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Abstract

Introduction The cystatin C (CysC) serum level is a marker of glomerular filtration rate and depends on age, gender, and pubertal
stage. We hypothesize that CysC might overall reflect energy homeostasis and be regulated by components of the endocrine
system and metabolites in pubertal adolescents.

Methods Serum CysC levels and further possible effector parameters in 5355 fasting, morning venous blood samples from 2035
healthy participants of the LIFE Child cohort study (age 8 to 18 years) were analyzed. Recruitment started in 201 1, with probands
followed up once a year. Linear univariate and stepwise multivariate regression analyses were performed.

Results Annual growth rate, serum levels of thyroid hormones, parathyroid hormone, insulin-like growth factor 1, hemoglobin
Alc (HbAlc), uric acid, and alkaline phosphatase show relevant and significant associations with CysC serum concentrations (p
<0.001). Furthermore, male probands’ CysC correlated with the body mass index and testosterone among other sexual hormones.
Multivariate analyses revealed that uric acid and HbA 1¢ are associated variables of CysC independent from gender (p <0.001). In
males, alkaline phosphatase (p <0.001) is additionally significantly associated with CysC. Thyroid hormones show significant
correlations only in multivariate analyses in females (p <0.001).

Conclusions The described associations strongly suggest an impact of children’s metabolism on CysC serum levels. These
alterations need to be considered in kidney diagnostics using CysC in adolescents. Additionally, further studies are needed on
CysC in children.
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Introduction

Due to its function as an endogenous marker for the glomer-
ular filtration rate (GFR) and thus kidney function, the cyste-
ine protease inhibitor and low molecular weight protein
54 Niels Ziegelasch cystatin C (CysC) is of high interest not only in pediatric
niels.ziegelasch@medizin.uni-leipzig.de nephrology [1]. As the product of a housekeeping gene, it is

produced by all human nucleated cells at a stable rate [2].
Hospital for Children and Adolescents, University of Leipzig, Bc?cause itis freel}./ filtered in the glomerulus, it correlates well
Liebigstrafie 27b, 04103 Leipzig, Germany with GFR determined by gold standard methods, such as the
chromium-ethylenediaminetetraacetic acid complex
(CrEDTA) or inulin in children and adults [3—6]. Measuring
methods include the rapid and precise particle-enhanced tur-
bidimetric and nephelometric immunoassays (PETIA and
PENIA) [7, 8]. The studies of Yata et al. (n = 1128) and
Groesbeck et al. (n = 719) first showed that CysC decreases
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proposed the usage of percentiles for the laboratory assess-
ment of CysC in pediatric patients [11]. Whereas serum levels
of female adolescents decrease starting at 11 years of age,
those for male adolescents increase (B = 0.028 mg/l/a) until
the age of 15 years. From the age of 13 years, they differ
significantly from one another [11]. Similar to creatinine, this
difference amounts to 15% and is therefore of clinical rele-
vance [10, 11]. Body height and pubertal stage, among others,
are good predictors of the CysC serum level [11]. Recently,
Miliku et al. suggested that GFR estimated by equations rely-
ing on CysC are negatively associated with body mass index
(BMI) and body surface area (BSA), but not lean or fat mass
percentage [12]. Whereas in adults, the effects of age, gender,
height, and weight on CysC are well described [13], they are
not satisfactorily assessed in children.

Underlying metabolic and hormonal influences may in-
clude blood glucose levels, insulin as well as glucocorticoids
[14-16]. Additionally, thyroid dysfunction along with alter-
ation of triiodothyronine (FT3), insulin-like growth factor 1
(IGF-1), and growth hormone (GH) levels are associated with
serum CysC levels [17-20]. Further essential impacts on
CysC were found in vitro in bone resorption excitatory as well
as inhibitory activity [21, 22], uric acid in high school students
[23], and serum albumin concentrations in both adults and
children [13, 15]. We hypothesize age- and gender-specific
correlations of CysC serum concentrations and these indica-
tors of growth and metabolism in generally healthy adoles-
cents [11]. Based on our earlier results, we assume that testos-
terone and anabolic hormones are significantly associated
with CysC serum levels in boys and girls during puberty.
Therefore, we aim to investigate potential associations of met-
abolic enzymes and hormones with serum CysC concentra-
tions in adolescents.

Material and methods
Design and study population

Coherence with STROBE (Strengthening the Reporting of
Observational Studies in Epidemiology) criteria is shown
in annex [24]. The data were assessed within the LIFE
Child study in the Leipzig Research Centre for
Civilization Diseases (LIFE) [25, 26]. The population-
based cohort study is recruiting primarily healthy infants,
children, and adolescents in Leipzig (Germany) since
2011. We included measurements of all participants aged
8 to 18 years with valid CysC measurements. Up to 2019,
the 2126 participants had one up to eight follow-up visits
(once per year). We excluded those with kidney anoma-
lies, nephrolithiasis, or febrile urinary tract infections in
their medical history (n = 89). The respective diagnoses
were obtained by computer-assisted personal interview
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and sonography diagnostic. Furthermore, we identified
and excluded four remaining isolated extreme values of
CysC (< 0.4 mg/l), most probably due to measurement
errors. Therefore, our study includes 5355 observations
of 2035 children in total.

The examinations were performed by trained medical staff
following highly standardized procedures [25, 26]. To date,
we were able to establish reference intervals for serum CysC
levels [11], lipids [27], liver enzymes [28], iron-related blood
parameters [29], and metabolites [30] in healthy children. Our
study was conducted according to the Declaration of Helsinki
and was approved by the Ethics Committee of the University
of Leipzig (reg. no. 264-10-19042010), NCT trial number
02550236. All data are pseudomized to comply with the
German data protection law and the General Data Protection
Regulation of the European Union. More information about
our cohort is described by Poulain et al. and Quante et al. [25,
26].

Laboratory assessment

CysC serum levels and all further laboratory parameters were
analyzed in fasting morning venous blood drawn by veni-
puncture. The Institute for Laboratory Medicine, Clinical
Chemistry and Molecular Diagnostic (ILM), University
Hospital Leipzig, used an automated laboratory analyzer,
Cobas8000 (Roche Diagnostics, Mannheim Germany), fol-
lowing the manufacturer’s protocol. The method used for
CysC is the turbidimetric immunoassay (PETIA) Tina-
quant® cystatin C (Roche Diagnostics). Primary measure-
ment range is 0.4-8.0 mg/1. Detailed information can be found
in Ziegelasch et al. [11]. Furthermore, Suppl. Table 1 summa-
rizes the assessment of the other laboratory parameters along
with the respective test, analyzer, and material examined.

Anthropometric assessment

The measurements of skin plication, weight, and height were
taken by our trained staff following highly standardized pro-
cedures. The measurement devices, including a stadiometer
(measurement accuracy of 0.1 cm) and a Seca 701 scale (mea-
surement accuracy of 50 g), were regularly calibrated. The
growth rate was calculated using the difference of height (last
visit height subtracted from the current visit height) divided by
time in days between two visits in our research center.

Statistics

Univariate and multivariate analyses were performed using
the R software (version 4.0.0) [31]. For multivariate analyses,
we used stepwise linear regression analyses (backward dele-
tion) to determine the associations of the independent vari-
ables on CysC levels (R-package Ime4 [32]). The heatmaps



Pediatr Nephrol (2022) 37:423-432

425

show pairwise correlations between CysC and potentially
influencing variables in males and females through illustration
of significance levels (p values). To account for multiple mea-
surements per subject, the subjects were added as random
effect on the intercept in all analyses. Furthermore, all analy-
ses were corrected for age. It is noteworthy that cortisol and
uric acid were only assessed in subcohorts with subjects se-
lected by random sampling.

Results

In total, the data of 2035 participants with 5355 observa-
tions was analyzed. The descriptive data are shown in
Table 1. Furthermore, the distributions of pubertal stages
and BMI in the LIFE Child cohort are summarized in
Table 2. Boys enter the pubertal stage II approximately
half a year later than girls.

Results of univariate linear regression models

Table 3 and Fig. 1 show the results of the linear regression
models for male and female subjects separately. Sex-
independent results of the entire cohort are summarized in
Suppl. Table 2. All analyses were corrected for age and re-
peated measurements per subject by adding the age and pseu-
donym as random effects.

In the entire study population, CysC is positively correlated
with the growth rate as well as BMI (p <0.01). This effect can
also be seen in the male subcohort. Additionally, in males, the
puberty status (p <0.001), the iliac, triceps (p <0.05), and the
subscapular skin folds in millimeters (p <0.001) are positively
associated with CysC serum levels. Nevertheless, in the fe-
male subcohort, only growth rate, iliac skin plication, and
pubertal status show significant associations (p <0.001).

Regarding the endocrine system, testosterone is positively
and significantly associated with CysC in males (p <0.001),
but negatively in females (p <0.01). Furthermore, in males,
follicle-stimulating hormone (FSH) and luteinizing hormone
(LH) correlate positively with serum concentrations of CysC
(p <0.001), but with only a small effect size for LH. In fe-
males, FSH shows similar significant correlations with CysC,
whereas LH and estradiol have only very small effect sizes. Of
all thyroid hormones, FT3 and free thyroid hormone 4 (FT4)
show inverse correlations with CysC (p <0.001). Besides,
parathyroid hormone (PTH) is associated with serum CysC
levels independently from gender, whereas no association
with cortisol could be found. IGF1 and in males insulin are
two further hormones that show significant correlations with
CysC (p <0.001).

Metabolic enzymes and further parameters were investigat-
ed. Hemoglobin Alc (HbAIc) and in male probands the blood
glucose level also correlate significantly with CysC serum

concentrations (p <0.001). An association can also be seen
with serum protein and gamma-glutamyl transferase in males
as well as with albumin, urea, alanine-aminotransferase
(ALAT, p <0.05), and aspartate-aminotransferase serum
levels (ASAT, p <0.001) in female probands. Finally, uric
acid and alkaline phosphatase are associated with serum
CysC independent from gender (p <0.001).

Results of hierarchical multivariate regression models

In stepwise multivariate linear regression analysis (backward
deletion), we determined the factors having the most signifi-
cant statistical association and the highest effect size on CysC.
All factors showing statistically significant effects on CysC in
univariate linear regression models including anthropometric
data were considered in the analyses. The results are shown in
Table 4.

The final model for females includes the free thyroid hor-
mones FT3 and FT4 (p <0.001) that are both inversely asso-
ciated with CysC serum concentrations with 5 = 0.0300 and /3
= —0.0117, respectively. In addition, HbAlc (8 = —0.1026)
and uric acid (8 = 0.5 x 107) show significant correlations
(p <0.001).

In male participants, the last four remaining effector vari-
ables after stepwise deletion were the alkaline phosphatase (/3
= 0.0165, p <0.001), HbAlc (5 = —0.1107, p <0.001), uric
acid (5 = 0.0005, p <0.001), and testosterone (# = 0.0021, p =
0.051).

Discussion

CysC levels were shown to be associated with height, age, and
puberty [11], with puberty status being a strong predictor of
CysC serum concentrations, especially in 11- to 14-year-old
adolescents. This is coherent with previous studies [9, 10, 33].
Likewise, we found a positive correlation of pubertal status
with CysC in boys and a negative correlation in girls. The
growth rate is one strong predictor of serum CysC levels in
all participants in univariate analyses. However, in the multi-
variate regression model, it does not exceed the effect of the
factors described in Table 4. In contrast to girls, boys’ serum
CysC concentrations are associated with the BMI. The effect
of BMI has earlier been investigated by Alosco et al. before
and 12 months after bariatric surgery, showing that BMI
as well as CysC significantly decreased [34]. Another
large study with more than 8000 adults showed that
age, gender, weight, and height were associated with
CysC levels [13]. Marmarinos et al. described an inter-
action of CysC and BMI. However, Miliku et al. found
no correlation with the lean or fat mass percentage in 6-
year-old children, but did not investigate children or
adolescents during puberty [12, 33]. Overall, we assume
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Table 1  Descriptive statistics of the LIFE Child cohort (8—18 years)

Males Females
Parameter (unit) Arithmetic mean Median SD n (obs) Arithmetic mean Median SD n (obs)
Cystatin C (mg/l) 0.92 0.92 0.12 2836 0.87 0.87 0.11 2519
Growth rate (cm/a) 6.45 6.00 3.81 2156 4.61 4.70 4.13 1950
BMI (SDS) 0.19 0.05 1.17 2830 0.29 0.17 1.23 2505
Skin plication biceps (mm) 7.74 5.80 5.13 2819 9.76 8.07 5.60 2455
Skin plication triceps (mm) 13.28 10.93 7.24 2818 15.82 14.20 6.77 2417
Skin plication iliac crest (mm) 11.86 7.93 9.62 2799 14.31 12.20 8.29 2279
Skin plication subscapular (mm) 10.73 7.60 8.26 2815 11.97 9.20 8.09 2429
Puberty status (Tanner stage) 2.28 2.00 143 1767 3.10 3.00 1.52 2197
LH (U/1) 1.99 1.67 1.87 2441 437 2.72 6.52 2146
FSH (U/) 2.64 2.17 1.92 2442 4.30 4.12 2.53 2149
Testosterone (nmol/1) 7.02 1.30 8.42 1415 0.65 0.51 0.86 1298
Estradiol (pmol/l) 40.92 18.40 33.00 1198 201.97 114.70 296.88 1119
TSH (mU/l) 2.63 238 2.20 2756 244 2.19 1.18 2444
FT3 (pmol/l) 6.57 6.54 0.74 2721 6.21 6.22 0.87 2417
FT4 (pmol/l) 15.73 15.70 2.10 2724 15.50 15.40 2.12 2428
Intact PTH (pmol/l) 3.44 3.26 1.24 2580 3.63 3.44 1.25 2287
Cortisol (nmol/l) 300.65 265.30 145.60 309 323.80 294.70 157.88 283
HbAlc (%) 5.09 5.10 0.30 1726 5.08 5.08 0.34 1641
Glucose (mmol/l) 4.87 4.85 0.42 2723 4.79 4.75 0.59 2423
Insulin (pmol/l) 59.45 51.10 48.80 1235 70.36 62.65 46.45 1200
IGF1 (ng/ml) 245.94 221.20 114.92 2163 281.33 276.90 106.96 1200
Protein, serum (g/1) 71.31 71.40 393 2801 71.44 71.40 4.04 1926
Albumin, serum (g/1) 47.67 47.70 2.70 2811 46.95 47.00 2.75 2495
ASAT (pkat/l) 0.50 0.49 0.13 1588 0.45 043 0.13 1485
ALAT (pkat/l) 0.35 0.31 0.18 1586 0.30 0.27 0.14 1481
GGT (ukat/l) 0.25 0.22 0.11 1663 0.21 0.19 0.10 1587
ALP (pkat/l) 3.98 3.87 1.42 2792 3.02 3.09 1.48 2487
Uric acid (umol/l) 301.41 296.50 79.88 632 275.00 274.00 59.97 605
Urea (mmol/l) 4.26 420 0.99 1526 3.84 3.80 0.86 1427

Abbreviations: ALAT alanine-aminotransferase, alkaline phosphatase, ASAT aspartate-aminotransferase, BMI body mass index, CI confidence interval, GGT
gamma-glutamyl transferase, F'SH follicle-stimulating hormone, F'73 free thyroid hormone 3, 74 free thyroid hormone 4, HbA ¢ hemoglobin Ac, IgG immu-

noglobulin G, /GFI insulin-like growth factor, LH luteinizing hormone, n number of observations, obs observations, SD standard deviation, PTH parathyroid

hormone, TSH thyroid-stimulating hormone

Note: cortisol and uric acid were only assessed in subcohorts with subjects selected by random sampling

an effect of body composition and development on
CysC due to altering metabolism. This effect is most
obvious in pubertal boys and may be explained by a
higher growth rate compared to adolescent girls with
an anabolic status.

Underlying hormonal mechanisms are already discussed in
earlier studies: GH and FT3 enhance the production of CysC
in adipocytes [18]. In vivo, FT3 enhances CysC levels in
patients with hyperthyroidism [19]. When examining post-
transsphenoidal surgery patients, CysC declined similarly to
GH and IGF1 [20]. A positive correlation of FT3 is confirmed
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in our study, whereas FT4 is negatively associated with CysC.
These two parameters are showing significant, but inverse
associations with CysC serum concentrations in multivariate
analyses in girls. The deiodinase may explain this inverse
effect, although, to our knowledge, no studies investigating
this potential association exist to date. Only in patients with
thyroid dysfunction, CysC levels were already described to
moderately but significantly rise along with thyroxin blood
levels [17]. IGF-1 is another factor with relevant effect in both
males and females, which, however, does not exceed the ef-
fect of the factors in the described multivariate analyses. One
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Table 2 Distribution of puberty
status and BMI in the LIFE Child Males Females
cohort (8-18 years)

Pubertal status (Tanner — n Age mean in Age SD in n Age mean in Age SD in

stage) years years years years

1 760 9.76 1.20 481 9.35 0.94

2 402 11.63 1.19 392 10.94 1.19

3 170 13.14 1.22 347 12.54 1.30

4 215 14.18 1.25 370 14.15 1.49

5 220 15.73 1.32 607 15.55 1.36

All 1767 12.37 2.61 2197 1270 2.66

BMI category n n

Underweight 250 196

Normal 2067 1798

Overweight 202 188

Obese 311 323

All 1479 1406

Abbreviations: n number of observations, BMI body mass index

Puberty status: pre-pubertal (Tanner stage 1), pubertal (Tanner stages 2-4), post-pubertal (Tanner stage 5). BMI groups:
underweight < 10th percentile, overweight > 90th percentile, obese > 97th percentile

As the puberty status and BMI were not examined in all participants, the total numbers of all observations and participants
in this table differ from the numbers presented in Table 3

similarity of all these potential effector variables is their phys-
iological function in the body’s metabolism and body growth.

After stepwise deletion in the multivariate analyses, testos-
terone was among the four remaining factors with the stron-
gest correlations to serum CysC with a final  of 0.505 (p =
0.051). To our knowledge, no studies examining this correla-
tion to CysC in children exist so far. Veldhuis et al. only found
lower estradiol and increased testosterone associated with
higher IGF-I in healthy aging adults, suggesting IGF-1 as a
potential mediator variable [35]. Nevertheless, Phillip et al.
did not find any effects of testosterone on CysC when inves-
tigating hypophysectomized castrated rats [36]. Therefore, an
association of testosterone and CysC may depend on the pi-
tuitary gland activity, maybe through activation of the GH
axis.

In our study, the anabolic hormone insulin showed a sig-
nificant correlation to CysC only in males. Therefore, insulin
may be another potential mediator or effector in the interde-
pendence of CysC and pubertal stage in boys. Testosterone
induces an anabolic metabolism that may result in an increas-
ing insulin serum level. Meanwhile, no relevant effect of the
metabolic hormone cortisol on CysC could be found. So far,
only studies in children treated with glucocorticoids for ma-
lignancy or kidney disease were proven to have elevated
levels of serum CysC [14-16]. An interaction of glucocorti-
coid levels and CysC is not described in healthy children yet.

Finally, we examined the association of indicators of cell
and body metabolism with CysC. Lerner and Grubb described
a positive correlation of CysC with bone resorption as well as

its potential function of antagonizing the effect of PTH and
PTH-related peptide on bone metabolism [22]. The accumu-
lation of CysC in milk basic protein in vitro was positively
correlated to osteoblastic proliferation as well as bone resorp-
tion inhibitory activity in a study by Yasueda et al. [21],
confirming the findings of Lerner and Grubb. In our study,
PTH was associated with CysC with # = 0.017 (p <0.001)
independent from gender. On the contrary, alkaline phospha-
tase as an indicator of bone metabolism remained one poten-
tial effector variable of CysC in multivariate analyses in boys,
not in girls. Nevertheless, the effect does not differ between
boys and girls in univariate analyses (S,oys = 0.022 and fBgirs =
0.025, both p <0.001). We assume that alkaline phosphatase
may increase especially in pubertal boys with an elevated
growth rate compared to girls. Other potential indicators of
cell metabolism, i.e., cellular processes of degradation and
new formation, include uric acid, whose direct correlation
with CysC was shown to be higher in boys than girls [23].
Likewise, serum albumin concentrations are known to be as-
sociated with lower concentrations of CysC [13, 15]. We
found uric acid to be a strong predictor of serum CysC levels
in both males and females, even in multivariate analyses (ff =
0.005, p <0.001), whereas serum albumin concentrations
showed no relevant impact on CysC. However, uric acid
was only assessed in subcohorts with subjects selected by
random sampling (z = 1237). The high correlation with
CysC in multivariate analyses may be explained by the phys-
iological role of uric acid in cell metabolism as mentioned
above. Additionally, uric acid is renally excreted and therefore
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depends on kidney function with CysC as an important
indicator.

The metabolic function of the liver may also alter CysC
serum concentrations: associations with the matrix metallo-
proteinase 2 and hepatic diseases both positively correlated
with CysC [37]. Furthermore, a direct correlation with liver
fibrosis stages and the severity of liver diseases was found
[38-40]. However, associations of liver enzymes and CysC
in primarily healthy subjects were not described yet. We
found only low associations with ASAT and ALAT, as well
as urea in girls, with gamma-glutamyl transferase in boys.
They may indicate increased metabolic activity in pubertal
adolescents, although this potential interdependence would

not explain the differences between boys and girls found in
this study.

Limitations of this study include the methodology:
CysC concentrations were assessed by turbidimetric as-
says, whereas a previous meta-analysis favors nephelo-
metric assays [41]. The different methodology may ex-
plain discrepancies of our results with those of other
studies. Furthermore, correlation does not necessarily
mean a causal relationship between cystatin C and the
considered variable. Causality may for example be de-
termined by Mendelian randomization studies. Besides,
the homogeneity of our primarily Caucasian cohort of
Leipzig limits the generalizability of the results.
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Table 4  Results of stepwise multivariate analyses of various parameters with CysC in males and females

Males Females

Parameter (unit*) B (mg/l per*)  std. error  zvalue pvalue  Parameter (unit*) B (mg/l per*)  std.error zvalue  p value
Testosterone (nmol/l)  0.0021 0.0008 2.513 0.0505 FT3 (pmol/l) 0.0300 0.0051 5.894 <0.001
ALP (pkat/l) 0.0165 0.0044 3.741 <0.001  FT4 (pmol/l) -0.0117 0.0022 -5236 <0.001
HBAIC (%) —0.1107 0.0170 —6.528 <0.001 HBAIC (%) —0.1026 0.0133 -7.711 < 0.001
Uric acid (umol/l) 0.0005 0.0001 6.315 <0.001  Uric acid (umol/l)  0.0005 0.0001 5.931 <0.001

ALP aspartate-aminotransferase, F'73 free thyroid hormone 3, F'T4 free thyroid hormone 4, HbA I¢ hemoglobin Alc

The analysis includes 360 and 516 probands for males (R? = 0.26) and females (R®> = 0.26), respectively. Independent variables included in this stepwise
multivariate analyses: growth rate (cm/a), BMI (SDS), skin plication lliac crest (mm, only in females’ analysis), skin plication subscapular (mm, only in males’
analysis), puberty status (Tanner stage), LH (U/l), FSH (U/l), testosterone (nmol/l), estradiol (pmol/l), TSH (mU/l), FT3 (pmol/l), FT4 (pmol/), intact PTH (pmol/l),
cortisol (nmol/l), HbA1c (%), glucose (mmol/), insulin (pmol), IGF1 (ng/ml), protein (g/l), albumin (g/l), ASAT (ukat/l), ALAT (ukat/l), GGT (ukat/l), ALP (ukat/l), uric

acid (umol/l), urea (mmol/l)

Overall, we assume that body growth in boys due to puber-
tal development affects the synthesis of the housekeeping pro-
tein CysC. Its positive correlation with testosterone and alka-
line phosphatase as predictors of body growth underline this
thesis. The underlying mechanisms may include the hormonal
stimulation of the body’s cell metabolism. This may also ex-
plain the high accuracy of eGFR equations such as the
Andersen formula including the body cell mass [42, 43].

Conclusions

The results show that differences in CysC during puberty are
associated with testosterone and other indicators of cell metab-
olism and growth. Due to the broad age range from 8 to 18
years, a large number of observations (n = 5335) of healthy
participants, and a standardized assessment, the results are of
high accuracy. They emphasize the necessity of using percen-
tiles of CysC serum levels in adolescents in kidney diagnostics.
Additionally, further studies are needed on CysC in children.
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