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Biomarker definitions

Biomarker of exposure. The chemical or its metabolite or the product of an
interaction between a chemical and some target molecule or cell that is measured in
a compartment in an organism.

Biomarker of effect. A measurable biochemical, physiologic, behavioral, or other
alteration in an organism that, depending on the magnitude, can be recognized as
associated with an established or possible health impairment or disease.

Biomarker of susceptibility. An indicator of an inherent or acquired ability of an
organism to respond to the challenge of exposure to a specific chemical substance.

Types of Biomarkers for Environmental Health Research (WHO, 2001)



The exposure-health continuum seen through the eyes of biomarkers

Mustieles et al., 2020. Bisphenol A and its analogues: a comprehensive review to identify and 
prioritize effect biomarkers for human biomonitoring. Environment International.



What is the overarching goal of effect biomarkers in HBM?

“Human biomonitoring (HBM) is a tool of health-related environmental monitoring with

which populations are examined for their exposure to pollutants from the

environment. The results are also intended to provide information as to whether (further)

pollutant reduction measures are needed and on the effects of existing measures.”

Human Biomonitoring for Environmental Chemicals. Committee on Human Biomonitoring for 
Environmental Toxicants. National Research Council, Washington DC, 2006.

HBM4EU Policy strategies
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Biomarkers to evaluate risk

Fig. 1.Rationale for using biomarkers to assess risk (adapted from Schulte and Waters, 1999). Louro et al., 
2019. International Journal of Hygiene and Environmental Health.



Advantages of using effect biomarkers in addition to health endpoints

1. Provide an “early warning” signal for any type of disease (e.g., effect biomarker measured in 
cord blood at birth that may indicate a greater risk of a later disease).

2. Provide an estimation of risk for health outcomes with a very long latency period such as 
cancer (e.g., micronuclei assay).

3. Provide objective information on health outcomes that are not easy to evaluate, such as 
behavior and cognitive function (e.g., neurotrophins such as BDNF to complement
neurodevelopmental tests in children, or to predict the risk of long-term cognitive decline in 
adults).

4. Allow the evaluation of exposure-effect relationships in healthy populations with no apparent
disease (e.g., metabolic disease in children)

5. Allow the evaluation of potential mechanisms and dose-response relationships (e.g., type 2 
diabetes vs. HOMA-IR)

6. Allow the design of mediation analyses, which can importantly support the biological
plausibility of exposure-outcome associations investigated in human populations (e.g., BDNF 
in INMA-Granada).



Main characteristics of effect biomarkers

1. Predictive potential for a future
adverse health outcome.

2. Valid for a given chemical or family of
chemicals. How to evaluate this?
Ideally through AOPs (e.g., KEs).

3. Heterogeneous: There may be as
many effect biomarkers as signaling
routes in humans (but of course not
all parameters are effect biomarkers).
Different levels of biological
organization.

But there is much more…
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▪ Specific

▪ Sensitive

▪ Predictive

▪ Robust 

▪ Translatable

▪ Non-invasive 
(Accessible) 

Characteristics of useful effect biomarkers 

Early detection of 
the adverse 

outcome

Rapid, simple, 
accurate, 

inexpensive, large 
range

Bridge model 
system to human 

condition

Context to use for regulatory decision making for humans: it is still a big challenge!!

Given that there is no 
perfect effect 

biomarker, combining 
several effect 
biomarkers at 

different biological 
levels of organization 

seems a good 
strategy:

- Serum/urine protein
- DNA methylation
- Gene expression
- Novel and classic

Population 
variability and 

diversity
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1. It should demonstrate the correlation with the response which is trying to predict 
(with the truth)

2. Acceptable selectivity and specificity

3. Adequate sensitivity

4. The biology and performance of the biomarker are aligned with its use:

✓ Acceptable magnitude of changes in response to the environmental 
compound

✓ Cover an appropriate measurement range

✓ Acceptable intra- and inter-subject variability associated with the biomarker’s 
baseline and response

5. The availability of reliable and reproducible measurement methodology

6. Analytical and clinical validation should show that the biomarker is appropriated 
for its proposed use

Attributes of a useful effect biomarker 

Some considerations to define a valid biomarker to detect chemically-induced 
adverse outcomes in animals and humans:



Search, Research, Search, Research…
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WP14 “Effect biomarkers” General Objectives

1. To create an inventory of effect
biomarkers for each chemical family and
prioritize its use.

2. Identification of gaps in knowledge

3. Validation, implementation and
development of novel or understudied
effect biomarkers useful for HBM

4. Contribute to the understanding of
exposure-health relationships and
mixture effects



WP14

1. Literature searches to 
advance the KNOWLEDGE

Scientific corpus → New paradigm→ Inventory →
Systematic implementation of effect biomarkers →

Regulatory Uptake

2. TECHNICAL AND 
PHYSIOLOGICAL 
VALIDATION & 

IMPLEMENTATION 
of novel effect 

biomarkers

Evaluate the 
REALIABILITY OF 

MEASURES & 
BIOLOGICAL 
PLAUSIBILITY

of human exposure-
outcome associations

3. In vitro/in vivo 
DEVELOPMENT of 
novel biomarkers

Biomarkers of combined effect to chemical 
mixtures

Biomarker discovery



1. Scientific Corpus: Literature searches, Inventory, Prioritization



D14.1. ‘’Criteria for prioritization of biomarkers of effect’’

“To set up relevant criteria for prioritization of biomarkers of effect
that will be searched in the scientific literature, related to the 1st
set of prioritized substances in the HBM4EU project’’

• Qualitative and Quantitative Criteria: Scoring tables
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Qualitative criteria:
Determine whether the 

scientific articles found in 
databases should be 

selected or discarded. 

Quantitative criteria: 
Assignment of a numerical 
score for each biomarker 
of effect. i) Rank them, ii) 

Prioritize their use. 
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QUANTITATIVE CRITERIA



Granada 
Workshop
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METHODOLOGY
Wide (>66.000 references) and comprehensive Literature Searches
→ PubMed Database

6 groups
prioritized 
substances

Exposure: 
Chemicals 
Families

Effect:

Health
Endpoints

MeSH
Terms/

Synonisms

References
division
based on
expertise

16 Partners

D14.2



Overall results of these searches:

1. Inventory of effect biomarkers (D14.3)

2. Specific review works adapted to each chemical
family

3. Prioritization of effect biomarkers for the HBM4EU 
aligned studies
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Inventory of biomarkers D14.3→ Delivered

Aligned studies: Proposed list of effect biomarkers based on chemical family, outcome
(health endpoint) and age subgroup

25th September 2018
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WP13-WP14 Interaction: AOPs to help the identification and 
prioritization of epidemiologic effect biomarkers
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Some examples of the reviews
published inside WP14



Three reproductive toxicity pathways:
1. T disruption through altered

cholesterol/steroidogenic signaling
2. Altered sperm quality through

decreased T and oxidative stress
3. Impaired fertility through decreased

aromatase and estrogens







Application inside HBM4EU

• Exposure biomarkers + Effect biomarkers, namely:
• Comet assay in leuko cytes (INSA)

• Micronucleus in PBL (INSA) + in reticulocytes (FIOH)

• Oxidative stress in urine (INRS)

• Epigenetic markers: Global methylation (KuLeuven) + Gene-specific 
methylation (KuLeuven, INSA)

• Telomere lenght (NIOM)



More than 5000 references screened. More than 100 epidemiologic studies tabulated in 
detail. An inventory of molecular and biochemical effect biomakers. BDNF and Kisspeptin
prioritized using AOP and toxicological data.
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Traditional (and studied) 
Effect biomarkers

Reproductive Hormones: LH, FSH, TT, E2, SHBG

Thyroid Hormones: TSH, T3, T4

Glucose metabolism: (FBG + Insulin = HOMA-IR) 
+ HbA1c

Blood pressure

Serum lipids: Total cholesterol, LDL, HDL, TG

Adipokines: Leptin and 
Adiponectin

HPAdrenal-Axis: CRH - ACTH - Cortisol

+  Adrenal Androgens (DEAH-S)

Inflammatory markers: hsCRP, IL-6…

Liver enzymes: AST, ALT, ALP, GGT, 
Bilirrubin

Traditional (less studied) 
Effect biomarkers

Novel
Effect biomarkers

Renal function: Urinary albumin, 
β2-microglobulin, NAG

Urinary 8-OHdG + 8-isoprostane

Others: IgE, vitamin D (25-OH-D) 

Anthropometric measurements: 
Anogenital distance (AGD); 
Waist circumference; Height/Weight; 
Percentage of Body fat; Skinfold-thickness; 
Birth weight; Head circumference; Birth 
lenght

Kisspeptin

Gene expression of nuclear 
receptors: ERα, ERβ, AR, 
ESRRA, ESRRB,  PPAR-γ, 
AhR, TR, GR, ABCG1, NPC1, 
Genes of cholesterol 
pathways
BDNF,GDNF, Sp4

OMICS-Epigenetic 
markers, such as DNA 
methylation and micro-
RNAs, among others

Genetic polymorphisms: 
CYP17A1, ESR CYP17A1 

Effect biomarkers obtained from the literature 
searches related to bisphenols.

Important knowledge gaps: neurodevelopment (BDNF)





Why BDNF as a promising effect biomarker?

29/09/2020 33

Mustieles et al., Bisphenol A and its analogues: A comprehensive review to identify and 
prioritize effect biomarkers for human biomonitoring. Environ Int. 2020;144:105811.

Serum BDNF Blood DNA methylation at the IV region (promoter) 
of the BDNF gene (Kundakovic et al., 2015) 

KEERβ

Behavioral
alterations



Brain derived nuerotrophic factor (BDNF): A key regulator of
brain signaling and neuronal plasticity

29/09/2020 34

Kowiański et al., BDNF: A key factor with multipotent impact on brain signaling and synaptic 
plasticity. Cell Mol Neurobiol. 2018; 38(3):579-593.

• Neurotrophin

• Ubiquitous brain functions (hippocampus)

• Age-specific function (fetus, newborn, 

children, adolescence and adults).

• Alterations linked to cognitive, behavioral

and psychiatric conditions.

• WP14 learned lessons: one target, 

different levels of biological organization



2. Technical Validation - Example with BDNF

Can it be measured in human samples? 
In which type of samples? 

At what levels of biological organization?
What is the temporal stability of each biomarker?

There are comercial ways of measuring it?
Measures are realiable?

What quality control will be followed?

D14.7 Intra-laboratory quality control measures for effect biomarkers: fine-tuning, 

precision (intra- and inter-assay variability) and accuracy 
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BDNF measured in serum -Immunosorbent assay
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Feasibility & Stability Results

→ BDNF serum levels. A. Fresh samples [n=12]; B. Old samples, stored at -20ºC from an 
adult (GRAMO) Spanish cohort [n=12]

→ Volume: 20 μl of serum

→ Mean (±SD): A= 31.7 (±7.1) ng/ml; B=26.9(±6.2) ng/ml

A. BDNF levels in fresh serum samples (ng/ml) B. BDNF levels in old serum samples (ng/ml)
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Volume optimization

100 fold dilution:
10µl serum + 90µl RD5K

20µl
20µl+180µl

Final dilution 1:100

A. Data using 20µl of fresh samples (n=12). 

B. Data using 10µl of same fresh serum samples

A. B.



→ Registry of standard curves to control the quality of the plates

→ Intra-Assay and Inter-Assay, variation coefficient CV(%)  [2 plates= 72 samples] 
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Quality Control Design

Standards Samples, w/o 
duplicates

Duplicates

Inter-Assay CV(%)

Intra-Assay 
CV(%)

Duplicates of 
columns 3 to 11 

from plate 1

Quality values:
Intra-assay CV <3.5%
Inter-assay CV <15% 

PLATE 1 PLATE 2



WP14 (UGR) has analysed serum samples from the INMA-Granada birth cohort 
(n=134) in their follow-up (teenagers 15-17 yrs. old).

Plates 1 and 2, (n=72 samples); Plates 3 and 4 (n=62 samples)

Intra-assays CV(%): 
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Intra-assay CV(%)Data from INMA-Granada Cohort

Samples Average SD CV(%)
9 415,96 426,14 421,05 7,20 1,71

10 297,48 299,06 298,27 1,11 0,37

11 446,16 468,48 457,32 15,78 3,45

12 350,88 362,17 356,53 7,99 2,24

13 329,95 340,28 335,11 7,31 2,18

14 359,79 364,39 362,09 3,26 0,90

15 <0,000 <0,000

16 311,99 318,43 315,21 4,55 1,44

CV(%) 1,76

Intra-assay Plate 3

pg/ml w/o correction Samples Average SD CV(%)

9 582,57 632,38 607,47 35,22 5,80

10 381,03 378,23 379,63 1,98 0,52

11 582,23 593,16 587,70 7,73 1,32

12 470,46 509,42 489,94 27,55 5,62

13 400,71 416,17 408,44 10,94 2,68

14 478,59 499,01 488,80 14,44 2,95

15 6,54 7,14 6,84 0,42 6,17

16 122,32 127,35 124,84 3,56 2,85

CV(%) 3,49

Intra-assay Plate 4

pg/ml w/o correction

Samples Average SD CV(%) Samples Average SD CV(%)

1,00 484,26 512,27 498,27 19,81 3,98 1,00 478,70 497,70 488,20 13,43 2,75

2,00 614,63 639,20 626,91 17,37 2,77 2,00 472,47 463,24 467,85 6,53 1,40

3,00 459,61 471,72 465,67 8,57 1,84 3,00 443,23 434,44 438,83 6,21 1,42

4,00 469,86 488,59 479,22 13,25 2,76 4,00 576,98 594,64 585,81 12,49 2,13

5,00 451,16 469,19 460,18 12,75 2,77 5,00 276,27 275,37 275,82 0,63 0,23

6,00 480,63 478,21 479,42 1,71 0,36 6,00 338,21 362,13 350,17 16,91 4,83

7,00 554,61 581,20 567,91 18,80 3,31 7,00 606,45 601,41 603,93 3,56 0,59

8,00 471,80 463,28 467,54 6,03 1,29 8,00 259,52 287,98 273,75 20,12 7,35

CV(%) 2,38 CV(%) 2,59

Intra-assay Plate 1 Intra-assay Plate 2

pg/ml w/o correction pg/ml w/o correction
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Inter-assay CV(%)Data from INMA-Granada Cohort

Inter-assays CV (%) from plates 1-2 and 3-4

Sample-specific
inter-assay CV(%) 

Total Inter-assay 
CV(%)= Media of 
all sample-specific
inter-assays CV

Samples Measure 1 Measure 2 Measure 3 Media SD CV(%)

Samples 1 to 35 … … … … … …

36 36,1 36,9 36,5 0,6 1,7

37 29,3 28,8 29,1 0,3 1,1

38 23,6 27,1 25,3 2,5 9,7

39 29,7 35,7 32,7 4,2 13,0

40 18,7 23,2 20,9 3,2 15,2

41 33,1 34,4 33,7 0,9 2,7

42 32,1 39,1 35,6 4,9 13,9

43 29,1 33,9 31,5 3,4 10,8

44 33,9 35,6 34,8 1,3 3,6

45 26,5 30,6 28,6 2,9 10,1

46 27,5 32,8 30,1 3,8 12,6

47 23,5 26,5 25,0 2,1 8,5

48 38,7 46,6 42,6 5,6 13,1

49 19,5 26,5 23,0 4,9 21,3

50 33,0 37,6 35,3 3,3 9,2

51 30,7 37,5 34,1 4,8 14,1

Samples 52 to 134 … … … … … …

CV (%) 14,0

Inter-assay 
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Concentration (ng/ml) of BDNFData from INMA-Granada Cohort

Distribution of concentrations of BDNF (ng/ml) found in 15-17 year-old boys

n=134

P25= 29.07ng/ml; P50= 34.58 ng/ml; P75= 39,70 ng/ml 

0

20

40

60

80

Serum BDNF concentrations
n
g
/m

l
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Technical developmentExample of BDNF in urine samples 

Acidification

Extraction

Kit

+ 75ul TFA 1.5%

1. Conditioning
and 

2. Equillibration
0.5ml MeOH + 
0.5ml distilled
H2O 

3. Load: 
150µl; 1ml and 2ml urine

4. Wash: 0.5ml 
TFA 0.1%

5. Elution: 0.5 ml 
Acetonitrile 80%

S1 S1

S2S2

S3 S3

S4 S4

S5S5

S6 S6

S7 S7

C C

Intra-Assay CV (%) = 3.67 
Inter-Assay CV (%) = 14.61 



Blood BDNF methylation – Bisulfite pyrosequencing (gold standard)

1. Ensure the purity and quantity of the DNA extracted from whole blood (Quantifluor and Nanodrop)
2. Bisulfite Conversion of DNA and quality control using NanoDrop
3. Amplification of the target gene (BDNF) in bisulfite-converted DNA: Quality control on agarose gel
4. Pyrosequencing quality control (Pyromark Q24): Any sample that does not pass the quality check are always 

redone and re-sequenced.

Selection of the DNA region to be targeted: In this case, we analysed six CpGs (CpG 1, 2, 3, 4, 5 & 6) in a
promoter region of Exon IV of the BDNF gene which contains a CREB-binding site (cAMP response
element-binding site). Rodent studies have shown that this region is related to the activity-dependent
release of BDNF (Kundakovic et al., 2015). The genomic co-ordinates of the amplified region are as
follows: chr11:27,723,070–27,723,280, and were retrieved from UCSC Genome Browser Human February
2009 (GRCh37/hg19) Assembly.



3. “Physiological” Validation of BNDF in the INMA-Granada 
pilot study before implementation in the HBM4EU aligned
studies

Are BDNF biomakers predictive of child neurodevelopment?
Is BPA or other chemicals associated with BDNF regulation in 
humans?
Can BDNF act as a mediator?
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