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Purpose: Growth differentiation factor 15 (GDF-15) is a stress-responsive cytokine mostly linked to pathological conditions
including inflammation, myocardial ischemia, and cancer. We aimed to establish reference intervals (RIs) for GDF-15 in a large,
multicenter cohort of apparently healthy Chinese individuals.

Patients and Methods: Adopting unified and stringent criteria, 8,488 eligible subjects from six representative cities in China were
enrolled. Serum GDF-15 concentrations were measured with the Maccura Biotechnology 13000 automatic chemiluminescence
analyzer and its corresponding reagents. Outliers were identified using the Tukey’s test. To determine the need for partitioning by
age and sex, we conducted a two-level nested analysis of variance (ANOVA), considering an standard deviation ratio (SDR) > 0.3 as
indicative of notable subgroup differences. The 2.5th and 97.5th percentiles of the RIs were established using non-parametric statistical
methods, with 90% confidence interval.

Results: A total of 7,764 participants were included in the data analysis, with 724 outliers excluded. GDF-15 levels displayed
a skewed distribution as confirmed by the Kolmogorov—Smirnov test. GDF-15 levels increased with age (All P < 0.001) and were
higher in males than in females (all P<0.001, except 18-29 years, P=0.373). The SDR from the two-level nested ANOVA for
different age intervals and sex were 0.83 and <0.01. Age- and sex-specific RIs for serum GDF-15 were established based on the study
cohort.

Conclusion: Our study indicates that GDF-15 levels in the Chinese population are comparable to those observed in European
populations, with the exception of sex-based differences.
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Introduction

Growth differentiation factor 15 (GDF-15) is a member of the transforming growth factor-f (TGF-B) cytokine super-
family and is secreted into the circulation as a homodimer.! Under physiological conditions, GDF-15 is expressed at low
levels in most tissues except the placenta and its levels can vary with factors such as exercise, pregnancy, and aging.>
However, GDF-15 can be markedly upregulated in response to inflammatory cytokines, oxidative stress, and hypoxia in
various cell types, functioning as a stress-inducible cytokine.*

Recently, interest in GDF-15 as a prognostic marker for cardiovascular disease has grown, with studies demonstrating
that GDF-15 provides incremental prognostic value independent of traditional risk factors and established biomarkers.”
Additionally, two prespecified GDF-15 cut-off levels—1200 and 1800 ng/L—have shown promise for risk stratification
and guiding invasive treatment strategies in patients with non-ST-elevation acute coronary syndrome (NSTE-ACS).’
These thresholds are based on tertiles of GDF-15 levels in NSTE-ACS patients,” with the 1200 ng/L threshold also

corresponding to the 90th percentile and proposed as the upper reference limit in a study of 429 apparently healthy
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elderly individuals.'® Elevated levels of GDF-15 have been associated with poor cardiovascular health, subclinical
disease, and increased all-cause, cardiovascular, and non-cardiovascular mortality in community-dwelling individuals,
supporting its potential role as a biological marker of aging.'""'? Therefore, it is important to characterize the distribution
of GDF-15 in healthy populations. Most existing research on GDF-15 reference intervals (RIs) is based on data from
Western populations, which limits the direct applicability of these Rls to non-Western populations such as China."*'
Additionally, genetic differences contribute to inter-individual variations in GDF-15 levels.'®

In this study, we aimed to establish RIs for GDF-15 in a large, multicenter cohort of apparently healthy Chinese
individuals. Additionally, we sought to explore age- and sex-stratified reference ranges for GDF-15 to better understand

its distribution across demographic subgroups within this population.

Materials and Methods
Study Population

This multicenter study was conducted across six cities in China, namely Changsha, Shenyang, Ningxia, Chengdu,
Hangzhou, and Nanning, over the period from June to December 2020 with a total of 10,618 adults was recruited into
the cohort. The study population was derived from a previously published study,'” which focused on establishing RIs for
blood lipids and homocysteine in the Chinese population. However, the inclusion and exclusion criteria were specifically
refined in the present study to align with the objective of evaluating GDF-15 as a biomarker. Eligible participants were 18
years or older with a body mass index (BMI) between 18.5 and 28 kg/m?2. Exclusion criteria included a medical history of
diabetes mellitus, hypertension, coronary artery disease, stroke, liver or kidney diseases, or cancer; any surgery within the
past six months; active infections; recent or continued use of alcohol, tobacco, or oral contraceptives; medication use in
the past two weeks; hospitalization within the past month; and pregnancy within the past year. Participants with abnormal
blood lipid or glucose concentrations were excluded from the study. In contrast to previous research,'” which applied
more comprehensive exclusion criteria based on an extended lipid profile, the present study excluded only individuals
with conventional dyslipidemia. The study adhered to the principles of the Declaration of Helsinki, with approval from
the Ethics Committee of Beijing Anzhen Hospital, Capital Medical University (KS2020005), and informed consent was
waived by the ethics board.

Sample Collection

Following a standardized protocol, blood samples were collected. Participants fasted for at least 8 hours and remained
seated for 15 minutes prior to sample collection. Blood was drawn from the elbow vein and left at room temperature for
a minimum of 30 minutes before centrifugation at 2,980 x g for 10 minutes to obtain serum. The samples were stored at
—80 °C and transported at —20 °C to the central laboratory of Beijing Anzhen Hospital for analysis.

GDF-15 Measurement

Serum GDF-15 levels were measured using the 13000 automatic chemiluminescence analyzer (Maccura Biotechnology,
Chengdu, China) along with the manufacturer’s reagents (GDF-15 Chemiluminescent Immunoassay Kit) and quality
control materials. At present, GDF-15 lacks certified reference materials and does not have an established reference
measurement procedure. The metrological traceability available for GDF-15 measurements relies on the calibrator
provided by the manufacturer. This assay demonstrated a strong correlation with a previously validated enzyme-linked
immunosorbent assay (ELISA, R&D) method (y = 0.9542x + 57.741, r = 0.9418). It has a linear range of 100-30,000 ng/
L (r=0.9997) and offers high precision, with intra-assay coefficients of variation of 3.4% at 779 ng/L and 4.6% at 2147
ng/L, and inter-assay coefficients of 3.2% at 775 ng/L and 2.0% at 2155 ng/L. The limit of detection (LoD) of this assay
is 25 ng/L.

Statistical Analysis

All statistical analyses were conducted with R software for macOS (Version 4.2.1, https://www.r-project.org/). Outliers

were identified following the Clinical and Laboratory Standards Institute/International Federation of Clinical Chemistry
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(CLSI/IFCC) guideline using the Tukey’s test, and GDF-15 values exceeded the lower and upper boundaries were
excluded. The Kolmogorov—Smirnov test was applied to assess the normality of GDF-15 distribution. For skewed data,
a nonparametric approach was used to establish Rls.'® To visualize the data distribution and GDF-15 levels with age,
a histogram and scattergram with a fitted curve were used. Percentile curves were plotted using the least mean square
(LMS) method. To assess whether stratification by sex and age was necessary, a two-level nested analysis of variance
(ANOVA) was employed following Ichihara’s approach, considering an standard deviation ratio (SDR) > 0.3 as
indicative of notable subgroup differences.'” For further analysis of significant differences among age groups, the
Tukey HSD post hoc test was used. Based on World Health Organization (WHO) age classification standards, individuals
were classified into five age groups: 18-29, 30—44, 45-59, 60—74, and > 75 years, ensuring a consistent 15-year range.
Given that physiological markers can vary in minors, the initial age group was set to start at 18 years. A P-value < 0.05
was deemed significant for all tests.

Results

Out of the 10,618 apparently healthy individuals, 8,488 (79.9%) were eligible for the study. The Tukey’s test identified
724 outliers in GDF-15. A total of 7,764 participants were included in the data analysis (Figure 1). Median age of
participants was 41 (25th-75th percentiles, 30-60) years, and 3423 (44.1%) participates were male. The participants were
distributed as follows: 1,304 (16.8%) from Changsha, 1,438 (18.5%) from Shenyang, 1,460 (18.8%) from Ningxia, 1,480
(19.1%) from Chengdu, 1,315 (16.9%) from Hangzhou, and 767 (9.9%) from Nanning (Table 1).

The association between age and GDF-15 levels displayed a similar trend in both sexes: a gradual increase up to age
40, followed by a more pronounced rise thereafter, with GDF-15 levels consistently higher in males than in females
(Figure 2). The percentile curves in Figure 3 further highlight this age-related trend, with the median GDF-15 levels
showing an approximately three-fold increase from youngest to oldest participants. Additionally, the percentile distribu-
tion broadened significantly in older age groups, with the difference between the 2.5th and 97.5th percentiles nearly
doubling with age.

10,618 apparently healthy individuals

2,130 were ineligible:
1,158 with TC = 5.20 mmol/L
275 with TG = 1.70 mmol/L
21 with GluG = 7.0 mmol/L
676 without GDF-15 value

A 4

v

8,488 eligible healthy individuals

,| Exclusion of 724 GDF-15
outliers using Tukey’s method

A

7,764 eligible healthy individuals

Figure | Recruitment schematic to establish reference intervals for GDF-15 in a Chinese population.
Abbreviations: TG, triglycerides; TC, total cholesterol; Glu, glucose.
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Table | Frequency Distributions of GDF-15 in 7764 Healthy Individuals by
Gender, Age Groups and Six Regions of China

Region Gender Age (Years)
18-29 | 30-44 | 45-59 | 60-74 | =75
Changsha (n=1,304) Male (n=644) 147 148 137 129 83
Female (n=660) 167 169 137 121 66
Shenyang (n=1,438) Male (n=556) 138 141 124 100 53
Female (n=882) 137 334 205 121 85
Ningxia (n=1,460) Male (n=647) 120 189 19 139 80
Female (n=813) 107 281 144 162 119
Chengdu (n=1,480) Male (n=568) 144 174 116 90 44
Female (n=912) 273 352 132 103 52
Hangzhou (n=1,315) Male (n=652) 129 214 128 102 79
Female (n=663) 156 207 17 99 84
Nanning (n=767) Male (n=356) 165 86 63 34 8
Female (n=411) 179 19 60 44 9

The frequency distribution of GDF-15 in the reference population was shown to be non-Gaussian (Figure 4). The
Kolmogorov—Smirnov test rejects normality (P <0.001). In the whole cohort, median GDF-15 was 696 (25th-75th
percentiles: 522—-1,096) ng/L. The two-level nested ANOVA analysis revealed an SDR of 0.83 for age intervals, while the
SDR < 0.3 for sex. The Tukey HSD post hoc test revealed no significant difference in GDF-15 levels between males and
females within the 18-29 age group (P = 0.373). However, in all other age groups, GDF-15 levels were significantly
higher in males than in females (All P < 0.001) (Figure 5).

The non-parametric method was used to establish RIs for GDF-15, with partitioning according age interval (18-29,
3044, 45-59, 6074, and > 75 years) and sex (male and female). The defined RIs for each subgroup are summarized in
Table 2 and Table 3.

Discussion

Our study established RIs for GDF-15, stratified by age and sex, using data from apparently healthy adults across six
representative regions of China. Results indicate that GDF-15 levels increase with age and are generally higher in men
than in women.

—Female
—Male
—Overall

20 40 60 80

Figure 2 Scattergram with smoothed curves of GDF-15 across age. The blue spots and solid line represent individual data of males. The red spots and solid line represent
individual data of females. The black solid line represent all participants.
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Smoothed centile curves for serum GDF-15 based on age
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Figure 3 Smoothed percentile curves showing serum GDF-15 concentration by age in apparently healthy participants. (A) All participants; (B) Male participates; (C) Female
participates.
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Figure 4 GDF-15 reference population histogram. Green bars represent males; Blue bars represent females.
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Figure 5 Box plot of GDF-15 levels across age and sex Groups. The box plot illustrates the distribution of GDF-15 levels across different age and sex groups. Each box
represents the interquartile range (IQR), showing the 25th to 75th percentiles of GDF-15 levels. The horizontal line within each box marks the median value. Whiskers

extend to the smallest and largest values within |.5 times the IQR. Blue box: male; Red box: Female.

To our knowledge, this is the first study to explore GDF-15 concentrations in the apparently healthy Chinese
population. Previous related studies primarily involved White participants of European ancestry, limiting the applicability
of those findings to other racial and ethnic groups.'>'>**?! Although approximately 40% of GDF-15 levels are
genetically determined, our results indicate that GDF-15 levels in the Chinese population are comparable to those
observed in European populations.'® A prior study involving 15,948 individuals from the general population reported
age-specific upper reference limits for GDF-15. For males, the upper reference limits were 1,094, 1,400, 1,740, 2,194,
2,704 and 3,065 ng/L for the age groups < 30, 30-39, 4049, 5059, 60—69 and 70-79 years, respectively. For females,
the corresponding limits were 1,738, 1,541, 1,595, 1,920, 2,326 and 3,066 ng/L.20 These results are slightly higher than
those observed in our study, particularly among younger women and older adults. We speculate that this difference may

be attributed to lax selection criteria, as well as the potential inclusion of pregnant participants.?
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Table 2 Age-Specific and Sex-Specific Reference Intervals for GDF-15 (ng/L) in China

Age Overall* Male Female
(Years)
n LRL ME URL n LRL ME URL n LRL ME URL
(90% CI) (90% CI) (90% CI) (90% CI) (90% CI) (90% CI) (90% CI) (90% CI) (90% CI)
18-29 1862 312 512 1074 843 316 540 1048 1019 310 489 117
(302-327) (530-549) (1019-1128) (302-327) (530-549) (968-1094) (300-316) (479-501) (974-1328)
30-44 2414 349 584 1211 952 363 610 1234 1462 344 567 1163
(350-376) (599-621) (1160-1257) (350-37¢) (599-621) (1194-1312) (334-351) (561-577) (1087-1219)
45-59 1482 428 8l 1898 687 450 888 1999 795 418 750 1718
(417-477) (869-915) (1819-1991) (417-477) (869-915) (1875-2094) (390-434) (726-773) (1567-1876)
60-74 1244 624 1206 2271 594 656 1329 2308 650 615 1126 2202
(535-701) (1284-1363) (2206-2317) (535- —701) (1284-1363) (2269-2341) (563-665) (1094-1158) (2104-2265)
275 762 821 1730 2375 347 1077 1782 2380 415 788 1676 2365
(804—1164) (1736-1838) (2356-2387) (804-1164) (1736-1838) (2355-2397) (638-890) (1605-1727) (2339-2384)

Notes: GDF-15, growth differentiation factor 15; LRL, lower reference limit; Cl, confidence interval; ME, median; URL, upper reference limit. *: The p-values for
comparisons of median values between males and females, as well as across the corresponding age categories, were significant (p < 0.001), except for males and females aged
18-29 (p = 0.373).

Table 3 Reference Intervals of GDF-15 with
Different Gender and Age Interval

Age (Years) Sex Reference Intervals (ng/L)

18-29 Male 312-1074
Female

3044 Male 363-1234
Female 3441163

45-59 Male 450-1999
Female 418-1718

60-74 Male 656-2308
Female 615-2202

=75 Male 1077-2380
Female 788-2365

Notes: GDF-15, growth differentiation factor |5.

An earlier study assessing GDF-15 concentrations utilized an automated electrochemiluminescence immunoassay
(Elecsys™) in a cohort of 739 apparently healthy individuals, reporting age-specific upper reference limits for GDF-15."
The LoD for this assay was 400 ng/L, with more than 10% of participants presenting GDF-15 concentrations at or below
this threshold. In contrast, we employed a different automated electrochemiluminescence immunoassay (Maccura) with
a LoD of 25 ng/L, and no individual in our study had a GDF-15 concentration below this level. Given that GDF-15 is
a predictor of future cardiovascular events in apparently healthy individuals, it is crucial to capture the full range of GDF-
15 concentrations expected in a healthy population.®’*

Consistent with previous research, GDF-15 levels increased with age in our study. Some researchers have suggested
that individuals with GDF15 concentrations at the higher end of the range may have asymptomatic cardiovascular
disease. Indeed, elevated GDF-15 concentrations in community-dwelling individuals are associated with subclinical
vascular and cardiac pathologies.”* However, we believe other factors may also explain this finding, as the correlation
between GDF-15 concentration and age is also observed in carefully characterized cohorts of apparently healthy
individuals.'™'> Aging is frequently associated with a chronic, low-grade inflammatory state—referred to as inflamma-
ging—which has been shown to induce the expression of GDF-15.>> Unlike previous studies, although the two-level
nested ANOVA suggested that sex-based stratification was unnecessary, post hoc analysis showed no sex difference in
the 18-29 age group but significant differences in older groups. Therefore, we applied sex stratification within the adult

and elderly age groups. In vitro, estradiol significantly decreased GDF-15 expression by activating estrogen receptors,
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which subsequently increased DNA methyltransferase 1 (DNMT1) expression.’®?’ This upregulation of DNMTI
enhanced methylation in the TP53 promoter, leading to the downregulation of GDF-15.? Additionally, circulating levels
of GDF-15 were lower in menopausal women treated with estrogen compared to those given a placebo.”® These results
support our finding that GDF-15 levels in women increase rapidly during menopause.

The strength of our study lies in our participant cohort. First, we included 7,764 healthy Chinese adults from six
representative cities. Second, the large sample size and broad age range enable stratified analysis of the reference ranges.
Third, our stringent inclusion criteria ensured data quality: in addition to self-reported medical history, all participants
underwent testing for blood glucose and lipid levels to confirm health status, as reflected by the narrow 95% CI of our
RIs. Furthermore, GDF-15 concentrations were measured using the same equipment across all samples, ensuring
consistency in data collection.

There are some limitations in our study. GDF-15 was measured in frozen serum samples after a second thaw;
however, previous data suggests that GDF-15 is stable through up to four freeze-thaw cycles."> Additionally, we
considered only gender and age as influencing factors, without collecting information on other potential confounders
such as BMI, dietary habits, and socioeconomic status, which may also impact GDF-15 levels. Previous research has
suggested that while BMI may influence GDF-15 levels in cohort with disease, this relationship may be less pronounced
in generally healthy populations.”’ Besides, we partly attributed sex- and age-related reference values in women to
effects of estrogen, but no supporting data about GDF-15 values for pre- and post-menopausal women have been
provided. Finally, despite applying selection criteria, the authors identified 8.5% outliers, which is relatively high. Further
analysis of the age distribution of these outliers revealed that the median age was 79 years. Notably, our study included
approximately 350 participants aged 80 and above, and China has the largest population of individuals aged 80 and
above. In contrast, previous studies often included smaller samples of elderly individuals or younger populations, which
may explain some of the discrepancies.

Conclusion

In conclusion, our study is the first to establish Rls for serum GDF-15 based on a large, multicenter sample of apparently
healthy individuals from six representative cities across China. We found that serum GDF-15 levels increase progres-
sively with age and are generally higher in males than in females. Accordingly, we developed age- and sex-specific Rls
of GDF-15 to reflect these physiological variations in the Chinese population. Furthermore, the similar distribution
patterns of GDF-15 observed across different ethnic populations support the applicability of the proposed clinical
decision thresholds of 1200 and 1800 ng/L within the Chinese population.
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