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A B S T R A C T   

Incidence of autoimmune disorders, birth defects, and neurological diseases rose over the past 50 years due to increasing variety and quantity of 
pollutants. To date, there appear few methods capable to evaluate and predict mixture effects by endocrine disruptors (EDs). For the first time, we 
have developed calculus to determine mixture effects by all kinds of EDs. 

Our method uses the golden ratio ϕ and draws from bifurcation and chaos theory. Using also the concept of molecular mimicry, we developed the 
equation: effect = 100%

1+e5 ⋅
∑

Ki [Ci ]
− ni ϕ3 . We successfully tested the equation using a range of cohort studies and biomarkers, and for different pollutants 

like heavy metals, thyroid hormone mimickants, chromate/chlorate, etc. 
The equation is simple enough to use with only minor prior knowledge and understanding of basic algebra. The method is universal and 

calculation is data ’light’, requiring only pollutant concentrations [C], potencies K and an integer n for endocrinal involvement. This study offers a 
comprehensive framework to assess the health effects of pollutant exposure across diverse populations, envisioning far-reaching impact, and pre
senting practical examples and insights.   

1. Introduction 

Incidence of autoimmune disorders, birth defects, neurological diseases and even dysregulation of body temperature rose over the 
past decades in industrialized countries [1–4]. Environmental exposure, rather than genetics, is the most important factor in the 
observed trends [5]. While disease can appear later in life, decreases in health match rises in pollutant exposures and past peaks thereof 
[6]. Radically different approaches may reverse the trends, with emphasis on early detection [7]. Toxicity of chemical mixtures is of 
concern considering the increased variety and quantity of chemicals on the market and environment [8,9]. Children exposed to a 
pollutant mixture show more malformations, but many factors can obscure associations [10]. It is the mixture, or total body burden of 
exposure to pollutants, that is relevant. Proving the toxicity of a mixture, however, is like a blind man in a dark room looking for a 
large, agile, polymorphic, lethal, black cat that certainly is there. Understanding sources, aspects and reasons of mixture toxicity helps 
to move towards socially responsible use of chemicals to save lives, resources and money [11]. 

Mixture toxicity is particularly of concern for endocrine disrupting chemicals (EDCs) [9], which exert disruption at infancy with 
effects throughout lifetime. Metabolism and growth are driven by the endocrine system: in response to the pituitary gland and hy
pothalamus, the thyroid produces hormones for fetal and childhood growth and central nervous system development. Thyreotropin 
releasing hormone (TRH) from the hypothalamus stimulates pituitary thyrotropic cells to secrete thyroid stimulating hormone (TSH). 
This stimulates follicular thyroid cells to synthesize and secrete thyroxin (T4) and calcitonin. Along with the parathyroid hormone and 
calcitriol from the kidneys [12], these optimize and control the availability of Ca2+, Mg2+, PO4, I− and triiodothyronine (T3), essential 
to growth, in blood serum and cytosol. TSH affects these concentrations throughout the fetus or neonate to stay within bandwidths for 
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‘normal’ growth, Fig. 1. Thereby, they unlock codes (i.e., DNA) for growth, differentiation, etc. Stressing this unveils regulatory 
feedback, as TSH and T3 are positively correlated [13]; iodine and Ca2+ are negatively correlated to TSH [14–16], Fig. 1. 

The concept of molecular mimicry attracts considerable research related to the genesis of autoimmune disorders and endocrine 
disease [7]. TH-mimicking pollutants affect structure and function of thyroid [18]. Due to their structure/flexibility, they fit receptors 
to cloud signals for differentiation. Endocrine disruption is like picking a lock with a deformed or malleable key, hijacking the routes to 
specialization. Mimickants decrease the ‘correct’ number of locks opened. In disturbed thyroid homeostasis, the thyroid can be 
overactive (hyperthyroidism). Mimicking TH distorts balance to increase likelihood of symptoms. To asses mixture toxicity, we sought 
a common factor within these regulatory mechanisms. To identify pollutants, we need information on normal development during 
pregnancy and early infancy, and characterization of targets for toxic modes of action (TMoA). The question is, how to evaluate 
toxicity for a mixture, wherein chemicals operate under seemingly different MoA? In the Supplementary Information (SI) of this paper, 
we review targets and metabolism for THs, I− and Ca2+ and their disfunctioning as result of EDCs and relationship to TSH. This 
introduction continues with Section 1.1. 

1.1. TSH as a dose metric for mixtures 

Decades of research aimed at finding suitable dose metrics for mixtures. ‘Concentration addition’ and ‘independent action’ claim to 
predict mixture toxicity for EDCs [19,20]. We may not ‘add’ toxicities across different mechanisms because chemicals bind prefer
entially to different receptors, have different molecular initiating events and interfere with signaling pathways in different ways: 1) 
EDCs that block Ca-channels lower target calcium. 2) EDCs that block I-channels lower target iodine. 3) EDCs that block TH receptors 
lower target T3. All EDC types increase TSH as metabolic pathways merge at TSH, their common factor. TSH, as a biomarker, may 
capture their combined effects for a mixture of EDC types. Blockings of Ca/I/TH are all associated with higher TSH, via [T4]∝ 1/
[T3mimickant ] and [I− ]∝1/[Imimickant ] and 

[
Ca2+]∝1/

[
Ca2+

mimickant
]
, see Fig. 2. Chronic hypersecretion of TSH in neonates then relates to 

numerous health-issues, decrease in memory, cognitive and executive function [21–23]. 
The human body is self-repairing; the more damage there is, the more repair the body needs (repair∝damage): ‘stress prompts TSH 

to remediate problems’. Repair differs for pollutants, e.g., glutathione for heavy metals vs. arylhydrocarbon receptor (AHR) for di
oxins, having different capacities, sensitivities and thresholds. The more repair the body needs, the more TSH it produces (TSH→ 
repair). By analogy, the body may ‘sense’ high calcium in blood, due to Ca2+ mimickants, and tries to reduce it by producing calcitonin. 
TSH alters I−intr, T4 and calcium levels to push back against imbalance, towards natural balance, so to unobstruct growth and differ
entiation. TSH alters Ca/T4 to eliminate heavy metals and T3-mimickants in favor of trace metals and T3. We combine toxicities (red) 
by looking at repair (green) in Fig. 2. There is a natural ‘unexposed’ healthy baseline of TSH, approximately logarithmically distributed 
among people. As exposure metric, we chose TSH that captures exposure to all EDCs (see Supplementary Information, SI), central to 
developmental disorders. We define exposure as 

(
TSH − TSHref

)
, with TSHref the TSH for ’non-exposed’ people, 1.3 mIU/L, with 68 % 

range between 0.8 and 2 mIU/L) [24–27]. 

Fig. 1. Schematic representation of changes in thyroid hormone, iodine and calcium (ng/L, not to scale) with increasing severity of illness. Adapted 
from [17]. 
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2. Methods 

2.1. Calculating TSH levels 

Repair of damage proceeds via TSH. As all heavy metals mimic Ca2+, Zn2+, etc. their effects on TSH stack. As all T3 mimickants 
mimic T3, their effects on TSH also stack. As Ca2+, T3 and iodine are interrelated via TSH, the effects of their mimicking EDCs analogs 
also stack, to increase TSH. Considering stoichiometry, we can add the terms (potent concentrations in blood plasma) for mimickants 
(M)2, Eq. (1): 

TSH − TSHref =

(
∑IM

1

[CIM]plasma

KIM

)ϕ2

4

+

(
∑T3M

1

[CT3M]plasma

KT3M

)ϕ2

1

+

(
∑CaM

1

[CCaM]plasma

KCaM

)ϕ2

1

(1) 

Summations (Σ) within compound classes within the same MoA are common practice in RA (e.g., ‘total equivalents’ TEQ [28]). 
Dioxin-like mixtures decrease T4 levels additively [22]. Adding effects on TSH in Eq. (1) is equivalent to using e.g., equivalency factors 
or the ‘Toxic Unit’ approach3, but measures both toxicity and repair, the amount of repair needed. We used potencies K, benchmarked 
in Section 2.2-2.4. ϕ is a growth factor. Depending on dose, T3 and Ca2+ mimickants have either synergetic or antagonistic effects [29], 
acting at the same or different binding sites. A golden ratio ϕ in concentration distinguishes between binding modes when adding 
effects [30] (more info on ϕ in Section 3.2). 

The number 2 in ϕ2 represents connectivity [31–33]: 2 sites for T3(M) per TR [34]; 2 sites in metal-binding proteins [35]; 2 DNA 
spirals wind around 2 copies of histones; 2 S-adenosyl-L-homocysteine cofactors bind at 2 CpG sites of the methyltransferase dimer to 
inhibit 2 consecutive steps of DNA methylation [36,37]. The 4 (in Eq. (1)) is the number of I atoms associated with blocking a receptor 
or channel. For 1 T3 molecule interacting with a TR, 4 I atoms need to be blocked to effectuate the same sized response as that of T3 
(and Ca2+) antagonists. We substantiated the exponents with data in Figs. 3–6: ϕ2 = 2.6, and the ratio of exponents (2.6/0.6) gives 4, i. 
e., the (‘stoichiometric’) number of I-atoms to synthesize T4. As T3Ms have similar MoA (mimicking T3), we take identical exponents in 
each T3M-TSH response relationship. 

Fig. 2. Depending on levels of endocrine disrupting chemicals (red), the human body needs to allocate hormones and cations/anions (green) to 
ensure that nutrients remain incorporable via metabolic schemes for growth. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

2 Technically, CaM and T3M may be ‘umbrella-d’ within the same summation due to their similar exponent, which is reflected by e.g., them 
binding (MIDAS in) integrins with same stoichiometry. In this respect, the amount of heavy metals determines the amount of binding sites, and the 
amount of T3M determines the amount of binding.  

3 TU = C1/EC501 + C2/EC502 + C3/EC503 + etc. 
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2.2. Potencies K for heavy metals 

T3-TR binding is affected by M (Ca2+, Zn2+, etc.) antagonists. Methionine, cysteine, etc. are conserved residues among various TH 
and nuclear receptors. Therefore, toxic MoAs are similar among heavy metals. Combined bio-concentrations of different metals de
termines toxicity [49–51]. Heavy metals differ in toxic potency due to receptor binding, bioavailability and signaling type(s). For 
example, Pb2+ binds calmodulin stronger than does Ca2+ [52]. There is a ~20 factor higher proportion of methylmercury over mercury 
in blood as compared to methyl lead over lead [53]. We benchmark KCaM values on Pb using dose-effect data, and calculate KCaM by Eq. 
(2)., 

KCaM =10log KPb − (log EC50,Pb − log EC50,CaM) (2)  

with KPb = 100.000 ng/L (Fig. 4), and EC50 data from Ref. [54], indicative for growth inhibition and endocrine disruption [50]. For 
example, 10(logEC50,Pb− logEC50,Hg) = 20 [53,54]. Values for TSH and heavy metal concentrations in blood from the open literature 
substantiate the relative potencies K: offsets between power laws, Fig. 4. 

Fig. 3. Calcium, iodine and T3/T4 versus TSH. Dotted grey lines are the 95 % ranges for normal TSH levels: in this range, negative feedback es
tablishes healthy homeostasis (open symbols). Data from Yagi (T4) [38], Karaoglan (iodine) [39], Hamza (urinary iodine) [40], Levine (calcium) 
[15], and Wang (T3) [13]. Other data corroborates the exponent for T3, 2.6 ± 0.5 [41]. 

Fig. 4. Concentrations of metals versus TSH-TSHref. Offset between each relationship (solid lines) indicates potency K. TSHref = 1.2 mIU/L.  
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2.3. Potencies K for T3 mimickants 

K thus characterizes potency. We obtained K for T3Ms that block TRs by considering that the extent of binding is determined by 
properties of the pollutant: binding in the TR and the bioavailability. We express binding, as relative to T3, by a free-energy rela
tionship [55,56] (Fig. 5A) and thermochemical calculation [57]4: 

KT3M = 10log KT3 − (2⋅2.3⋅[(EHOMO,T3M − EHOMO,T3)+RT(pKa,T3M − pKa,T3) ] )− (log KOW,T3M − log KOW,T3) (3)  

with KT3 the plasma concentration of T3 at 1 mlU/L TSH (1000 ng/L, Fig. 5B), and logKOW,T3 = 0.9 [58]. The number of binding places 
within the TR is 2 [34]. Histidines are conserved residues among TH and nuclear receptors. Binding takes place by proton and electron 
exchange between histidine and tyrosine [34,59–63], with a possible halogen-sulfur bond [64]. We obtain receptor binding values via 
the energy of the highest occupied molecular orbital (EHOMO) of T3M, where EHOMO,T3 -9.0 eV on the tyrosyl phenol OH (pKa,T3 = 8). 
Values for e.g. TCDD, logKOW = 6.8 [65] and EHOMO,T3M = − 9.3 eV5 yield 2•2.3•(-9.3 + 9.0) = − 1.2. Then, logKT3M = − 1.2-(0.9–6.8) 
= 4.6. Thus, TCDD is 104.6 times more potent than T3, substantiated by literature: TCDD induces AhR at ~10− 12 M [66] and T3 at 
~10− 8 M [67]. Fig. 5B substantiates Eq (3): 10~4-5 times higher K of TCDD than T3. 

2.4. Potencies K for iodine mimickants 

The sodium/iodide symporter (NIS) concentrates anions in the thyroid. Histidine, etc. are conserved residues in NIS transporters. 
‘Ate’ anions differ in toxic potency due to affinity (~EC) with the NIS. Affinity of ClO4 is 10-fold and ~200-fold higher than for I− and 
ClO3 [42], resp [42,68]. At pH~7, there is a ~10.000 factor higher proportion of AsO4 over total As in blood (pH~7.5) as compared to 
CrO4 over total Cr [69]. We benchmark KIM values on AsO4 which has dose-effect data. We neglect methylation of As, and calculate: 

KIM =10
log KAsO4 − (log EC50,AsO4 − log EC50,IM)−

(

log
[AsO4 ]

[total As] − log [IM]

[totalM]

)

(4)  

with KAsO4 = 10.000 ng/L. Data on relative potencies of NIS inhibitors from Refs. [68,70]. Affinities for SCN− and I− for the NIS 
transporter are similar; both 10-fold less than ClO4 [42,68,71]. SCN− is a redox-active growth regulator [72]: MPO or TPO/H2O2 [73] 
oxidizes SCN− (subsequently) into OSCN− [74,75], OCN [76] and CN− [77,78]. SCN− toxicity is effectuated via CN− [74,79]; we take 
the ratio of SCN− over CN− in blood as 200 [80], i.e., 10[log(CN/SCN)] = 0.005. In turn we take 10-(logEC50,AsO4-logEC50,SCN) = 10, because 
of 10-fold higher NIS-affinity [42,68]. As high oxidation potential in the thyroid converts Cr3+ to CrO4 [81,82], we take 10-(logEC50, 

AsO4-logEC50,CrO4) = 10.000, matching concentration ratios [69]. In turn we take 10-[log(AsO4/totalAs) – log(Cr3+/totalCr)] = 1. Offsets between 
relationships in Fig. 6, substantiate K values. 

2.5. Exposure metric risk metric 

The concept of ‘exposure’ only makes sense if we benchmark it against an effect, the result of exposure. In Eq. (5), the exponent is a 
growth factor, putting the risk of damage (via ‘excess’ TSH) in context of normal growth across conditions and factors. We presume it 
be ϕ (see discussion for details): 

risk=
(
TSH − TSHref

)ϕ (5) 

To obtain the exponent (ϕ?), we compared risk with human health effect data. We use a logit equation to compare probabilities of 
human health being affected with our exposure metric: 

ln
(

p
1 − p

)

= ϕ ⋅ ln
(
TSH − TSHref

)
− c (6)  

where p is probability: p =
effect%
100% . c is a mathematical and biochemical constant extractable from regression. 

To perform regression, we collected health endpoints (TSH-health response data) from both human cohort, and biomarker studies 
with endpoints of varying complexity. We applied 10 in vitro biomarkers and 20 different human cohort studies. We pooled the data 
for different health effects on brain, kidney, bone, heart, etc. In other words, we did not distinguish between different effects: as long as 
they represent an average human or population (data in SI). We obtained p values via Eq. (7): 

p=
(

effect − effectmin

effectmax − effectmin

)

(7)  

wherein the effectmin corresponds to TSH = 1.2 mIU/L for ‘healthy’ (control) subjects in case of cohort studies. 1.2 mlU/L corresponds 
to the background incidence of health effects [1–4] presumably in absence of pollutants (i.e., the ‘unexposed’ case). TSHref values for 

4 size exclusion is not incorporated in the calculation of potency of pollutants (Eq. (3)), thus valid for small EDCs.  
5 here RT(pKa,T3M-pKa,T3) = 0 as TCDD has no tyrosyl-OH. 
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non-healthy subjects, and values for effectmax and effectmin are the maximum and minimum values for the health status as based on 
physiological constraints. 

3. Results and discussion 

3.1. Pollutants-TSH relationships 

Using potencies K, we derived dose-response relationships between classes of EDCs and TSH. Fig. 7 depicts results from Equations 
(2)–(4), showing separate relationships for THMs (black), heavy metals (i.e., Ca and trace metal mimickants, blue), and iodide 
mimickants (green). The difference in both offset and slope of relationships (Fig. 7) clearly captures the different TMoA among 
pollutant types. The values represent the toxic equivalency to dioxins (total TEQ, in black), Hg (in blue), and arsenic (AsO4, in green) 
equivalents. The difference in exponent is visible: ϕ compared to ϕ/4. Also, the difference in toxic potencies between classes of EDCs 
clearly differ. ~20 pg/L is the dioxin TEQ concentration corresponding to 1 mIU/L extra TSH (i.e., TSH-TSHref). In terms of T3 con
centration, 1 mIU/L extra TSH gives 1000 ng/L T3; to this the results were benchmarked. Should TH (T3) values be disrupted, the 

Fig. 6. Concentrations of iodine mimickants versus TSH-TSHref. Offset between each relationship (solid lines) indicates potency K. With TSHref =

1.2 mIU/L. Data from Hasan [43] and Ahmed [44] (Cr), Molin [45] (As), Hooth [46] (ClO3), and Banerjee [47,48]. 

Fig. 5. Fig. 5A. Induction concentration values for the thyroid hormone receptor α versus indicators of electron and proton transfer energies, EHOMO 
and pKa. Outliers are due to missing info on pKa or bioavailability. Data selection from Ref. [42]. 
Fig. 5B. Effect on TSH versus concentration dose for dioxins PCBs etc. (TEQ) and T3. Offsets between the compounds are differences in potency K. 
TSHref = 1.2 mIU/L (dioxin like substances) and TSHref = 0.0 mIU/L for T3. 
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(black) relationship in Fig. 7 provides a risk assessment. This highlights the flexibility of our approach: assessment via T3, instead of 
TSH. 1–10 μg/L Hg and As equivalents causes 1 mIU/L extra TSH, Fig. 7. 

The potency of Hg and As equivalents is 105− 6 times lower than dioxin TEQ, Fig. 7. Lipophilicity (i.e., KOW) of e.g., methylmercury 
is concomitantly 106 times lower than the dioxin TCDD. Also, the concentration in plasma of T3 (~2 nmol/L) is 106 times lower than Ca 
(~2 mmol/L), reflecting degrees of their metabolic involvement. Both lipophilicity and metabolic involvement explain the offset 
between relationships, Fig. 7. Assuming the 3 relationships represent their respective chemical groups: contemporary ‘safe’ or 
‘normal’, ‘exposed’ (background) values of 5.8 μg/L MeHg [83,84], 10 pg/g lipid (~20 pg/L) dioxin (TEQ) [85,86] and ~1 μg/L 
arsenic [87] in blood, would give (TSH-TSHref) values of 2 mIU/L, 1 mIU/L, and 0.5 mIU/L. Taken together, an individual would have a 
(TSH-TSHref) value of 3.5 mIU/L and, hence, TSH = 4.7 mIU/L. The uncertainty associated with this value means it cannot be 
distinguished from the traditionally accepted upper limit of 4.5 mIU/L [88]. Data in Fig. 7 come from cohort studies and likely entail a 
degree of co-exposure, though relationships are obvious and, hence, convolution of the parametrization from co-exposures is limited. 
Fig. 7 is a reflection of specialist studies, e.g., gold miners handling mercury, Italians in vicinity of the Seveso chemical factory (dioxin 
release), and people with high (shell)fish diet polluted with arsenic [45]. 

The combined setups of the studies (higher ‘signal to noise’?) permitted visualizing the relationships in Fig. 7, whereas with more 
convoluting factors, i.e. (undocumented) co-exposures, but also nutrition/lifestyle/age etc., would have rendered relationships (Fig. 7) 
less obvious [89,90]. Many other studies report marginal significance of TSH/pollutant relationships [91]. Uncertainty associated with 
the relationships (2SD) is approx. a factor 10; this matches the uncertainty factor of 10 for intra-human pharmacokinetic- and dynamic 
variability [92]. The variance (‘cloudiness of points’) is not likely due to incomplete data on pollutants within chemicals class (i.e MoA) 
as a limited number of chemicals are well representative of the entire class [93]. The relationships are a theoretical representation of 
the body’s response given near-infinite resources, but in real-life situation, TSH production may be hampered by biochemical and 
physiological constraints. Victor Yushchenko, for example, was exposed to 108 ng/g TCDD [94], but we cannot presume his TSH was 
>10.000 mIU/L. Therefore, the relationships indeed represent non-saturated conditions for chronic exposure for growth, differenti
ation etc. They do not represent acute effects per se. Many studies report chronic to acute-extrapolation, though [95]. 

3.2. Relationship between TSH and health effects 

Using the data on biomarkers we performed a logit regression, to obtain regression coefficients. Across a population of diverse 
people and TSH>1.2mIU/L we obtained regression constants of ϕ = 1.6 and c = 5, Eq. (6). By comparison to experimental data, 

Fig. 7. Concentration of toxicants versus TSH. Sum of all dioxin TEQ (black), in terms of arsenic (green), and in terms of lead (blue). (For inter
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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regression showed ϕ to be (approximated by) the golden ratio ϕ, Fig. 8. From this, we obtained can describe effects based on TSH 
values, via Eq. (6), alternatively formulated: 

%effect =
100%

1 + e5 ⋅
(
TSH − TSHref

)− ϕ (8) 

ϕ is ubiquitously important in different stages of (human) growth [96–98], regeneration [99,100], development [101–103] and 
learning [104–107]. Molecular interactions govern optimal development; ϕ represents the mathematical basis for development to 
achieve ideal form and function. Deregulation of this patterning law may manifest as variation in structure away from that as would be 
determined by the golden ratio [108]. The golden ratio represents an ideal scenario for growth. We note that exponents in Eq. (1) and 
Eq. (8) differ: ϕ in the former ϕ2 in the latter. ϕ and ϕ2 may distinguish between abnormal (aggravated state) and normal (rest) 
functioning [32,109,110]. Five-folds are ubiquitous in nature: 5 represents how information from the irrational number ϕ carries over 
to real-world practice [98,111,112]., The biochemical test for TSH at the heart of this, while different TSH tests exist [113]. 

If we presume that extrapolation from the regression is possible, we can see that effects at low exposures (ln(TSH-TSHref) are 
possible, low as they might be. There indeed appears no safe level for dioxins and lead; without safe limits, NOEL or LOEL ought not be 
used [114]. Effects are minimal at TSH~1.2 mIU/L [115], i.e., are ‘purely’ due to genetics, nutrition, etc. When TSH-TSHref→0, % 
effect→0 %, and we return to a ‘background’ incidence of health effect incidence [1–4]. We can use the TSH level (characterizing same 
MoAs), to calculate the fraction of the population affected. If, into Eq. (8), we plug in the (Fibonacci) numbers TSH = 21 mIU/L and 144 
mIU/L, we get ~50 % and ~95 % effect. One may regard these as ‘effect concentrations’ EC50 and EC95 for TSH. Premature death is 
equivalent to 100 % as all bodily functions shut down. In programmed cell death, all cellular functions shut down. 

We compared the relationship between TSH and effect between biomarkers and cohort studies. Fig. 9 shows relationships between 
elevated TSH (x) and health effects (y), as obtained from human cohort studies (A) and biomarker studies (B). Dose-response curves 
(Fig. 9A; Fig. 9B) did not significantly differ from each another, with no difference in ϕ between health effects (Fig. 9). Dose-response 
curves did not statistically differ, apart from a larger spread around the values as expected from Eq. (8). The ‘cloudiness of points’ in 
Fig. 9A can be attributed to metadata: compared to bioassays, determining health effects among human cohorts is subject to more 
confounding factors: nutrition, lifestyle, age, genetics, underlying health effects, unknown exposure to additional endocrine disrupting 
pollutants, combination effects, etc. We may apply 5 and ϕ as constants for human populations as well. One might argue that exponents 
should differ between health effects because of e.g., expression levels or genetic susceptibility, but ϕ conveniently also describes these 
factors (spacing and spiraling of DNA, amino acid chains, etc.). Across a population with sufficient diversity, we find no evidence of 
different exponents (‘growth factors’) ϕ governing health effects, and values ϕ and 5 would not differ: identicalness represents identical 
MoA or molecular initiating events. 

We can plug TSH levels into Eq. (8), to calculate the fraction of a population effected. The fraction is equivalent to the chance of the 
individual developing the health effects under chronic exposure. The classic ‘upper limit’ of TSH of 4.5 mIU/L [88] gives (TSH – 
TSHref) = 3.3 mIU/L. Using Eq. (8), this value implies an effect of 4 %, or 4 % of people affected. This value is similar to contemporary 
incidence of congenital diseases such as cryptorchidism [4,6], allergies [116,117], dyslexia [118] and DALY’s of the like [119]. 
Science usually uses a certainty cutoff of 2σ [120], meaning 95 % certainty. A scientific method may thus deem a population ‘safe’ if 95 
% safety is predicted or determined, while 5 % are, in fact, affected. This compares with the 4 %. If for a population a different (e.g., 
higher) benchmarked TSHref applies, an effect (%) can still be calculated but the result (% effect) needs also be benchmarked against a 
potential different (higher) ‘background’ incidence of health effects. 

Fig. 8. Relationship between logit p and TSH, wherein logit p = ln(p/(1-p)), with p as probability.  
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4. Outlook 

We implemented toxic potencies (K) into Eq (1). Then, from calculations with Eq. (6) emerged 5 and ϕ as constants. K and ϕ in Eq. 
(1) and Eq. (8) are equivalents of (analogous to) EC50 and β in dose-response curves for (eco)toxicity assessments, respectively [50, 
121]. In conventional (eco)tox modeling and assessment, EC50 and β are often ‘floating’ regression parameters to fit the observed 
response. β (statistically) represents variability within or among population(s), with respect to MoA and sensitivities [122]. Difference 
between β for sensitivity distributions are often borderline statistically significant [122]. For a population with sufficient diversity or 
variability, β values do not differ. Studies claim β to represent MoAs in some way [121,122]. The MoA is an effect pathway due to 
causal (bio)chemical changes. ϕ does not represent the MoA, rather, it is the MoA: the mode by which things (endocrinologically) grow. 
Unity represents a similar MoA. Therefore, Eq. (1) applies distinct integers (1, 1 and 4) to capture metabolic and stoichiometric 
involvement (Fig. 7). The exponent can apparently differ according to genetics, nutrition, etc., though, ϕ recurs in multiple underlying 
parametrizations (Eqs. (1) and (8)). Distinction between MoA and underlying initiating events (IEs) is down to definitions and cau
sality, in a long chain of events. Future work may further compare mixture assessment models capturing different phenomena [30,123, 
124] similar to Klykov [125], but pending more data [20,126]. 

β and EC50 simultaneously capture factors like population-specific genetics, modulation of metabolic pathways for repair, adap
tation to (low) toxic stress [127], DNA methylation and (epigenetic) expression, and competitive binding/crowding at high toxic 
pressures. Thus, additional biomarkers might aid optimizing results: TSH (cor)relates with lipid profiles [128], prolactin [129], 
thyroglobulin [130], hemoglobin [131], phosphatase [132], osteopontin [133], peroxidase antibodies, and bone mineral density 
[134]; in turn relate to inflammation and asthma [135]. Interrelationships (Figs. 3–7) highlight that metabolic pathways are, so some 
degree, connected as TSH plays a central role in energy metabolism. Infants show negligible difference in TSH between girls or boys. 
Indeed, cohorts (SI) show that Eq. (1) and Eq. (8) apply to both sexes, though diagnoses differ as (sexual) organs are involved (SI). 
Pending more data, future work may apply effects on a broader class of TR, RXR and integrins [42,136–140], other cells and receptors, 
like AhR in lymphocytes [141], peroxysome proliferator activated- and estrogen receptors [142] and transthyretin (TTR) [143] in liver 
cells, androgen receptors, folate receptor α [144]. For all receptors, models ought to capture mimickants to their respective ligands. 
Our method aids evaluating cohort studies on the relevance and contribution of (‘emerging’) pollutants with conflicting results, like 
ClO4 [145–147], PFAS/PFOS [148] as relative to total exposure. 

Eq. (8) allows customization: one can plug in a new baseline TSHref, should that deviate from 1.2 mIU/L. Apart from pollutant 
exposures, multiple factors contribute to thyroid functioning, which may aid optimizing our model to refine prediction for specific 
cases, groups and cohorts. Left undocumented, variance in stress level, diet, etc. creates uncertainty in thyroid levels, hence model 
outcome. Age, temperature [149–151], diurnal variations, daily (working [152]) routine like food intake can affect pH [153,154] and 
(hence) TH levels [155] in blood. To further assess links between pollutant exposure and health, research needs to acknowledge 
exposure regimes and duration to health effects. Listing β exponents for all disease-TSH relationships, plus uncertainties associated, is 
beyond the scope of this study. The longer the cause-effect-chain, the higher the EC50 because, along the way, repair mechanisms 
intervene to prevent disease onset. The shorter the path towards ‘disease’, the lower the EC50. The more (stoichiometric) factors (e.g., I 
atoms) in play, the lower the exponent (Eq. (1)). After infancy disease, a child can outgrow symptoms, provided proper nutrition. 
Nutrient-dependent potencies (‘K’, Eq. (1)) may be useful, e.g., mercury/selenium ratios, both as methylating agents [156,157] (SI). 
This involves interplay between both nutrient-like and toxicant-like properties (e.g., cobalt, nitrate). 

Fig. 9. Relationships between TSH and 20 different health effects (A) and 10 different biomarkers (B), related to Ca2+ metabolism, brain, bone, 
heart, kidney, etc. The red dashed lines are guides to the eye denoting no effect (0 %) and full effect (100 %) and the baseline TSH of 1.2 mUI/L. 
Spread is larger in A because we are dealing with humans instead of cells, and humans differ in terms of nutrition, lifestyle, etc. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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ϕ captures (effects along) the pathway of cause, exposure and health effect. As ϕ captures initiating events (IEs, Fig. 7) and MoAs 
(Fig. 8), one may wonder whether not entire cause-effect chains can be described as such. While effect percentages are mathematically 
rational, mechanisms may appear irrational. Transforming dose to exposure (~ Cϕ2 , ~ TSHϕ) can be done with complex numbers, 5=
(2ϕ+ei•π)2, Eq. (8). Probability is not perceptible and suits epidemiological studies: seemingly random effects among similarly exposed 
individuals. Eq. (8) may capture time as plugging in a benchmarked ’1′ yields approximately the Feigenbaum constant [158], 
describing ’bifurcations’ (divisions by cells, divergence of evolutionary species) generically [99,159]. Via ϕ and divergence, Eq. (8) is 
tied to concepts like spacetime, entropy and chaos theory [160–163]. Bodily disregulation increases with age, as the human body 
evolves to a state of higher disorder. Chronic versus acute exposure differ in time, but as long as one keeps track how much pollutant is 
going where (e.g., PBPK and toxicokinetic models [164,165]), both fit within the calculus. Metabolism slows down at higher age, 
decreasing clearance of pollutants. Both bodily pollutants and TSH in generally increase with age [166], which matches our results. 
Health effects are indeed more likely later in life, e.g., fertility decrease and memory loss [5,21]. Pollutants and aging affect 
biochemical circadian and redox clocks (via methylation, phosphorylation, etc.), hence, virtually all metabolic processes [167–170]. 
We therefore recommend assessing health across lifetime dynamically. Slowing the toxicological clock involves reducing exposure to 
safeguard human health from mixtures. 
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Environ. 287 (1–2) (2002) 155–161. 
[158] M.J. Feigenbaum, Quantitative universality for a class of nonlinear transformations, J. Stat. Phys. 19 (1978) 25–52. 
[159] I. Otero-Muras, P. Yordanov, J. Stelling, A method for inverse bifurcation of biochemical switches: inferring parameters from dose response curves, BMC Syst. 

Biol. 8 (2014) 114. 
[160] G. Linage, et al., Fibonacci order in the period-doubling cascade to chaos, Phys. Lett. 359 (6) (2006) 638–639. 

T.M. Nolte                                                                                                                                                                                                               

http://refhub.elsevier.com/S2405-8440(24)10532-4/sref114
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref115
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref115
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref116
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref116
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref117
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref118
https://doi.org/10.1007/978-3-540-36216-6_2
https://doi.org/10.1007/978-3-540-36216-6_2
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref120
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref120
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref121
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref121
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref122
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref122
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref123
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref124
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref126
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref126
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref127
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref127
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref128
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref128
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref129
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref129
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref130
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref130
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref131
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref131
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref132
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref133
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref133
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref134
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref135
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref135
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref136
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref136
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref137
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref138
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref138
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref139
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref139
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref140
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref140
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref141
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref141
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref142
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref142
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref143
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref143
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref144
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref144
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref145
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref145
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref146
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref146
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref147
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref147
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref148
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref148
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref149
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref150
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref150
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref151
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref152
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref153
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref153
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref154
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref155
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref155
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref156
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref156
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref157
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref158
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref158
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref159


Heliyon 10 (2024) e34501

14

[161] S.H. Jarvis, Golden ratio axioms of time and space, viXra.org (2018), https://doi.org/10.13140/RG.2.2.30099.12327/5. 
[162] K. Irwin, et al., Quantum walk on a spin network and the golden ratio as the fundamental constant of nature. https://quantumgravityresearch.org/portfolio/ 

quantum-walk-on-a-spin-network-and-the-golden-ratio-as-the-fundamental-constant-of-nature/, 2017. 
[163] M.W. Ho, M. el Naschie, G. Vitiello, Is spacetime fractal and quantum coherent in the golden mean? Glob. J. Sci. Front. Res. (GJSFR) 15 (1) (2015) 430–466. 
[164] M.A. Verner, et al., A physiologically based pharmacokinetic model for the assessment of infant exposure to persistent organic pollutants in epidemiologic 

studies, Environ. Health Perspect. 117 (3) (2009) 481–487. 
[165] C. Emond, et al., An assessment of dioxin exposure across gestation and lactation using a PBPK model and new data from Seveso, Environ. Int. 92–93 (2016) 

23–32. 
[166] A. Demond, et al., Human exposure from dioxins in soil, Environ. Sci. Technol. 46 (3) (2012) 1296–1302. 
[167] M.F. Tevy, et al., Aging signaling pathways and circadian clock-dependent metabolic derangements, Trends Endocrinol. Metabol. 24 (5) (2013) 229–237. 
[168] K.C. Makris, Desynchronized circadian clock and exposures to xenobiotics are associated with differentiated disease phenotypes: the interface of 

desynchronized circadian clock and exposures to xenobiotics would lead to adverse response and recovery, Bioessays 43 (11) (2021) e2100159. 
[169] G. Rey, A.B. Reddy, Interplay between cellular redox oscillations and circadian clocks, Diabetes Obes. Metabol. 17 (2015) 55–64. 
[170] K. Ikegami, et al., Interconnection between circadian clocks and thyroid function, Nat. Rev. Endocrinol. 15 (10) (2019) 590–600. 

T.M. Nolte                                                                                                                                                                                                               

https://doi.org/10.13140/RG.2.2.30099.12327/5
https://quantumgravityresearch.org/portfolio/quantum-walk-on-a-spin-network-and-the-golden-ratio-as-the-fundamental-constant-of-nature/
https://quantumgravityresearch.org/portfolio/quantum-walk-on-a-spin-network-and-the-golden-ratio-as-the-fundamental-constant-of-nature/
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref162
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref163
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref163
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref164
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref164
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref165
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref166
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref167
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref167
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref168
http://refhub.elsevier.com/S2405-8440(24)10532-4/sref169

	Calculating toxic pressure for mixtures of endocrine disruptors
	1 Introduction
	1.1 TSH as a dose metric for mixtures

	2 Methods
	2.1 Calculating TSH levels
	2.2 Potencies K for heavy metals
	2.3 Potencies K for T3 mimickants
	2.4 Potencies K for iodine mimickants
	2.5 Exposure metric risk metric

	3 Results and discussion
	3.1 Pollutants-TSH relationships
	3.2 Relationship between TSH and health effects

	4 Outlook
	Funding
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


