assessment of
kidney function, we aimed to assess the clinical significance of serum cystatin C in the early
diagnosis of renal injury and its association with dyslipidemia in young T1D patients.

2. Materials and Methods
2.1. Study Design and Subjects

A cross-sectional population-based study was carried out in Lithuanian University
of Health Sciences, Department of Endocrinology, the whole project is described pre-
viously [14]. This particular study is a part of the whole project, here, we included
531 children and 248 adults younger than 26 years of age with T1D diagnosis in Lithuania.
All patients had been confirmed with T1D diagnosis with at least one positive islet autoim-
mune marker: glutamic acid decarboxylase 65-kilodalton isoform, tyrosine phosphatase-
related islet antigen 2 and/or insulin autoantibodies; and were treated with insulin. We
included patients with disease duration more than 6 months because of known metabolic
instability at the onset of diabetes [15].

Detailed clinical assessment and examination of this cohort were described previ-
ously [16], briefly at the study entry, data on the onset, duration, and treatment of diabetes
were collected, clinical examination included height (cm), weight (kg), waist circumference
(cm) and body mass index (BMI) (kg/ m?). BMI values were converted to Z-scores and
stratified into 4 weight status groups: underweight, normal weight, overweight, and obe-
sity, using the World Health Organization approach [17]. Waist circumference (cm) divided
by height (cm) values were used to evaluate Waist-to-Height ratio (WtHR): optimal WtHR
was considered <0.5 [18].

Diabetes control was assessed by glycated hemoglobin (HbAlc). Fasting blood sam-
ples were taken for analysis of lipid profile, creatinine, and cystatin C. All patients were
screened for diabetic retinopathy and neuropathy, and the level of albuminuria in 24-h
urine was assessed.

2.2. Laboratory Analyses

HbAlc, lipids, and serum creatinine were measured using UniCel DxC 800 Synchron
system (Beckman Coulter, Brea, CA, USA). Normal cut-off values for HbAlc were 4—6%
(20 mmol/mol-42 mmol/mol). Optimal metabolic control was defined as HbAlc below 7%
(53 mmol/mol) without severe hypoglycemias as recommended by International Society for
Pedjiatric and Adolescent Diabetes (ISPAD) [19]. Normal values for low-density lipoprotein
cholesterol (LDL), high-density lipoprotein cholesterol (HDL), and triglycerides (Tg) were
defined as <2.6 mmol/L, >1.1 mmol/L and <1.7 mmol/L, respectively. Normal values
for total cholesterol (TCh) were <5.2 mmol/L for patients >16 years and <5.5 mmol/L
for children under 16 years. At least one abnormal lipid level indicated dyslipidemia.
Normal cut-off values for creatinine were 39-91 umol/L. Cystatin C was measured by an
automated enzyme immunoassay system AIA 2000 (TOSOH Corporation, Tokyo, Japan)
with a normal range of 0.52-0.97 mg/L.

2.3. Evaluation of Kidney Function

The estimated glomerular filtration rate (eGFR) values were calculated using serum
creatinine (eGFRcreat) and serum cystatin C (eGFRcys) for all participants. Creatinine-
based Schwartz formula [20] for eGFRcreat was used to calculate eGFRcreat in children.
For eGFRcreat and eGFRcys in adults and eGFRcys in children, equations from the Chronic
Kidney Disease Epidemiology Collaboration were used [21,22].
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Kidney function was staged according to American Diabetes Association (ADA) guide-
lines [23]: Level 1 if GFR > 90 mL/min./1.73 m?; Level 2—GFR 60-89 mL/min/1.73 m?;
Level 3—GFR 30-59 mL/min/1.73 m?; Level 4—GFR 15-29 mL/min/1.73 m? and Level
5—GFR < 15 mL/min/1.73 m?.

Furthermore, we classified patients according to eGFRcreat and eGFRcys levels: Group
1—if eGFRcreat level was equal to eGFRcys level; Group 2—if eGFRcreat level < eGFRcys
level; Group 3—if eGFRcreat level > eGFRcys level.

2.4. Evaluation of Microvascular Complications

Digital fundus photos were taken and evaluated by a single ophthalmologist special-
ized in diabetic retinopathy.

All patients were screened for the level of albuminuria in 24-h urine as reported
earlier [24]. Normal values were determined if the albumin excretion rate (AER) was below
30 mg/24 h; moderately increased albuminuria—between 30 and 300 mg/24 h; significantly
increased albuminuria—exceeding 300 mg/24 h.

All patients were screened for the presence of symptoms or signs of symmetrical
peripheral neuropathy. We applied Michigan Neuropathy Screening Questionnaire and
evaluated the sensations of vibration, pressure, and temperature. Diagnosis of peripheral
neuropathy was confirmed if two or more of these tests were abnormal [25,26].

2.5. Statistical Analyses

IBM SPSS Statistics software was used for statistical analyses. Student’s 2-tailed t-test,
x? statistics, parametric one-way ANOVA (for normally distributed data), and Mann~-
Whitney U-test (for nonnormal data distribution) or Kruskal-Wallis one-way ANOVA (in
the case of ordinal data) were used. Pearson correlation coefficient (for normally distributed
data), and Spearman’s coefficient (for nonnormal data) were used while testing associations
between continuous variables. p-values < 0.05 were considered statistically significant. All
p-values were 2-tailed.

3. Results
3.1. General Characteristics of the Cohort

Overall, 779 patients with T1D were included in the study, 51.2% (n = 399) were
females. The median of age at inclusion was 16.2 years (2.1;26.4), age at the onset of TID—
9.4 years (0.8;24.9), the median of diabetes duration—>5.3 years (0.51;24.0). There were 51.9%
(n = 404) of patients with diabetes duration > 5 years.

Normal BMI was found in 75.3% (n = 581) of participants, 20.1% (n = 155) were
overweight, 3.6% (n = 28)—obese and 1% (1 = 8)—underweight. Optimal WtHR was found
in 85.3% (n = 622) of participants.

Optimal glycemic control was found in 24.2% (n = 188) of all patients. Higher than
normal serum cystatin C concentration was present in 10.8% (n = 84) of all patients.

General characteristics and comparisons of children vs. adult groups and males vs.
females are presented in Table 1.

Table 1. General characteristics of study subjects.

Age Groups Value (C .
i X - - . -Value (Comparin;
Category Gender/Total Median (Range), Total Cohort Cl\ﬁlelﬁllr; ((Iiigg;e);;) ngllén( (Zl{lzn\gf:;rg; pChil dron vk dult§

Males 0.23 (—3.66;4.34) 0.32 (—3.66;4.34) 0.07 (—1.91,3.16) NS

BMI Z-score Females 0.36 (—3.96,2.97) 0.36 (—3.96;2.8) 0.37 (—1.87,2.97) NS
Total 0.29 (—3.96;4.34) 0.34 (—3.96;4.34) 0.29 (—1.91;3.16) NS

Males 0.4 (0.36,0.8) 0.4 (0.38,0.8) 0.4 (0.36,0.61) NS

WtHR Females 0.45 (0.25,0.63) 0.44 (0.25,0.59) 0.45 0.370.63) NS
Total 0.44 (0.25;0.8) 0.44 (0.25;0.8) 0.45 (0.36;0.63) NS
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Table 1. Cont.

Age Groups Value (C .
i . . . . -Value omparm
Category Gender/Total Median (Range), Total Cohort Cl\llflel(élre:::\ ((Iiigg\?e)al:;) 11\([(;:3]1;11( (ZRl%n%ee;rlsr; pchi]dren Vs. Adult§
Males 617 (5 31583) Kot Y 625 (% 31383 0.047
A e e hE S =
Total 639 ?’3%.139;'199)4) 635 5('3%4;.1419;199)4> 66%12((353.23;;1143'(1).)6) NS
Males 70 (7;126) @ 62 (7;107) ® 80 (35;113) ¢ <0.001
Seru&%f;ﬁi?me’ Females 59 (6;111) ® 58 (6;94) 64 (36;111) © <0.001
Total 63 (6:126) 59 (6;107) 70 (35;113) <0.001
Males 0.84 (0.08;1.71) 2 0.85 (0.54;1.27) ® 0.82 (0.08;1.71) © NS
Serumrfg/tiﬁne < Females 0.78 (0.33;1.19) 2 0.80 (0.33;1.11) 0.76 (0.52;1.19) © 0.004
Total 0.81 (0.08;1.71) 0.83 (0.33;1.27) 0.79 (0.08;1.71) 0.008
Males 46(198.9)° 47(1.9;8.9)° 4.6 (2.97.9) NS
TOta}If;glle/sferOL Females 49 (2593)° 49 (3.1,85)" 5.0(259.3)¢ NS
Total 48(1.99.3) 4.8(1.9:8.9) 47 (2.59.3) NS
Males 2.6 (0.55.8) 2 25(0.55.8)° 2.6 (1.357)¢ NS
LDL;Q‘(’)%"/S{Q“’L Females 28(0.8:65)° 2.8 (1.1;6.1) 2.8 (0.8:6.5) NS
Total 27 (0.5;6.5) 2.7 (056.1) 2.7 (0.8;6.5) NS
Males 1.4 (0.6:2.7) 2 1.4 (0.82.7) 1.3 (0.6:2.3) <0.001
HDLI;lﬁg%e/sLteml’ Females 1.5(0.32.6) 1.5 (0.6;2.6) 1.5 (0.32.6) ¢ NS
Total 1.4(0.3.2.7) 1.5 (0.6:2.7) 1.4 (0.3;2.6) 0.012
Males 0.7 (0.155.3) 2 0.7 (0.1,5.3) b 09 (0.255.3) <0.001
Trfglﬁr/iies' Females 0.8 (0.3;5.1) 2 0.8 (0.3,5.1)" 0.9 (0.3;3.3) NS
Total 0.8 (0.15.3) 0.7 (0.15.3) 09 (0.25.3) <0.001
Males 7.5 (0.06;787) 7 (1,787) 9 (0.06;533) NS
AER, mg/24h Females 6.8 (0.08;667) 5.6 (0.5;180) 9 (0.08;667) <0.001
Total 7.2 (0.06;787) 6 (0.5,787) 9 (0.06;667) <0.001
Males 96 (51;194) @ 92 (51;169) ® 121 (68;194) <0.001
eGFRcreat,
ml/min/1.73 m? Females 104 (59;154) * 98 (64;151) ® 115 (59;154) <0.001
Total 101 (51;194) 96 (51;169) 118 (58,194) <0.001
Males 89 (57;160) ° 83 (57;125)® 118 (58;160) <0.001
eGFRcys,
ml/min/1.73 m? Females 95 (64;201) @ 88 (64;201) ¥ 117 (66;146) <0.001
Total 92 (57;201) 85 (57;201) 117 (58;160) <0.001

BMI, body mass index; WtHR, weight to height ratio; HbAlc, glycosylated hemoglobin; LDL, low-density
lipoprotein; HDL, high-density lipoprotein; AER, albumin excretion rate, eGFRcreat, estimated glomerular
filtration rate using serum creatinine; eGFRcys, estimated glomerular filtration rate using serum cystatin C; NS,
not significant. * adjusted for gender, age, and BMI Z-score; a—p < 0.001 comparing males vs. females in the
whole cohort; b—p < 0.001 comparing males vs. females in the children group; c—p < 0.001 comparing males vs.
females in adults’ group.

3.2. Dyslipidemia and Microvascular Complications

There were 26.1% of patients with at least one microvascular complication. Retinopa-
thy was diagnosed in 9% of patients in the whole cohort, neuropathy in 10.8%. A total
of 13.5% were found to have elevated AER, 49.5% of them had moderately increased al-
buminuria. The frequency of microvascular complications, dyslipidemia, and obesity are
presented in Table 2.

Patients with diagnosed retinopathy, neuropathy, and moderately increased albu-
minuria had worse glycemic control than those without these complications, HbAlc 9.6%
vs. 7.9%, 8.8% vs. 7.9%, and 8.6% vs. 8%, respectively, all p-values < 0.05. Patients with
dyslipidemia had higher HbAlc than patients with normal lipid profiles, 8.3% vs. 7.6%,
respectively, p < 0.001.
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Table 2. Frequency of microvascular complications, dyslipidemia and obesity.

Diabetes Duration -Value (Comparing Diabetes
Gender/Total Frequency =5 Years =5 Years p Dt(lratiog Grogu ps)
Males 5(19)2 0 10.4 (19) <0.001
Retinopathy, % () Females 12.8 (51) 2 1.7 (3) 21.7 (48) <0.001
Total 9 (70) 0.8 (3) 16.6 (37) <0.001
Males 8.9 (33) 2.6 (5) 16.1 (28) <0.001
Neuropathy, % (1) Females 12.6 (49) 2.3 (4) 21.2 (45) <0.001
Total 10.8 (82) 2.4 (9) 18.9 (73) <0.001
Males 13.2 (50) 13.7 (27) 12.6 (23) NS
Elevated AER, % (1) Females 13.8 (55) 10.1 (18) 16.7 (37) NS
Total 13.5 (105) 12 (45) 14.9 (60) NS
Males 60.3 (229) 56.3 (111) 64.5 (118) NS
Dyslipidemia, % (n) Females 66.2 (264) 61.8 (110) 69.7 (154) NS
Total 63.3 (493) 58.9 (221) 67.3 (272) 0.015
Males 3.7 (14) 4.7 (9) 2.7 (5) NS
Obesity, % (n) Females 3.5(14) 3.4 (6) 3.6 (8) NS
Total 3.6 (28) 4.1 (15) 3.2 (13) NS

AER, albumin excretion rate; NS, not significant. >—p < 0.001 comparing males vs. females in the whole cohort.

The duration of diabetes was significantly directly related to HbAlc, creatinine, AER,
TCh, LDL, and Tg concentrations. Negative linear correlations were found between cystatin
C and HbAlc, r = —0.088, p < 0.05, as well as cystatin C and HDL, r = —0.097, p < 0.01.
HbAIlc correlated directly with TCh, LDL, Tg, eGFRcreat, and eGFRcys, p < 0.001, and
negatively with HDL, p < 0.05. All correlations are presented in Table 3; the correlation
between Cystatine and eGFRcys as well as Creatinine and eGFRcreat are presented in
Figure 1.

Correlation of Cystatin C and eGFRcys

250 Correlation of Creatinine and eGFRcreat
r=-0.805, p<0.001

200
r=-0.447, p<0.001
2004

150 150

eGFGcys, ml/min/1.73m2

1004

1004

eGFRcreat, ml/min/1.73m2

o o
o , o

0s 1'0 15
Cystatin C, mg/L

T T T
0 25 50 75 100 125

Creatinine, micromol/L

Figure 1. Correlation of cystatin C and estimated GFR based on cystatin C (eGFRcys) (The
Left Picture); correlation of creatinine and estimated GFR based on creatinine (eGFRcreat) (The
Right Picture).
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Table 3. Correlation between continuous variables.
Duration . Total .
of Dia-  BMIZ- HbAlc, Cystain  Creati- AER, Choles-  LDL, HDL, Triglye- eGFRereat,  eGFReys
betes, Score WHHR % C, mg/L ne, mg/24 h terol, mmol/L  mmol/L erides, ml/min/ ml/min/
Years ° 4 pmol/L mmol/L mmol/L 1.73 m? 1.73 m?
Dura_tion
‘gfeféz 1.00 0.052 —o006 0391 —0.035  0288%* 0139  0.089* 0085%  —0.057 0.241 *** 0.148 * 0.239 *
years
o 1.00 0.601 0.033 0.006 0.056 0.035 0.07 009%  —0.044 0.089* ~0.062 ~0.019
WtHR 1.00 0.084* 009+ 9181 ~0.043 0119*  0.108*  —0.028 0.154 *+ 0.035 0.084*
Hbo;f}k' 1.00 —0.088*  —0.049 0.067 0.227 0.211 —0.083 0.418 *** 0.145 *** 0.108 **
gymﬁ“ 1.00 0.228 *+ 0.011 003  —0001 0097 0.05 0234 0,805
, mg/L
Creatin- ~0.111 ~0217
ine, 1.00 0.131 *+ )] ~0.053 02 0.149 #+ —0.447 *+ 0.023
umol/L
AER, .
mg/24h 1.00 0.024 0.04 ~0.036 0.108 ** 0.072 0.063
Total
choles- 0.857 0.357
ooy 1.00 0.351 *+ 0.062 0.017
mmol/L
LDL,
/L 1.00 0.003 0.368 *** 0.033 ~0010
HDL,
mallL 1.00 —0.228 0.000 ~0.002
Triglycer-
ides, 1.00 0.092* 0.052
mmol/L
eGFRcreat,
ml/min/ 1.00 0.455 ***
1.73 m?
eGFRcys,
ml/min/ 1.00
1.73 m?

BMI, body mass index; WtHR, weight to height ratio; HbA1lc, glycated hemoglobin; AER, albumin excretion rate;
LDL, low-density lipoprotein; HDL, high-density lipoprotein; eGFRcreat, estimated glomerular filtration rate
using serum creatinine; eGFRcys, estimated glomerular filtration rate using serum cystatin C. * p-value < 0.05;
** p-value < 0.01; *** p-value < 0.001.

3.3. GFR and Kidney Function

The median of eGFRcys was lower in the whole cohort compared to eGFRcreat,
92 (57;201) vs. 101 (51;194) mL/min/1.73 m?, respectively, p < 0.001. Statistically significant
difference was found in the children group comparing eGFRcreat vs. eGFRcys, 97 (51;169)
vs. 87 (57;201) mL/min/1.73 mz, p <0.001.

The grouping of all patients by kidney function level using either eGFRcreat or eGFR-
cys is presented in Figure 2. There were more patients classified with level 2 kidney function
when using cystatin C vs. creatinine for eGFR calculations, 44.7% vs. 23.8%, respectively,
p <0.001.

After grouping patients according to the equivalency of eGFR levels calculated by
creatinine and cystatin C, we found that 30.2% of patients had worse eGFR levels calculated
using cystatin C (Group 2 when eGFRcreat level < eGFRcys level), 61.1% had the same
eGFR level using both biomarkers (Group 1) and 8.7% were classified as Group 3 (when
eGFRcreat level > eGFRcys level).
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75.9

0

0,
1
S

Frequency,

20 23.8

0.3 0.5

1 2 3
eGFR level

Figure 2. The frequency of estimated glomerular filtration rate (eGFR) levels based on serum
creatine (eGFRcreat) and serum cystatin C (eGFRcys) in the whole cohort. Level 1 when
GFR > 90 mL/min/1.73 m?; 2—GFR 60-89 mL/min/1.73 m?; 3—GFR 30-59 mL/min/1.73 m?.

4. Discussion

End-stage renal disease in diabetes patients is known to be the leading cause of
increased risk for premature mortality [27]. Only having clear and reliable biomarkers for
early diabetic kidney damage detection will lead to early intervention [28]. In the present
study, we assessed the value of serum cystatin C as a biomarker for diabetic kidney injury
in children and young adults with T1D diagnoses.

The main finding of our study was that using cystatin C helped to find those young
T1D patients who may be suffering from early kidney damage, as one-third of the whole
cohort was classified with worse eGFR levels when using cystatin C vs. creatinine. As
demonstrated in the Tsai et al. study where the adult population using eGFR based on
cystatin C helped to reclassify kidney function from preserved to reduced, especially in
patients with diabetes [29], this means cystatin C could be used as an earlier predictor of
kidney damage compared to creatinine. There are few studies of the prognostic value of
serum cystatin C in children with diabetes, yet most studies evaluated cystatin C in children
with acute kidney injury. The 2017 meta-analysis of Nakhjavan-Shahraki et al. showed that
serum cystatin C is a potentially more sensitive marker of acute kidney damage in children
compared to serum creatinine [11].

It is known that the pathogenesis of diabetic kidney damage starts with glomerular
hypertrophy, hyperfiltration and hyperperfusion state [2], therefore it is important to find a
reliable and resistant biomarker of early kidney injury in this phase. Huang et al.’s study
showed that eGFR was based on low-molecular-weight proteins, as cystatin C was not
altered by hyperfiltration on the children cohort [30]. Combining these results with our
findings increases the importance of cystatin C usage in clinical practice.

Leem et al. demonstrated that cystatin C is not only a reliable biomarker but also is
associated with the recovery prognosis of acute kidney injury in critically ill adults [31].
Furthermore, Murty et al. found that cystatin C is superior over creatinine for GFR esti-
mation in early kidney injury stages, especially in the so-called creatinine blind GFR area
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(40-70 mL/min/1.73 m?) [32], though this study was performed on an adult cohort, the
findings could substantiate our results where we found that using cystatin C could help to
capture young diabetes patients in early kidney injury phase when GFR is between 60 and
89 mL/min/1.73 m?.

Consistent with the Third National Health and Nutrition Examination Survey (NHANES
III), our study showed that the levels of serum cystatin C were higher in children com-
pared to adults [33] and were significantly higher in males compared to females in all age
groups [34,35]. On the other hand, Norlund et al. did not find any differences in cystatin C
levels between genders [36]. These discrepancies might be explained by the different age
distribution of the studied cohorts: the median age of our diabetic cohort was 16.2 years,
while Norlund et al. included healthy adult patients above the age of 20 years.

A negative correlation between serum cystatin C and HbAlc was found in our in-
vestigation, which is in agreement with the SEARCH for Diabetes in Youth Study and
the results from Maabhs et al.’s study [13,35], however, the importance of these findings
in clinical practice remains unclear. Furthermore, our study showed a linear negative
correlation between cystatin C and HDL cholesterol. A low HDL level is used as one
of the criteria for the clinical diagnosis of metabolic syndrome [37]. A cross-sectional
study on 925 dyslipidemic patients showed a progressive increase in cystatin C with the
increasing number of metabolic syndrome components [38]. Patients with higher levels
of cystatin C were shown to be at two-fold increased risk of cardiovascular events even
after adjusting for a large variety of potential confounders [39]. A recent meta-analysis of
over 22,000 participants from 14 studies showed that higher cystatin C levels were strongly
and independently associated with specific endpoints such as stroke, myocardial infarction,
and heart failure [40].

One of the limitations of our study is that we did not measure GFR as it is considered
to be the best assay of kidney function [41]. However, it would be clinically and ethically
difficult to perform, especially in children, as it requires intravenous injection of the filtra-
tion marker. Therefore, most of the contemporary studies use estimated GFR levels for the
evaluation of kidney function, either in children or in adults [41].

The other challenge that our study faced was the lack of pediatric normative values
for serum cystatin C. However, this is a worldwide issue, even for the most frequently used
biomarkers, such as neutrophil gelatinase-associated lipocalin, kidney injury molecule-I,
and serum cystatin C, there are insufficient reference values in the pediatric population [28].

5. Conclusions

Serum cystatin C adds significance for diagnosing early kidney damage, as our study
showed it could be successfully used in young patients with T1D for estimating GFR. To
assess the precise prognostic value of cystatin C, we need further follow-up studies of these
young T1D patients to identify those who will develop advanced diabetic kidney disease.

Author Contributions: Investigation, Statistical analysis, Writing the Original Draft, I.S.; Investiga-
tion, Reviewing and Editing the Manuscript, L.R.; Statistical analysis, A.M.; Investigation, R.D. and
E.D.; Conceptualization of the Research, Reviewing and Editing the Manuscript, R.V. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was supported by a grant from the Lithuanian Research Council, Research and
Development program No. CH-3-SMM-01/09.

Institutional Review Board Statement: The study was approved by the Lithuanian National Ethical
Committee (No. BE-2-5/2013) and written informed consents were obtained from all study partici-
pants and their parents or official caregivers. The investigation was carried out in accordance with
the Declaration of Helsinki.

Informed Consent Statement: Informed consent was obtained from all adult subjects and from legal
represenatives for the minors involved in the study.



Medicina 2022, 58, 218 90of 10

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.

Conflicts of Interest: The authors declare that they have no competing interests.

References

1. Tonelli, M.; Wiebe, N.; Culleton, B.; House, A.; Rabbat, C.; Fok, M.; McAlister, F.; Garg, A.X. Chronic Kidney Disease and Mortality
Risk: A Systematic Review. J. Am. Soc. Nephrol. 2006, 17, 2034-2047. [CrossRef] [PubMed]

2. Donaghue, K.C.; Marcovecchio, M.L.; Wadwa, R.P; Chew, E.Y.; Wong, T.Y.; Calliari, L.E.; Zabeen, B.; Salem, M.A.; Craig, M.E.
ISPAD Clinical Practice Consensus Guidelines 2018: Microvascular and macrovascular complications in children and adolescents.
Pediatr. Diabetes 2018, 19 (Suppl. 27), 262-274. [CrossRef] [PubMed]

3. Shlipak, M.G.; Matsushita, K.; Arnlov, J.; Inker, L.A.; Katz, R.; Polkinghorne, K.R.; Rothenbacher, D.; Sarnak, M.].; Astor, B.C,;
Coresh, J.; et al. Cystatin C versus Creatinine in Determining Risk based on Kidney Function. N. Engl. ]. Med. 2013, 369, 932-943.
[CrossRef]

4. Dharnidharka, V.R.; Kwon, C.; Stevens, G. Serum cystatin C is superior to serum creatinine as a marker of kidney function: A
meta-analysis. Am. J. Kidney Dis. 2002, 40, 221-226. [CrossRef]

5. Henskens, Y.M.; Veerman, E.C.; Nieuw Amerongen, A.V. Cystatins in health and disease. Biol. Chem. Hoppe Seyler 1996, 377,
71-86. [PubMed]

6.  American Heart Association. Third report of the National Education Program (NCEP) Expert Panel on Detection, Evaluation,
and Treatment of High Blood Cholesterol in Adults (Adult Treatment Panell III) Final Report. Circulation 2002, 106, 3143-3421.
[CrossRef]

7.  Laing, S.P; Swerdlow, A ]; Slater, S.D.; Burden, A.C.; Morris, A.; Waugh, N.R.; Gatling, W.; Bingley, PJ.; Patterson, C.C. Mortality
from heart disease in a cohort of 23,000 patients with insulin-treated diabetes. Diabetologia 2003, 46, 760-765. [CrossRef]

8.  Verges, B. Lipid disorders in type 1 diabetes. Diabetes Metab. 2009, 35, 353-360. [CrossRef]

9. Jenkins, AJ,; Lyons, T].; Zheng, D.; Otvos, ].D.; Lackland, D.T.; Mcgee, D.; Garvey, T.; Klein, R.; The DCCT/EDIC Research Group.
Lipoproteins in the DCCT/EDIC cohort: Associations with diabetic nephropathy. Kidney Int. 2003, 64, 817-828. [CrossRef]

10. Orchard, TJ.; Stevens, L.K,; Forrest, K.Y.; Fuller, ].H. Cardiovascular disease in insulin dependent Diabetes mellitus: Similar rates
but different risk factors in the US compared with Europe. Int. |. Epidemiol. 1998, 27, 976-983. [CrossRef]

11.  Nakhjavan-Shahraki, B.; Yousefifard, M.; Ataei, N.; Baikpour, M.; Ataei, F.; Bazargani, B.; Abbasi, A.; Ghelichkhani, P; Javidilari-
jani, F.; Hosseini, M. Accuracy of cystatin C in prediction of acute kidney injury in children; serum or urine levels: Which one
works better? A systematic review and meta-analysis. BMC Nephrol. 2017, 18, 120. [CrossRef] [PubMed]

12.  Brady, TM.; Townsend, K.; Schneider, M.E.; Cox, C.; Kimball, T.; Madueme, P.; Warady, B.; Furth, S.; Mitsnefes, M. Cystatin C and
Cardiac Measures in Children Adolescents With CKD. Am. |. Kidney Dis. 2017, 69, 247-256. [CrossRef] [PubMed]

13. Shankar, RK; Dolan, L.M.; Isom, S.; Saydah, S.; Maahs, D.M.; Dabelea, D.; Reynols, K.; Hirsch, I.B.; Rodriguez, B.L.; Mayer-Davis,
E.J.; et al. Serum Cystatin C in Youth with Diabetes: The SEARCH for Diabetes in Youth Study. Diabetes Res. Clin. Pract. 2017, 130,
258-265. [CrossRef] [PubMed]

14. Verkauskiene, R.; Danyte, E.; Dobrovolskiene, R.; Stankute, I.; Simoniene, D.; Razanskaite-Virbickiene, D.; Seibokaite, A.;
Urbonaite, B.; Jurgeviciene, N.; Vitkauskiene, A.; et al. The course of diabetes in children, adolescents and young adults: Does the
autoimmunity status matter? BMC Endocr. Disord. 2016, 16, 61. [CrossRef]

15. Couper, ].J.; Haller, M.].; Greenbaum, C.J.; Ziegler, A.G.; Wherret, D.K.; Knip, M.; Craig, M.E. ISPAD Clinical Practice Consensus
Guidelines 2018: Stages of type 1 diabetes in children and adolescents. Pediatr. Diabetes 2018, 19 (Suppl. 27), 20-27. [CrossRef]

16. Stankute, I.; Dobrovolskiene, R.; Danyte, E.; Razanskaite-Virbickiene, D.; Jasinskiene, E.; Mockeviciene, G.; Marciulionyte, D.;
Schwitzgebel, V.M.; Verkauskiene, R. Factors Affecting Cardiovascular Risk in Children, Adolescents, and Young Adults with
Type 1 Diabetes. ]. Diabetes Res. 2019, 2019, 9134280. [CrossRef]

17.  De Onis, M.; Lobstein, T. Defining obesity risk in childhood population: Which cut-offs should we use? Int. ]. Pediatr. Obes. 2010,
5, 548-560. [CrossRef]

18.  Mehta, S.K. Waist Circumference to Height Ratio in Children and Adolescents. Clin. Pediatr. 2015, 54, 652—658. [CrossRef]

19. DiMeglio, L.A.; Acerini, C.L.; Codner, E.; Craig, M.E.; Hofer, S.E.; Pillay, K.; Maahs, D.M. ISPAD Clinical Practice Consensus
Guidelines 2018: Glycemic control targets and glucose monitoring for children, adolescents, and young adults with diabetes.
Pediatr Diabetes 2018, 19 (Suppl. 27), 105-114. [CrossRef]

20. Mian, A.N,; Schwartz, G.J. Measurement and Estimation of Glomerular Filtration Rate in Children. Adv. Chronic Kidney Dis. 2017,
24,348-356. [CrossRef]

21. Inker, L.A.; Schmid, C.H.; Tighiouart, H.; Eckfeldt, ].H.; Feldman, H.L,; Greene, T.; Kusek, ].W.; Manzi, J.; Van Lente, F.; Zhang,
Y.L.; et al. CKD-EPI Investigators Estimating glomerular filtration rate from serum creatinine and cystatin C. N. Engl. ]. Med. 2012,
367,20-29. [CrossRef] [PubMed]

22. Levey, A.S,; Stevens, L.A.; Schmid, C.H.; Zhang, Y.; Castro, A.F; Feldman, H.L; Kusek, ].W.; Eggers, V.; Van Lente, E; Greene, T.;

et al. CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) A new equation to estimate glomerular filtration rate. Ann.
Intern. Med. 2009, 150, 604—-612. [CrossRef] [PubMed]


http://doi.org/10.1681/ASN.2005101085
http://www.ncbi.nlm.nih.gov/pubmed/16738019
http://doi.org/10.1111/pedi.12742
http://www.ncbi.nlm.nih.gov/pubmed/30079595
http://doi.org/10.1056/NEJMoa1214234
http://doi.org/10.1053/ajkd.2002.34487
http://www.ncbi.nlm.nih.gov/pubmed/8868064
http://doi.org/10.1161/circ.106.25.3143
http://doi.org/10.1007/s00125-003-1116-6
http://doi.org/10.1016/j.diabet.2009.04.004
http://doi.org/10.1046/j.1523-1755.2003.00164.x
http://doi.org/10.1093/ije/27.6.976
http://doi.org/10.1186/s12882-017-0539-0
http://www.ncbi.nlm.nih.gov/pubmed/28372557
http://doi.org/10.1053/j.ajkd.2016.08.036
http://www.ncbi.nlm.nih.gov/pubmed/27856090
http://doi.org/10.1016/j.diabres.2017.06.010
http://www.ncbi.nlm.nih.gov/pubmed/28666182
http://doi.org/10.1186/s12902-016-0145-3
http://doi.org/10.1111/pedi.12734
http://doi.org/10.1155/2019/9134280
http://doi.org/10.3109/17477161003615583
http://doi.org/10.1177/0009922814557784
http://doi.org/10.1111/pedi.12737
http://doi.org/10.1053/j.ackd.2017.09.011
http://doi.org/10.1056/NEJMoa1114248
http://www.ncbi.nlm.nih.gov/pubmed/22762315
http://doi.org/10.7326/0003-4819-150-9-200905050-00006
http://www.ncbi.nlm.nih.gov/pubmed/19414839

Medicina 2022, 58, 218 10 of 10

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

American Diabetes Association. 11. Microvascular complications and foot care: Standards of Medical Care in Diabetes—2019.
Diabetes Care 2019, 42 (Suppl. 1), S124-5138. [CrossRef] [PubMed]

Mogensen, C.E.; Hansen, KW.; Nielsen, S.; Pedersen, M.M.; Rehling, M.; Schmitz, A. Monitoring diabetic nephropathy:
Glomerular filtration rate and abnormal albuminuria in diabetic renal disease-reproducibility, progression, and efficacy of
antihypertensive intervention. Am. J. Kidney Dis. 1993, 22, 174-187. [CrossRef]

Boulton, A J.; Armstrong, D.G.; Albert, S.F,; Frykberg, R K.; Hellman, R.; Kirkman, S.; Lavery, L.A.; LeMaster, ].W.; Mills, J.L.;
Mueller, M.J.; et al. Comprehensive foot examination and risk assessment. A report of the Task Force of the Foot Care Interest
Group of the American Diabetes Association, with endorsement by the American Association of Clinical Endocrinologists. Phys.
Ther. 2008, 88, 1436-1443. [CrossRef]

Herman, W.H.; Pop-Busui, R.; Braffett, B.H.; Martin, C.L.; Cleary, P.A.; Albers, ].W.; Feldman, E.L.; DCCT/EDIC Research Group.
Use of the Michigan Neuropathy Screening Instrument as a measure of distal symmetrical peripheral neuropathy in Type 1
diabetes: Results from the Diabetes Control and Complications Trial/Epidemiology of Diabetes Interventions and Complications.
Diabet Med. 2012, 29, 937-944. [CrossRef]

He, Z. Diagnosis and Treatment of Diabetic Nephropathy in Type 1 and Type 2 Diabetes Patients. J. Mol. Biomark. Diagn. 2016,
7, 5. [CrossRef]

Van Donge, T.; Welzel, T.; Atkinson, A. Age-Dependent Changes of Kidney Injury Biomarkers in Pediatrics. J. Clin. Pharmacol.
2019, 59 (Suppl. 1), S21-S32.

Tsai, C.-W.; Grams, M.E.; Inker, L.A; Coresh, ].; Selvin, E. Cystatin C-and Creatinine-Based Estimated Glomerular Filtration Rate,
Vascular Disease, and Mortality in Persons with Diabetes in the U.S. Diabetes Care 2014, 37, 1002-1008. [CrossRef]

Huang, S.H.S.; Sharma, A.P; Yasin, A.; Lindsay, R M.; Clark, W.E; Filler, G. Hyperfiltration Affects Accuracy of Creatinine eGFR
Measurement. Clin. J. Am. Soc. Nephrol. 2011, 6, 274-280. [CrossRef]

Murty, M.S.N.; Sharma, U.K,; Pandey, V.B.; Kankare, S.B. Serum cystatin C as a marker of renal function in detection of early
acute kidney injury. Indian J. Nephrol. 2013, 23, 180-183. [CrossRef] [PubMed]

Leem, A.Y,; Park, M.S,; Park, B.H.; Jung, W.J.; Chung, K.S.; Kim, S.Y,; Kim, E.Y.; Jung, ].Y;; Kang, Y.A_; Kim, Y.S.; et al. Value of
Serum Cystatin C Measurement in the Diagnosis of Sepsis-Induced Kidney Injury and Prediction of Renal Function Recovery.
Yonsei Med. J. 2017, 58, 604—612. [CrossRef] [PubMed]

Groesbeck, D.; Kottgen, A.; Parekh, R.; Selvin, E.; Schwartz, G.E.; Coresh, J.; Furth, S. Age, gender, and race effects on cystatin C
levels in US adolescents. Clin. J. Am. Soc. Nephrol. 2008, 3, 1777-1785. [CrossRef] [PubMed]

Croda-Todd, M.T; Soto-Montano, X.J.; Hernandez-Cancino, P.A. Adult cystatin C reference intervals determined by nephelometric
immunoassay. Clin. Biochem. 2007, 13, 1084-1087. [CrossRef] [PubMed]

Maahs, D.M.; Prentice, N.; McFann, K.; Snell-Bergeon, J.; Jalal, D.; Bishop, FE.Z.; Aragon, B.; Wadwa, P. Age and sex influence
cystatin C in adolescents with and without type 1 diabetes. Diabetes Care 2011, 34, 2360-2362. [CrossRef] [PubMed]

Norlund, L.; Fex, G.; Lanke, J.; von Schenck, H.; Nilsson, J.E.; Leksell, H.; Grubb, A. Reference intervals for the glomerular
filtration rate and cell-proliferation markers: Serum cystatin C and serum b2-microglobulin/cystatin C ratio. Scand. J. Clin. Lab.
Investig. 1997, 57, 463-470. [CrossRef]

Grundy, S.M.; Cleeman, ].I; Daniels, S.R. American Heart Association; National Heart, Lung, and Blood Institute. Diagnosis and
Management of the Metabolic Syndrome: An American Heart Association/National Heart, Lung, and Blood Institute Scientific
Statement. Circulation 2005, 112, 2735-2752. [CrossRef]

Servais, A.; Giral, P.; Bernard, M.; Bruckert, E.; Deray, G.; Bagnis, C.I. Is serum cystatin-C a reliable marker for metabolic
syndrome? Am. |. Med. 2008, 121, 426—432. [CrossRef]

Koenig, W.; Twardella, D.; Brenner, H.; Rothenbacher, D. Plasma concentrations of cystatin C in patients with coronary heart
disease and risk for secondary cardiovascular events: More than simply a marker of glomerular filtration rate. Clin. Chem. 2005,
51,321-327. [CrossRef]

Lee, M,; Saver, J.L.; Huang, W.H.; Chow, J.; Chang, K.-H.; Ovbiagele, B. Impact of elevated cystatin C level on cardiovascular
disease risk in predominantly high cardio-vascular risk populations: A meta-analysis. Circ. Cardiovasc. Outcomes 2010, 3, 675-683.
[CrossRef]

Pasala, S.; Carmody, ].B. How to use serum creatinine, cystatin C and GFR. Arch. Dis. Child. Educ. Pract. Ed. 2017, 102, 37-43.
[CrossRef] [PubMed]


http://doi.org/10.2337/dc19-S011
http://www.ncbi.nlm.nih.gov/pubmed/30559237
http://doi.org/10.1016/S0272-6386(12)70184-1
http://doi.org/10.1093/ptj/88.11.1436
http://doi.org/10.1111/j.1464-5491.2012.03644.x
http://doi.org/10.4172/2155-9929.1000295
http://doi.org/10.2337/dc13-1910
http://doi.org/10.2215/CJN.02760310
http://doi.org/10.4103/0971-4065.111840
http://www.ncbi.nlm.nih.gov/pubmed/23814415
http://doi.org/10.3349/ymj.2017.58.3.604
http://www.ncbi.nlm.nih.gov/pubmed/28332367
http://doi.org/10.2215/CJN.00840208
http://www.ncbi.nlm.nih.gov/pubmed/18815241
http://doi.org/10.1016/j.clinbiochem.2007.05.011
http://www.ncbi.nlm.nih.gov/pubmed/17624320
http://doi.org/10.2337/dc11-0829
http://www.ncbi.nlm.nih.gov/pubmed/21926294
http://doi.org/10.3109/00365519709084595
http://doi.org/10.1161/CIRCULATIONAHA.105.169404
http://doi.org/10.1016/j.amjmed.2008.01.040
http://doi.org/10.1373/clinchem.2004.041889
http://doi.org/10.1161/CIRCOUTCOMES.110.957696
http://doi.org/10.1136/archdischild-2016-311062
http://www.ncbi.nlm.nih.gov/pubmed/27647862

	Introduction 
	Materials and Methods 
	Study Design and Subjects 
	Laboratory Analyses 
	Evaluation of Kidney Function 
	Evaluation of Microvascular Complications 
	Statistical Analyses 

	Results 
	General Characteristics of the Cohort 
	Dyslipidemia and Microvascular Complications 
	GFR and Kidney Function 

	Discussion 
	Conclusions 
	References

