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Abstract

Introduction: Gla-rich protein (GRP) is a vitamin K-dependent protein involved in the regulation of ectopic calcification and inflammatory proce-
sses. However, data on circulating GRP concentrations in healthy adults remain limited. 
Materials and methods: This cross-sectional observational study evaluated serum total GRP (tGRP) concentrations in 254 healthy adult blood 
donors (48% male), aged 18-65 years, using a sandwich enzyme-linked immunosorbent assay (ELISA) (GenoGla Diagnostics, Faro, Portugal). Par-
ticipants were stratified by age tertiles, and associations between serum tGRP concentrations and demographic and laboratory parameters were 
assessed using non-parametric statistical tests, Spearman correlation, and stepwise linear regression.
Results: The median serum tGRP concentration in the overall population was 1809.5 pg/mL (interquartile range: 1197.4-2476.0 pg/mL). Serum tGRP 
concentrations differed significantly across age tertiles (P = 0.038), with higher concentrations observed in younger adults. Serum tGRP concentra-
tions showed a weak but statistically significant inverse correlation with age (r = - 0.30, P = 0.001), while no significant differences were observed 
between sexes (P = 0.420). In multivariable analysis, age and serum calcium concentration remained independently associated with serum tGRP 
concentrations, jointly explaining approximately 7% of their variability. 
Conclusion: This study establishes robust reference data for circulating tGRP concentrations in healthy adults, providing a foundation for the inter-
pretation of GRP measurements in future clinical and epidemiological research. 
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Highlights 

•	 Age had a weak negative association with total Gla-rich protein (tGRP)
•	 No significant sex differences were observed in tGRP concentrations
•	 Highest tGRP concentrations observed in the 18-30 age group
•	 Age and calcium were the main factors influencing serum tGRP variability

Introduction

Gla-rich protein (GRP), also known as upper zone 
of growth plate and cartilage matrix associated 
protein (UCMA), is a circulating vitamin K-depend-

ent protein with calcium- and mineral-binding 
properties (1-3). Gla-rich protein has been impli-
cated in biological processes related to extracellu-
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lar matrix organization mineral homeostasis, in-
flammatory responses, and mechanisms driving 
malignant transformation (4-8).

Most available knowledge regarding GRP derives 
from studies conducted in pathological contexts, 
particularly conditions characterized by inflamma-
tion and ectopic calcification (9-11). Accordingly, 
circulating GRP concentrations have been report-
ed in several diseases cohorts, including chronic 
kidney disease and cardiovascular disease (12-16).

However, data on circulating GRP concentrations 
in well-characterized healthy adult populations re-
main limited. To date, GRP concentrations have 
mainly been reported in control groups, not spe-
cifically designed to represent healthy individuals 
and therefore provides limited insight into GRP 
concentrations in this context (15,16).

Reliable characterization of circulating GRP con-
centrations in healthy populations requires analyt-
ical robustness. Our group has previously reported 
GRP concentrations in several clinical cohorts us-
ing a sandwich enzyme-linked immunosorbent 
assay (ELISA) for total GRP (tGRP). Since its initial 
description this assay has undergone technical op-
timization, aimed at improving analytical robust-
ness and long-term performance while preserving 
the original assay principle and analytical target 
(17). Importantly, all previously reported clinical 
GRP measurements from our group were generat-
ed using this optimized assay version; however, its 
formal analytical validation is reported for the first 
time in the present study (12-14). 

Establishing descriptive data on GRP concentra-
tions in healthy adults is essential for contextualiz-
ing findings from disease-based studies and for 
supporting future clinical and translational re-
search. In healthy individuals, demographic char-
acteristics such as age and sex, as well as routinely 
measured laboratory parameters reflecting renal 
function, lipid metabolism, and low-grade inflam-
mation, may plausibly influence circulating protein 
concentrations and therefore warrant systematic 
evaluation.

Therefore, the aim of the present study was to de-
scribe serum tGRP concentrations in a cohort of 
healthy adult blood donors using a sandwich ELI-

SA and to explore their associations with demo-
graphic characteristics and selected routine labo-
ratory parameters.

Materials and methods

Subjects

This cross-sectional observational study evaluated 
serum tGRP concentrations in healthy adult blood 
donors. Participants were recruited at the Immu-
nology Department of Algarve Local Health Unit 
(ULSA), Faro, Portugal, between May and August 
2024. A total of 363 blood donors were selected 
prior to blood collection using a standardized 
health questionnaire and medical interview, man-
datory for all blood donation units in Portugal and 
regulated by the Portuguese Institute of Blood and 
Transplantation (IPST). This screening procedure 
follows national legislation transposing European 
Union directives on blood quality and safety (Di-
rective 2002/98/EC and subsequent implementing 
directives) and includes evaluation of medical his-
tory, medication use, recent infections, and trans-
fusion-relevant risk factors. As part of routine blood 
donor eligibility screening, hemoglobin concentra-
tion was assessed by trained nursing staff using a 
point-of-care capillary finger-prick hemoglobin 
test (Werfen, Carnaxide, Portugal). Individuals not 
meeting blood donation hemoglobin require-
ments were excluded as viable blood donors. Only 
donors fulfilling all eligibility requirements for 
blood donation were selected for posterior bio-
chemical analysis (Table 1).

Exclusion criteria comprised obesity (body mass 
index ≥ 30 kg/m²), known pregnancy, non-Cauca-
sian ancestry, a previous or current diagnosis of 
diabetes mellitus (type 1 or type 2), thyroid, liver or 
kidney disease, anemia, osteoarthritis or other ar-
ticular disease, and cardiovascular disease (includ-
ing hypertension, coronary artery disease, previ-
ous myocardial infarction, coronary angioplasty, 
coronary bypass surgery, varicose veins, conges-
tive cardiac failure, or stroke). Individuals with a 
first-degree family history of hypertension, neo-
plasia, or diabetes mellitus (type 1 or type 2), and/
or laboratory parameters outside predefined eligi-
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Parameter (unit) Inclusion criteria Participant values

Age, years 18-65* 19-65

BMI, kg/m² < 30* 24.90 ± 3.14

Creatinine, µmol/L 62-115† 73 (64.5-86.6)

eGFR, mL/min/1.73 m² ≥ 90† 112 (108-124)

Total cholesterol, mmol/L < 5.70† 4.64 (4.03-5.20)

HDL cholesterol, mmol/L > 0.91† 1.45 (1.19-1.57)

LDL cholesterol, mmol/L < 3.37† 2.69 (2.16-3.03)

Total protein, g/L 60-83† 72.50 ± 5.80

Calcium, mmol/L 2.12-2.62† 2.39 ±0.13

Phosphate, mmol/L 1.10-1.45† 1.24 ±0.08

Magnesium, mmol/L 0.70-0.90† 0.77 ± 0.05

Sodium, mmol/L 136-145† 139.2 ± 2.65

Potassium, mmol/L 3.7-5.2† 4.28 ± 0.39

Total bilirubin, µmol/L < 20† 9.75 (3.72-12.45)

AST, U/L < 40† 22.80 (17.24-26.12)

hsCRP, mg/L ≤ 3† 0.40 (0.26-0.45)

Characteristics and inclusion criteria. Data are represented mean ± standard deviation or median (interquartile range), according to 
data distribution. Age is presented as minimum-maximum. *Inclusion criteria applied during blood donor selection according to 
ULSA institutional blood donation eligibility requirements. †Biochemical reference ranges used to exclude participants with values 
outside the normal laboratory range (Synlab, Portugal).. BMI - body mass index. eGFR - estimated glomerular filtration rate. C-HDL 
- high density lipoprotein. C-LDL - low density lipoprotein. AST - aspartate aminotransferase. hsCRP - high sensitivity C-reactive 
protein.

Table 1. Inclusion criteria and parameters obtained for the selection of apparently healthy subjects

bility ranges for the present study (Table 1) were 
excluded. These reference ranges correspond to 
routine clinical chemistry parameters measured as 
part of the study and were used to ensure inclu-
sion of individuals without biochemical abnormal-
ities. In addition, participants receiving coumarin 
derivatives, systemic glucocorticoids or other anti-
inflammatory therapy, or calcium/phosphate bind-
ers were excluded. Information on prescription 
medication use was systematically collected dur-
ing donor eligibility assessment. The use of over-
the-counter dietary supplements, such as vitamins 
or mineral preparations, was not systematically re-
corded. Body mass index (BMI) was calculated as 
weight divided by height squared (kg/m²). Esti-
mated glomerular filtration rate (eGFR) was calcu-
lated using the CKD-EPI equation. The study was 
conducted in accordance with the Declaration of 
Helsinki. All participants provided written in-
formed consent for the use of blood samples and 

associated data for research purposes, according 
to ULSA blood donation procedures. Ethical ap-
proval for sample collection, storage, and use in 
this study was obtained from the Ethics Commit-
tee of ULSA (approval code UAIF063/2021).

Venous blood was collected from the antecubital 
vein under resting conditions during routine 
blood donation procedures. Because sampling oc-
curred throughout the day, participants were not 
required to fast. Blood was collected into serum 
tubes without anticoagulant (Greiner Bio-One, São 
Paulo, Brasil). Samples were allowed to clot for 30-
60 minutes at room temperature and centrifuged 
for 10 minutes at 2000xg at room temperature. Se-
rum samples were anonymized using a coded 
identification system and stored at - 80 °C at ULSA. 

After completion of participant recruitment, se-
rum samples were transported in a single batch to 
the Centre of Marine Sciences (CCMAR), University 
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of Algarve, under temperature-controlled condi-
tions on dry ice and stored at - 80 °C until analysis. 
All samples underwent two freeze-thaw cycles: 
the first for routine biochemical analysis, and the 
second for serum tGRP quantification. 

Routine clinical chemistry parameters were mea-
sured in September 2024 using standard automat-
ed methods at SYNLAB facilities (Faro, Portugal) on 
an ADVIA 1800 Clinical Chemistry System (Siemens 
Healthineers, Erlangen, Germany). Parameters in-
cluded high-sensitivity C-reactive protein (hsCRP), 
creatinine, calcium, phosphate, magnesium, po-
tassium, sodium, total bilirubin, aspartate amino-
transferase (AST), total protein, total cholesterol, 
HDL-cholesterol, and LDL-cholesterol.

Methods

Serum tGRP concentrations were measured in De-
cember 2024 using a proprietary in-house sand-
wich ELISA developed by GenoGla Diagnostics 
(Faro, Portugal), based on the assay originally de-
scribed (17). The assay uses an affinity-purified 
goat polyclonal antibody, as capture antibody, di-
rected against the N-terminal region of GRP (N-
TermGRP), designed to recognize the GRP-F1 iso-
form. 

Minor protocol adjustments relative to the original 
assay were introduced while maintaining the same 
analytical principle (17). 

Calibration curves were generated using serial di-
lutions of RP-HPLC-purified recombinant GRP-F1 
standards (18). The validated quantitative range of 
the assay was 240-1600 pg/mL. Analytical perfor-
mance was evaluated according to standard vali-
dation procedures. 

Linearity was assessed by least-squares linear re-
gression, with acceptance criterion defined as R² ≥ 
0.99. 

Intra-assay precision was assessed by calculating 
the coefficient of variation (CV, %) for replicate 
measurements within a single assay run. Inter-as-
say precision was assessed using in-house quality 
control (QC) serum samples at two concentration 
levels (QC Low and QC High), QC samples were an-
alyzed across independent assay runs performed 

within the same year. Inter-assay precision is ex-
pressed as the coefficient of variation (CV, %) for 
each QC level on an annual basis.

Analytical sensitivity was determined by calculat-
ing the limit of detection (LOD) as the mean blank 
signal plus three standard deviations. The lower 
limit of quantification (LLOQ) was defined as the 
lowest concentration meeting predefined accura-
cy and precision criteria.

Statistical analysis

Statistical analysis were performed using SPSS 
(version 26; IBM, Chicago, IL, USA). Normality of 
continuous variables was assessed using the Shap-
iro-Wilk test. Variables with a non-Gaussian distri-
bution are presented as median with interquartile 
range (IQR, 25th-75th percentiles). Variables with a 
Gaussian distribution are presented as mean ± 
standard deviation (SD). Categorical variables are 
presented as absolute and relative frequencies. 
Participants were stratified into three age groups 
based on tertiles of the age distribution (18-30, 31-
46, and 47-65 years). For descriptive and compara-
tive analyses, serum tGRP concentrations were 
also dichotomized using the population median 
value. Comparisons between two independent 
groups (sex groups) were performed using the 
Mann–Whitney U test. Differences across age 
groups were assesed using the Kruskal-Wallis test 
with Dunn’s post hoc correction for multiple com-
parisons. Exploratory associations of continuous 
variables were made using Spearman’s rank corre-
lation coefficient, and results are reported with 
corresponding 95% confidence intervals. For cate-
gorical comparisons between age subgroups, the 
chi-square test was used, followed by post hoc 
pairwise comparisons using the z-test for propor-
tions with Bonferroni correction. To identify inde-
pendent predictors of circulating tGRP concentra-
tions, a stepwise linear regression analysis was 
performed. As serum tGRP concentrations were 
continuously distributed but showed a non-nor-
mal distribution, logarithmic transformation was 
applied prior to regression analysis to approximate 
normality and satisfy model assumptions. Varia-
bles showing a statistically significant association 
with tGRP concentrations in univariable analyses 
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(ρ < 0.05) were eligible for inclusion in the multi-
variable model. All statistical tests were two-sided, 
and a P value ≤ 0.05 was considered statistically 
significant.

Results

Analytical performance of the optimized 
Gla-rich protein ELISA

The analytical performance of the optimized sand-
wich ELISA for serum tGRP was evaluated. 

The assay demonstrated good linearity over the 
evaluation period (2018-2025), with high goodness 
of fit across the measuring range (R² ≥ 0.993), Table 
2. Assay precision was acceptable, with intra-assay 
CV ranging from 1.4% to 3.2% and inter-assay CV 
ranging from 2.5% to 9.4%. The lower limit of 
quantification (LLOQ) remained stable across years 
(240-280 pg/mL), supporting reliable quantifica-
tion of circulating tGRP.

Circulating total Gla-rich protein 
concentrations in healthy individuals

From an initial recruitment of 363 volunteer blood 
donors, 254 participants met all eligibility criteria 
and were included in the final analyses. Exclusions 
were due to high-sensitivity C-reactive protein 
(hsCRP) concentrations > 3 mg/L (N = 49), estimat-
ed glomerular filtration rate < 90 mL/min/1.73 m² 

(N = 2), total cholesterol > 5.7mmol/L (N = 27), LDL-
cholesterol > 3.4 mmol/L (N = 11), and body mass 
index ≥ 30 kg/m² (N = 3). The final study popula-
tion included 121 men (47.6%). Median age was 41 
(18-65) years. Descriptive demographic and bio-
chemical characteristics of the study population 
are summarized in Table 1. The median serum 
tGRP concentration in the overall population was 
1809.5 pg/mL (IQR: 1197.4-2476.0 pg/mL), Table 3. 
When participants were stratified into age tertiles 
(18-30, 31-46, and 47-65 years), serum tGRP con-
centrations differed across age groups, (Figure 1a; 
Kruskal-Wallis test, P = 0.038). Median tGRP con-
centrations were 2069.5 pg/mL (IQR: 1509.5-2816.0 
pg/mL for 18-30 years, 1783.0 pg/mL (IQR: 1273.4-
2435.6 pg/mL for 31-46 years, and 1516.0 pg/mL 
(IQR: 996.3-2121.0 pg/mL for 47-65 years, Table 3. 
No statistically significant differences in serum 
tGRP concentrations were observed between men 
and women in the overall population (Mann–Whit-
ney U test, P = 0.420), nor within individual age 
groups (all P > 0.05) (Figure 1b). In healthy partici-
pants, serum tGRP concentrations showed a weak 
inverse correlation with age (Spearman r = − 0.30, 
P = 0.002). Although several additional associa-
tions reached statistical significance with tGRP, 
such as hsCRP (r = - 0.20, P = 0.004) and LDL-cho-
lesterol (r = - 0.16, P = 0.003), and weakly positively 
correlated with estimated glomerular filtration 
rate (eGFR; r = 0.11, P = 0.025), serum creatinine (r = 
0.14, P = 0.028), calcium (r = 0.16, P = 0.011), and 

Year Intra-assay CV
(%) 

Inter-assay CV (%) - 
QC Low

Inter-assay CV 
(%) - QC High

LOD
(pg/mL)

LLOQ
(pg/mL)

2018 2.7 (2.0-4.6) 9.1 5.9 55.8 (8.4-105.2) 240 (240-240)

2019 2.5 (2.0-3.3) 9.0 4.8 27.1(0-61.0) 280 (240-320)

2021 2.4 (2.2-5.0) 8.6 2.5 0 (0-5.1) 240 (240-320)

2022 2.0 (1.5-3.2) 7.6 5.4 47.5 (17.4-102.5) 240 (240-320)

2023 2.1 (0.7-4.2) 8.8 4.8 48.6 (10.8-132.6) 240 (240-240)

2024 1.5 (0.9-1.8) 8.8 3.4 51.1(50.3-106.6) 240 (240-240)

2025 1.5 (1.0-4.1) 9.4 5.3 15.1 (0-55.9) 240 (240-280)

Data are presented as mean ± standard deviation for intra-assay coefficient of variation (CV) and as absolute values for inter-assay 
CV (QC Low and QC High). LOD and LLOQ values are presented as median (minimum-maximum). QC - quality control. LOD - limit of 
detection. LLOQ - lower limit of detection. IQR - interquartile range.

Table 2. Long-term precision and analytical sensitivity parameters of the total Gla-rich protein ELISA
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Group N Median (pg/mL) IQR (pg/mL)

Overall population

Total 254 1809.5 1197.4-2476.0

Male 121 1799.5 1185.3-2616.1

Female 133 1761.0 1227.0-2265.3

Age 18-30 years

Total 71 2069.5 1509.5-2816.0

Male 24 2263.6 1594.8-3077.0

Female 47 2004.5 1479.5-2624.3

Age 31-46 years

Total 96 1783.0 1273.4-2435.6

Male 52 1799.5 1205.8-2652.0

Female 44 1644.3 1278.4-2229.5

Age 47-65 years

Total 87 1516.0 996.3-2121.0

Male 45 1571.0 1012.9-2226.0

Female 42 1506.2 948.8-2100.7

IQR - interquartile range.

Table 3. Serum total Gla-rich protein concentrations according to age groups and sex in healthy adults.

Figure 1. Total GRP (tGRP) serum concentrations across age groups (a) and segmented by sex (b), for the 254 individuals meeting the 
inclusion criteria (i.e., 18-30 years vs. 31-46 years vs. 47-65 years). Data are presented as individual values with median and range for 
tGRP serum concentrations. (a) Kruskal-Wallis with Dunn’s post hoc analysis to determine differences in total GRP serum concentra-
tions between age subgroups. (b) Mann-Whitney U-Test to determine differences in tGRP serum concentrations between sexes (fe-
male vs. male) in each age group. tGRP - total Gla-rich protein. F - female. M - male.
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Age subgroups (years) P Total individuals (N)

18-30
N (%)

31-46
N (%)

47-65
N (%)

Median for tGRP serum 
concentrations (pg/mL)

≤ 1809.5 27 
(20.8%)a

50
(38.5%)a,b

53 
(40.8%)b

< 0.001

130

> 1809.5 44 
(35.8%)a

46
(37.4%)a,b

33 
(26.8.%)b 123

Total Individuals (N) 71 96 86 254

Data are presented as frequency of the observation found between higher tGRP concentrations (> 1809.5 pg/mL) and lower tGRP 
concentrations (≤ 1809.5 pg/mL) along the 3 age subgroups. Chi-squared test for differences between groups are given. Post hoc 
comparisons between age subgroups were performed using the z-test for comparison of proportions with Bonferroni correction. 
a,bindicate statistically significant differences between groups.  tGRP - total Gla-rich protein.

Table 4. Comparison of age subgroups between lower and higher total Gla-rich protein serum concentrations

phosphate (r = 0.14, P = 0.027, correlation coeffi-
cients were < 0.25 and therefore not considered 
meaningful. No statistically significant correlations 
were observed between tGRP concentrations and 
BMI, total cholesterol, HDL-cholesterol, total pro-
tein, magnesium, sodium, potassium, total biliru-
bin, or AST. When tGRP concentrations were di-
chotomized using the population median, differ-
ences in distribution across age groups were ob-
served (χ² test, P = 0.013; Table 4). Post hoc analysis 
using the z-test for comparison of proportions 
with Bonferroni correction showed that the pro-
portion of individuals with higher tGRP concentra-
tions was significantly greater in the youngest age 
group compared with the oldest age group, while 
no significant differences were observed between 
the intermediate group and the other age groups. 
Variables showing significant univariable associa-
tions with serum tGRP concentrations were fur-
ther evaluated using stepwise multivariable linear 

Table 5. Factors associated with serum total Gla-rich protein concentrations

Variable B (unstandardized) 95% CI for B β (standardized)

Age (years) - 18.3 - 27.5 to - 9.1 - 0.238

Serum calcium (mmol/L) 937.5 102.2 to 1773.1 0.134

Model statistics: Adjusted R² = 0.073. F-change = 4.886. P = 0.028. N = 254. Multivariable linear regression analysis of factors 
associated with serum total Gla-rich protein (tGRP) concentrations in healthy adults. Age and serum calcium concentration were 
retained in the final stepwise linear regression model. Unstandardized (B) and standardized (β) regression coefficients with 95% 
confidence intervals and P values are shown. CI - confidence interval.

regression. In the final model, age and serum cal-
cium concentration remained independently asso-
ciated with tGRP concentrations. Age showed an 
inverse association with tGRP concentrations, 
whereas serum calcium was positively associated. 
The final model explained approximately 7% of 
the variability in serum total GRP concentrations 
(Table 5).

Discussion

In this cross-sectional study, we characterized cir-
culating tGRP serum concentrations in a cohort of 
healthy adult blood donors and explored their as-
sociations with demographic and selected labora-
tory parameters. By focusing on a well-defined 
population and samples collected and stored un-
der comparable conditions, this study provides 
consistent descriptive data on serum tGRP con-
centrations in healthy adults. These data contrib-
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ute to the interpretation of GRP measurements in 
future population-based and clinical studies. The 
most consistent finding was the inverse associa-
tion between serum tGRP concentrations and age. 
Serum tGRP concentrations differed significantly 
across age tertiles, with higher concentrations ob-
served in younger adults, whereas no significant 
differences were detected between sexes. Post hoc 
comparisons further showed that this difference 
was primarily driven by higher tGRP concentra-
tions in the youngest age group compared with 
the oldest group, while the intermediate group 
showed no significant differences. These findings 
indicate that age is an important factor to consider 
when interpreting circulating tGRP concentrations 
in healthy individuals.

Age-related changes have been described for oth-
er vitamin K-dependent such as Matrix Gla Protein, 
supporting the biological plausibility of this obser-
vation (19,20). Nevertheless, the cross-sectional 
design of the study does not allow conclusions re-
garding causality, and longitudinal studies will be 
required to determine whether changes in tGRP 
concentrations reflect aging-related physiological 
processes or other age-associated factors.

In univariable analyses, serum tGRP concentra-
tions were associated with several laboratory pa-
rameters. Although some associations reached 
statistical significance, their correlation coeffi-
cients were low and therefore not considered clini-
cally meaningful. In the final stepwise regression 
model, age and serum calcium concentration re-
mained independently associated with serum 
tGRP concentrations, jointly explaining a modest 
proportion of their variability. This finding sug-
gests that circulating tGRP concentrations in 
healthy adults are influenced by multiple determi-
nants, and that a substantial proportion of interin-
dividual variability remains unexplained. 

The independent association between serum cal-
cium concentration and circulating tGRP concen-
trations is consistent with the known biochemical 
properties of GRP. Gla-rich protein is a vitamin K–
dependent protein with a high density of 
γ-carboxylated glutamate residues, which confer 
calcium- and mineral-binding capacity (1). Experi-

mental and clinical studies have demonstrated 
that GRP can interact with calcium-containing 
mineral phases and is present in calcified tissues 
and extracellular matrix structures (9,11,14,21). Al-
though the present study does not allow mecha-
nistic inferences, the observed association be-
tween serum calcium and tGRP concentrations in 
healthy individuals is biologically plausible and 
supports the concept that circulating tGRP may be 
linked to systemic mineral homeostasis, even 
within physiological ranges (17). Previous studies 
have reported circulating GRP concentrations in 
control groups included in cardiovascular disease-
focused studies (15,16). However, these control 
populations were not specifically selected to rep-
resent healthy adults and were characterized by 
moderate-to-high cardiovascular risk. Although 
similar analytical approaches were used, the re-
ported total GRP concentration ranges differ sub-
stantially between these studies. In addition, limit-
ed clarity in the description of the biological sam-
ple matrix, with inconsistent reporting of serum 
versus plasma, further limits direct comparison 
and interpretation of absolute GRP concentrations 
(15). Accordingly, the present study provides, for 
the first time, consistent descriptive data generat-
ed using a well-characterized sandwich ELISA ap-
plied to a characterized healthy cohort. This ap-
proach enables a more robust interpretation of cir-
culating tGRP concentrations and supports the fu-
ture development of evidence-based reference 
frameworks, as well as clinical and epidemiologi-
cal studies involving this biomarker.

The analytical validation and long-term stability 
assessment reported here provide methodologi-
cal support for the population-based findings and 
strengthen confidence in the reported serum tGRP 
concentrations. This study has several limitations 
that should be acknowledged. First, participants 
were recruited among voluntary blood donors, 
and blood collection was performed without 
standardized fasting conditions or a fixed time 
window, which may have introduced additional 
biological variability. Second, the study popula-
tion consisted exclusively of Portuguese adults of 
European ancestry, limiting the generalizability of 
the findings to other ethnic or geographic popula-
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tions. Third, although age and serum calcium con-
centration were independently associated with se-
rum tGRP concentrations, the explained variability 
was relatively modest, indicating that other fac-
tors, such as dietary habits, vitamin K status, ge-
netic variability, or unmeasured preanalytical vari-
ables, may contribute to circulating tGRP concen-
trations. Finally, the cross-sectional design pre-
cludes assessment of intra-individual temporal 
changes.

In conclusion, this study provides robust data on 
circulating total GRP serum concentrations in 
healthy adults and demonstrates an age-associat-
ed pattern that should be considered in the inter-
pretation of GRP measurements. The findings 
highlight the importance of well-characterized 
healthy populations and analytically validated as-
says in biomarker research. Future studies in larger 
and more diverse populations, ideally using longi-
tudinal designs, are warranted to further elucidate 
the determinants and clinical relevance of circulat-
ing GRP concentrations.
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