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Abstract 27 

Background: Endocrine-disrupting chemicals (EDCs) often exhibit nonmonotonic dose-28 

response (NMDR) relationships, posing significant challenges to health risk assessment and 29 

regulations. Several molecular mechanisms operating locally in cells have been proposed, 30 

including opposing actions via different receptors, mixed-ligand heterodimer formation, and 31 

receptor downregulation. Systemic negative feedback regulation of hormone homeostasis, 32 

which is a common feature of many endocrine systems, has also been invoked as a mechanism; 33 

however, whether and how exactly such global feedback structure may underpin NMDRs is 34 

poorly understood. 35 

 36 

Objectives: We hypothesize that an EDC may compete with the endogenous hormone for 37 

receptors (i) at the central site to interfere with the feedback regulation thus altering the 38 

physiological hormone level, and (ii) at the peripheral site to disrupt the hormone action; this 39 

dual-action may oppose each other, producing nonmonotonic endocrine effects. The objective 40 

here is to explore – through computational modeling – how NMDRs may arise through this 41 

potential mechanism and the relevant biological variabilities that enable susceptibility to 42 

nonmonotonic effects. 43 

 44 

Methods: We constructed a dynamical model of a generic hypothalamic-pituitary-endocrine 45 

(HPE) axis with negative feedback regulation between a pituitary hormone and a terminal 46 

effector hormone (EH). The effects of model parameters, including receptor binding affinities 47 

and efficacies, on NMDR were examined for EDC agonists and antagonists. Monte Carlo 48 

human population simulations were then conducted to systemically explore biological parameter 49 

conditions that engender NMDR. 50 

  51 

Results: When an EDC interferes sufficiently with the central feedback action of EH, the net 52 
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endocrine effect at the peripheral target site can be opposite to what is expected of an agonist 53 

or antagonist at low concentrations. J/U or Bell-shaped NMDRs arise when the EDC has 54 

differential binding affinities and/or efficacies, relative to EH, for the peripheral and central 55 

receptors. Quantitative relationships between these biological variabilities and associated 56 

distributions were discovered, which can distinguish J/U and Bell-shaped NMDRs from 57 

monotonic responses.  58 

 59 

Conclusions: The ubiquitous negative feedback regulation in endocrine systems can act as a 60 

universal mechanism for counterintuitive and nonmonotonic effects of EDCs. Depending on key 61 

receptor kinetic and signaling properties of EDCs and endogenous hormones, some individuals 62 

may be more susceptible to these complex endocrine effects. 63 

 64 

Key words: endocrine-disrupting chemicals, nonmonotonic dose-response, negative feedback, 65 

binding affinity, efficacy 66 
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Introduction 106 

Endocrine-disrupting chemicals (EDCs) are diverse groups of compounds that interfere with the 107 

production, metabolism, transportation, and actions of endogenous hormones. The disrupting 108 

effects can be mediated through a variety of mechanisms, including perturbation of hormone 109 

synthesis, dysregulation of metabolic enzymes, competition for plasma binding proteins, and 110 

acting as hormone receptor agonists or antagonists (Combarnous and Nguyen 2019, La Merrill, 111 

Vandenberg et al. 2020). Broadly studied EDC families include polychlorinated biphenyls, 112 

polybrominated biphenyls, dioxins, bisphenol A (BPA), dichlorodiphenyltrichloroethane, and 113 

many pharmaceutical compounds (Chen, Yang et al. 2022). Numerous animal studies have 114 

demonstrated that by disrupting the various endocrine systems, these EDCs can produce a 115 

plethora of adverse health outcomes, including defects in development, reproduction, 116 

metabolism, and immunity, and cancer (Diamanti-Kandarakis, Bourguignon et al. 2009, Boas, 117 

Feldt-Rasmussen et al. 2012, Sifakis, Androutsopoulos et al. 2017, Ghassabian and Trasande 118 

2018). Emerging epidemiological studies also reveal that many human health disorders are 119 

associated with exposures to environmental EDCs, even at low exposure levels (Skakkebaek, 120 

Rajpert-De Meyts et al. 2001, Delbès, Levacher et al. 2006, Hatch, Troisi et al. 2006, Alonso-121 

Magdalena, Quesada et al. 2011, Wan, Co et al. 2022, Szczęsna, Wieczorek et al. 2023). Thus, 122 

the human health risk of environmental EDCs is a significant public health concern. 123 

 124 

One of the main challenges in assessing the health risks of EDCs is that it is not 125 

straightforward to translate the toxicities observed in high-dose animal studies into health 126 

outcome predictions for environmentally relevant low-dose exposures in humans. A major issue 127 

here is that EDCs have been widely reported to exhibit nonmonotonic dose-response (NMDR) 128 

behaviors, where their biological effects can change directions in a dose-dependent manner, 129 

presenting as J/U or Bell (inverted U) shapes (Vandenberg, Colborn et al. 2012, Lagarde, 130 

Beausoleil et al. 2015, Soto and Sonnenschein 2024). NMDRs have been observed in vitro as 131 
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well as in vivo on multiple biological endpoints including organ weights, uterine growth, 132 

mammary gland development, immune response, and hormone levels for a variety of EDCs 133 

(Program 2001, Bloomquist, Barlow et al. 2002, Ahn, Hu et al. 2005, Narita, Goldblum et al. 134 

2006, Shioda, Chesnes et al. 2006, Wadia, Vandenberg et al. 2007, Dickerson, Guevara et al. 135 

2009, Cabaton, Wadia et al. 2010, Lagarde, Beausoleil et al. 2015, Badding, Barraj et al. 2019, 136 

Montévil, Acevedo et al. 2020). NMDRs have also been reported in many epidemiological 137 

studies between environmental EDCs and a variety of health endpoints (Vandenberg, Colborn 138 

et al. 2012). For instance, a U-shaped curve was reported for the relationship between serum 139 

PCB178 and HDL  (Lee, Steffes et al. 2011), Bell-shaped curves were reported for the 140 

relationships between the serum polybrominated diphenyl ether 153 and diabetes/metabolic 141 

syndrome risks and triglyceride levels (Lim, Lee et al. 2008), between serum PCB congeners or 142 

organochlorine pesticides and BMI, plasma lipid, and insulin resistance  (Lee, Steffes et al. 143 

2011), and lately between serum total effective xenoestrogen burden level and endometrial 144 

cancer risk (Costas, Frias-Gomez et al. 2024). 145 

 146 

When a chemical displays NMDR, the linear and linear non-threshold extrapolation 147 

methods as well as the Benchmark Dose (BMD) modeling approach can no longer be applied to 148 

estimate the low-dose risk or reference dose in the framework of traditional risk assessment, 149 

thus posing regulatory challenges (EFSA Scientific Committee, More et al. 2021). Following a 150 

couple of Scientific and Position Statements on EDCs in the past decade (Diamanti-Kandarakis, 151 

Bourguignon et al. 2009, Gore, Chappell et al. 2015), The Endocrine Society has recently gone 152 

as far as stating that “Regulatory toxicology should implement endocrine concepts such as low 153 

dose and NMDR without further delay. Because of the presence of NMDR, it cannot be 154 

assumed that there are thresholds below which EDC exposures are safe” (The Endocrine 155 

Society 2018). 156 

 157 
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While observational studies have provided much of the evidence that NMDRs are not 158 

uncommon with EDCs and have caused concerns in the endocrine community, some doubts 159 

still remain as to whether NMDRs are bona fide biological phenomena or just experimental 160 

artifacts that have escaped alternative interpretations (Heindel, Newbold et al. 2015, Camacho, 161 

Lewis et al. 2019). The field has reached a point that conducting more observational studies is 162 

of limited value; rather, more mechanistic investigations, theoretical or experimental, need to be 163 

pursued to better understand the operation of the hormone signaling pathways and the 164 

physiological conditions under which nonlinear endocrine effects may arise (Birnbaum 2012). A 165 

number of biological mechanisms have been postulated for the NMDR behaviors of EDCs. 166 

Notwithstanding cytotoxicity, these potential mechanisms  include (i) divergent biological actions 167 

via two distinct nuclear receptors, (ii) incoherent feedforward through membrane and nuclear 168 

receptors, (iii) ligand-induced receptor desensitization or degradation, (iv) divergent effects of 169 

the parent compound and its metabolite, (v) coactivator squelching, (vi) induction of repressor, 170 

and (vii) negative feedback regulation (Kohn and Portier 1993, Kohn and Melnick 2002, Conolly 171 

and Lutz 2004, Li, Andersen et al. 2007, Vandenberg, Colborn et al. 2012, Cookman and 172 

Belcher 2014, Lagarde, Beausoleil et al. 2015, Xu, Liu et al. 2017).  173 

 174 

Experimental validation of these proposed mechanisms is rare (Villar-Pazos, Martinez-175 

Pinna et al. 2017). In contrast, a number of computational studies have investigated several 176 

NMDR mechanisms (Kohn and Portier 1993, Kohn and Melnick 2002, Conolly and Lutz 2004, Li, 177 

Andersen et al. 2007). These models examined the NMDR effects within the classical 178 

framework of nuclear receptor-mediated endocrine signaling in cells targeted by EDCs. Kohn 179 

and Melnick showed that when agonist-bound receptors recruit coactivators with lower affinity 180 

than the endogenous hormone-bound receptors, as the agonist increases in concentration to 181 

replace hormone-bound receptors, the induced gene expression will eventually reverse direction 182 

and decrease, producing an inverted U-shaped NMDR (Kohn and Melnick 2002). Conolly and 183 
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Lutz demonstrated that for an agonist X, when a mixed-ligand heterodimer is formed between 184 

the endogenous hormone-liganded receptor monomer and X-liganded receptor monomer, a U-185 

shaped NMDR can arise if the heterodimer is transcriptionally inactive (Conolly and Lutz 2004). 186 

The model was used to explain the U-shaped response observed with flutamide in androgen 187 

receptor reporter assays (Maness, McDonnell et al. 1998), and the existence of mixed-ligand 188 

heterodimers has been experimentally demonstrated (Leonhardt, Altmann et al. 1998). We 189 

further proposed that because receptor homodimerization is an inherently nonlinear mass-action 190 

process, U-shaped NMDR can arise for an agonist even in the absence of the mixed-ligand 191 

heterodimer (Li, Andersen et al. 2007). Our mathematical model further extended that this U-192 

shaped dose response can be enhanced if mixed-ligand heterodimers can also be formed and 193 

are transcriptional repressors. Alternatively, if the mixed-ligand heterodimers are transcriptional 194 

activators, inverted U-shaped NMDR can arise. In summary, these mathematical modeling 195 

studies provided valuable insights into the local molecular mechanisms of NMDR in cells of 196 

target tissues.  197 

 198 

The molecular events associated with these local NMDR mechanisms described above 199 

are not necessarily unique to hormonal signaling in endocrine systems. The fact that EDCs are 200 

more frequently observed to produce NMDR than non-EDCs suggests that some common 201 

features of the endocrine systems may be the most likely underlying mechanism. A prominent 202 

feature of an endocrine system is that the participating tissue/organ components are organized 203 

in a systemic negative feedback loop to maintain hormone homeostasis, as exemplified by the 204 

hypothalamic-pituitary-endocrine (HPE) axes for many hormones. For instance, in the 205 

hypothalamic-pituitary-thyroid (HPT) axis, the negative feedback inhibition of TRH and TSH by 206 

T4 and T3 is essential to maintain the circulating thyroid hormone levels within a narrow range 207 

(Costa-e-Sousa and Hollenberg 2012). Such global negative feedback regulation has been 208 

suggested as a potential mechanism underpinning some NMDR phenomena (Vandenberg, 209 
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Colborn et al. 2012, Lagarde, Beausoleil et al. 2015). It has been argued that negative feedback 210 

can result in temporal nonmonotonic fluctuations in hormone levels, i.e., transient rise and fall 211 

over time in response to acute perturbations by EDCs (Vandenberg, Colborn et al. 2012, 212 

Lagarde, Beausoleil et al. 2015). For chronic environmental exposures, steady-state NMDR is 213 

particularly important. However, it is not known whether negative feedback is capable of 214 

producing NMDR at steady-state conditions, and if so, how and under what biological conditions 215 

it may occur.  216 

 217 

By competing with the endogenous hormone for cognate receptors, an EDC agonist or 218 

antagonist can hit an endocrine system at two separate sites – one is the peripheral target site 219 

where the endogenous hormone exerts its biological effects, and the other is the central 220 

feedback site, such as the brain in an HPE axis, where the synthesis and release of a pituitary 221 

hormone (and the corresponding hypothalamic releasing hormone) is regulated by the 222 

endogenous hormone. We hypothesize that when an EDC has differential signaling strengths 223 

thus actions in the two sites, an NMDR may arise. In the present study, we constructed a 224 

minimal mathematical model of a generic HPE feedback system to investigate this hypothesis. 225 

We discovered that the binding affinities and efficacies of the EDC for the central and peripheral 226 

receptors, relative to those of the endogenous hormone, follow a set of specific rules to enable 227 

J/U or Bell-shaped NMDRs. We then extended the HPE model to a virtual human population 228 

model to further explore the biological variabilities that may make some individuals susceptible 229 

to NMDR outcomes.  230 
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Methods 231 

1. Construction of a minimal mathematical model of HPE feedback loop 232 

Here we used the generic HPE feedback framework to build a minimal mathematical model to 233 

investigate the biological conditions for emergence of NMDRs. Other endocrine feedback 234 

regulation systems not involving the hypothalamus and pituitary, such as those between insulin 235 

and glucose, and between parathyroid hormone, vitamin D3 (VD3), and calcium, should work in 236 

a similar fashion. The structure of the dynamic model of the HPE feedback loop is illustrated in 237 

Fig. 1A. It consists of peripheral and central modules. The interactions between the hormones, 238 

receptors, and EDCs are modeled based on the law of mass action. In the peripheral module, 239 

the production of the effector hormone (EH) is stimulated by the pituitary hormone (PH) in a 240 

first-order manner with a rate constant k1. EH is degraded in a first-order manner with a rate 241 

constant k2. EH binds reversibly to the peripheral receptor (PR) to form a ligand-receptor 242 

complex EHPR in a target tissue, with a second-order association rate constant k5f and first-243 

order dissociation rate constant k5b. EHPR produces an Endocrine Effect (EE) proportional to its 244 

concentration.  245 

 246 

For simplicity, the hypothalamus and pituitary are lumped into one central module which 247 

produces PH as the output. The negative feedback action exerted by EH on PH is modeled as 248 

follows. EH binds reversibly to the central receptor (CR) to form a complex EHCR, with a 249 

second-order association rate constant k7f and first-order dissociation rate constant k7b. PH is 250 

produced at a basal zero-order rate k30 and an EHCR-regulated rate described by an inhibitory 251 

Hill function with affinity constant Kd3, Hill coefficient n3, and a maximal synthesis rate constant 252 

k3. The Hill function here provides the ultrasensitivity (percentage-wise amplification) necessary 253 

for robust EH homeostasis through the negative feedback. PH released is degraded in a first-254 

order manner with a rate constant k4. 255 

 256 
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To evaluate whether the constructed HPE feedback model can exhibit the typical 257 

behaviors of an endocrine feedback system in response to specific perturbations, we first 258 

simulated the dynamic responses of EH and PH in the absence of EDCs. By varying k1, the rate 259 

constant of PH-stimulated EH production, the model recapitulates the clinical primary hyper- 260 

and hypo-functioning endocrine conditions (e.g., primary hyper- or hypothyroidism), where the 261 

steady-state EH and PH levels move in opposite directions, with the fold change of the PH level 262 

much greater than that of EH (Fig. S1A and S1B). By varying k3, the rate constant of PH 263 

production, the model recapitulates the clinical secondary hyper- or hypo-functioning conditions, 264 

where the steady-state EH and PH levels move in the same directions with comparable fold 265 

changes (Fig. S1C and S1D).  266 

  267 

Acting as an agonist or antagonist, an EDC X can alter EE by competing with EH for 268 

both the peripheral and central hormone receptors. In the model, X can bind reversibly to PR in 269 

the peripheral module to form a complex XPR, with a second-order association rate constant k6f 270 

and first-order dissociation rate constant k6b. When X is an agonist, XPR is an active complex 271 

exerting EE with an efficacy wp relative to EHPR (whose efficacy is set at unity) such that the 272 

overall EE = EHPR+wp*XPR. When X is an antagonist, XPR is an inactive complex exerting no 273 

EE, i.e., wp=0. In the central module, X can bind reversibly to CR to form a complex XCR, with a 274 

second-order association rate constant k8f and first-order dissociation rate constant k8b. When X 275 

is an agonist, XCR is an active complex inhibiting PH production with an efficacy wc relative to 276 

EHCR (whose efficacy is set at unity) such that the overall inhibitory signaling strength is 277 

EHCR+wc*XCR. When X is an antagonist, XCR is an inactive complex with wc=0, exerting no 278 

inhibition on PH production. From the view of X, the model forms a feedforward structure, which 279 

contains a direct arm from X to EE, and an indirect arm where X acts via the nested HPE 280 

feedback loop to affect EE (Fig. 1B).  281 

 282 
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2. Construction of a population model of HPE feedback loop 283 

2.1. Normalization of NHANES thyroid profile data 284 

To understand the NMDR behaviors of an ensemble of individuals, we simulated a virtual 285 

human population based on the thyroid hormone profiles from the National Health and Nutrition 286 

Examination Survey (NHANES) in the three 2-year cycles between 2007-2012. Here the 287 

correlated distributions of serum free T4 (fT4) and TSH levels were used to represent the EH 288 

and PH values respectively in the model. After resampling based on normalized sample weight 289 

and exclusion of individuals who had taken thyroid drugs, had thyroid cancers, or had missing 290 

fT4 or TSH values, the final weight-adjusted population contains 1883 records (details of the 291 

process are provide in Supplemental Material).  292 

 293 

It was noted that all fT4 levels in cycle I (years 2007-2008) and 57.7% fT4 levels in cycle 294 

II (years 2009-2010) of the NHANES dataset were reported with a precision of 0.1 (ng/dL), while 295 

the remaining fT4 data including the entire cycle III (years 2011-2012) have a precision of 0.01. 296 

To make all fT4 data have a similar fine precision, fT4 levels with a precision of 0.01 in cycles II 297 

and III were first merged. fT4 levels in the combined dataset were divided into continuous 298 

intervals of 0.05 (ng/dL), and the proportions of samples falling into each interval were 299 

calculated. fT4 levels with a precision of 0.1 (ng/dL) in cycles I and II data were imputed based 300 

on the calculated sample interval proportions to achieve a precision of 0.01 and the original 301 

values were replaced with the imputed values. The final joint distribution of fT4 and Log10(TSH) 302 

levels were divided into a 28 × 35 grid. fT4 levels were then rescaled to a mean of 10 to 303 

represent EH, and TSH levels were rescaled to a geometric mean of 1 to represent PH. The 304 

obtained Log10(PH) vs EH density is shown in Fig. S2.  305 

 306 

2.2 Construction of the virtual population HPE model 307 

After normalization with the total count, the density probability of each rectangular unit was 308 
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either zero or ranged between 0.000052-0.0276. We aimed to produce a virtual population of 309 

near 10K individuals. The number of individuals in each unit was determined by multiplying the 310 

probability with 10K and rounding to the nearest integer. As a result, a non-empty unit contains 311 

a minimum of 5 individuals and maximum of 276 individuals, and the total number of individuals 312 

is 9996. To obtain the 10K virtual population model, the minimal HPE model was simulated to 313 

steady state by randomly sampling parameter values from log10-converted uniform distributions 314 

that range between 1/10-10 fold of the default values for k30, Kd3, k7f, and CRtot, between 1/1000-315 

1000 fold of the default value for k1, and between 1/100-100 fold of the default value for k3. In 316 

addition, n3 was randomly sampled from a uniform distribution ranging between 4-10. k7b, k2 and 317 

k4 were not varied because we were only concerned with the steady-state response and varying 318 

k7f, k1 and k3 was sufficient to achieve this goal. k5f, k5b, and PRtot were excluded because they 319 

are external to the HPE loop. Parameters for X binding to PR and CR were also excluded 320 

because they are not part of the HPE axis under physiological conditions. 321 

 322 

For each set of randomly sampled parameter values, the HPE model was run and the 323 

resulting pair of the steady-state PH and EH levels was evaluated against the above 28 × 35 324 

grid to determine which rectangular unit the paired values fall into. If the pair fell into a zero-325 

probability unit, the parameter set was rejected. Otherwise, it counts toward the total number of 326 

individuals assigned to the unit as above and the corresponding set of parameter values was 327 

recorded. When the total number of individuals in a unit was reached, any new pair values of 328 

EH and PH falling in the same unit will be discarded and no parameter values recorded. The 329 

random parameter sampling and simulation process continued until all non-zero grid units were 330 

filled. 331 

 332 

3. Classification of NMDR curves 333 

All DR curves were obtained by varying X to different values and running the model to steady 334 
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state. To identify NMDR curves generated by the population model and group similar ones 335 

together, the following classification algorithm was used to determine the number of ascending 336 

and descending phases in a DR curve. We first calculated the first derivative of each DR curve 337 

of EE. If the first derivative does not change sign, the DR curve is monotonic; if it changes sign 338 

only once, the DR curve is biphasic; if it changes sign twice or more, the DR curve is 339 

multiphasic. 340 

 341 

4. Simulation language and model sharing 342 

Ordinary differential equations (ODEs) describing the rates of change of the state variables are 343 

provided in Table S1, and the default parameter values and justifications are provided in Table 344 

S2. All simulations and analyses were conducted in MATLAB R2023b (The Mathworks, Natick, 345 

Massachusetts, USA). Models were run using ode23tb solver to steady state to obtain DR 346 

curves unless otherwise indicated. All MATLAB code is available at 347 

https://github.com/pulsatility/2024-NMDR-HPE-Model.git.  348 
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Results 349 

1. NMDR effects of an EDC agonist 350 

We first explored the situation when an EDC is an agonist, where its molecular action and effect 351 

are expected to be in the same direction as the endogenous hormone. In the framework of the 352 

HPE model here, a hypothetical EDC agonist, designated as X here, acts at both the peripheral 353 

and central sites. At the peripheral site, X binds to PR to form XPR, adding to the endocrine 354 

effect (EE). At the central site, X binds to CR to form XCR, inhibiting PH production as would the 355 

endogenous EH do. The resulting decrease in the PH level leads to reduced stimulation of EH 356 

production and consequently a decrease in the EH level and EHPR-mediated EE. Therefore, 357 

the net endocrine outcome of exposure to an agonist X depends on the summation of the XPR-358 

mediated and EHPR-mediated effects, which change in opposite directions as X increases. 359 

 360 

1.1 Monotonic DR of reference agonist 361 

To establish a reference situation, we first considered when all parameters are at default values 362 

and the hypothetical agonist X has the same binding affinities and efficacies as EH for the two 363 

receptors: for PR, the dissociation constants Kd6 = Kd5 (where Kd6 = kb6/kf6, Kd5 = kb5/kf5) and 364 

efficacy ωp = 1, and for CR, Kd8 = Kd7 (where Kd8 = kb8/kf8, Kd7 = kb7/kf7) and efficacy ωc =1. In this 365 

reference situation, X is essentially identical to EH. As shown in Fig. 2A, as the concentration of 366 

X increases, more XCR is formed. The steady-state XCR vs. X curve has a Hill coefficient of 367 

nearly unity (1.001) and AC50 of almost 90 (arbitrary unit, au), which is the same value as the 368 

dissociation constant Kd8 for the reversible X and CR binding. Therefore, the XCR response is 369 

consistent with a receptor-mediated process exhibiting typical Michaelis-Menten kinetics. 370 

Increasing XCR results in more inhibition of PH production and thus a decrease in the steady-371 

state PH level (Fig. 2B). When X concentration is near 20, PH decreases to a basal level. Since 372 

PH stimulates the production of EH, the steady-state EH level follows a similar downtrend (Fig. 373 

2C). As a result of the declining EH, the steady-state EHCR level also decreases (Fig. 2D). 374 
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However, EHCR also exhibits a secondary decline at X concentrations higher than 20 despite 375 

that EH no longer decreases. This secondary decline occurs because X at higher 376 

concentrations starts to displace EH out of EHCR appreciably to form more XCR (Fig. 2A). In a 377 

similar manner, the declining EH also results in a downtrend of the steady-state EHPR level with 378 

a secondary decline (Fig. 2F), due to competition from the still increasing formation of XPR at 379 

higher X concentrations (Fig. 2E). Lastly, the steady-state EE level, which is determined by 380 

EHPR + ωp*XPR (where ωp=1 at default here), exhibits a monotonically increasing, saturable 381 

DR profile with respect to X (Fig. 2G). The X0.9/X0.1 ratio, a metric of the steepness of the curve, 382 

is about 45, corresponding to a Hill coefficient of 1.15, which is slightly steeper than the typical 383 

receptor-mediated Michaelis-Menten kinetics as exemplified by XCR (Fig. 2A) and XPR (Fig. 384 

2E). 385 

 386 

To further analyze and understand the shape of the EE DR curve, we conducted an in-387 

depth analysis of the HPE negative feedback loop. A well-known property of negative feedback 388 

is that if the feedback regulation is integral or proportional with high loop gain (amplification), the 389 

input-output relationship can be linearized (Zhang and Andersen 2007, Nevozhay, Adams et al. 390 

2009, Sturm, Orton et al. 2010). Considering X acting through CR as the input and EH as an 391 

output of the HPE feedback loop, the steady-state EH vs. X DR relationship indeed follows a 392 

nearly straight line that decreases to the basal level on dual-linear scale (Fig. S3B), when the 393 

Hill coefficient n3 (representing the degree of signal simplification, or ultrasensitivity, of the CR-394 

mediated feedback here) assumes very high values (n3 = 1000 or 100). For the high n3 cases, 395 

every increment of X concentration results in an almost equal decrement of EH concentration, 396 

such that the X + EH sum remains constant. This occurs because X, as the reference agonist 397 

here, is parameterized to be indistinguishable from EH with identical receptor binding affinity 398 

and efficacy properties, such that near-perfect adaption occurs for X + EH as a whole. This 399 

leads to a flat EE response for low X levels (Fig. S3D), and an overall monotonically increasing 400 
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response that is slightly steeper than would be predicted by Michaelis-Menten kinetics (Fig. 401 

S3C). Compared with the high n3 values that can achieve nearly perfect linear EH response, 402 

substantially lower n3 values, including the default value of 7, can only achieve partial 403 

linearization (Fig. S3B). As X increases, EH does not decrease as much to match the increase 404 

of X before bottoming at the basal level. As a result, XPR rises faster (Fig. S4E) than EHPR 405 

declines (Fig. S4F), and EE, which equals EHPR + ωp·XPR (where ωp=1 for the reference 406 

situation), can only monotonically increase (Fig. S4G and S3D). In summary, for an agonist that 407 

is essentially identical to the endogenous hormone in receptor binding and downstream 408 

signaling properties, no nonmonotonic endocrine effect is expected to arise out of the HPE 409 

feedback operation, even when the feedback-mediated adaptation is perfect. 410 

 411 

1.2 J-shaped DR of agonist – effects of binding affinities for PR (Kd5 and Kd6) 412 

With the reference response established above, we next explored situations when the agonist X 413 

is quantitatively different than EH in receptor binding and efficacy. We first examined the effect 414 

of the binding affinity between X and PR by varying the association rate constant kf6. Since this 415 

binding event is outside the HPE feedback loop, the effects of X on the components within the 416 

feedback loop, including CR, XCR, EHCR, PH and EH, are the same as the reference situation 417 

as in Fig. 2A-2D (results not shown). When the binding affinity between X and PR is lowered by 418 

decreasing kf6, the XPR vs. X curve shifts to the right as expected, and conversely when kf6 is 419 

increased the curve shifts to the left (Fig. 3A). This shift only affects the second decline phase of 420 

the EHPR response (Fig. 3B), while the first phase remains largely unchanged as it is 421 

determined mainly by the declining EH. Interestingly, when kf6 is decreased such that Kd6 > Kd5 422 

appreciably, a J-shaped DR relationship begins to emerge for EE (Fig. 3C). At 1/4 of the default 423 

value of kf6, EE can dip to nearly 50% of the basal level for X concentration between 10-20 au 424 

(Fig. 3C inset). In contrast, increasing kf6 does not result in a nonmonotonic response. 425 

Increasing Kd6 by increasing the dissociation rate constant kb6 achieves a similar NMDR effect 426 
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(results not shown). 427 

 428 

The NMDR effect is due to the shift of the XPR response curve, which alters the relative 429 

contributions of XPR and EHPR to EE. Here the contributions to the change of EE are 430 

determined by d(ωp*XPR)/dX and dEHPR/dX, i.e., the slopes of the ωp*XPR and EHPR curves, 431 

respectively (Fig. S5A). As kf6 decreases such that XPR gradually shifts to the right, its 432 

contribution to the change of EE becomes less while the contribution by EHPR becomes more 433 

dominant. Therefore, for low kf6 values, the EE curve initially follows the downtrend of the EHPR 434 

response at low X concentrations. As X continues to increase, the slope of the XPR curve starts 435 

to contribute more than EHPR to the change of EE, thus the downtrend of the EE curve ceases 436 

and in turn it starts to rise following the uptrend of the XPR response (Fig. S5A). The lower the 437 

kf6 value, the higher the magnitude (defined as the vertical drop from the basal EE level to the 438 

nadir) of the J-shaped effect. The X concentration corresponding to the nadir also shifts slightly 439 

more to the right but stays in the vicinity of 10-20 au, corresponding to the X level when EH 440 

ceases to decline. 441 

 442 

We next examined the effect of the binding affinity between EH and PR by varying the 443 

association rate constant kf5. Since this binding event is also outside the HPE feedback loop, 444 

the effects of X on the components within the feedback loop are the same as the reference 445 

situation as in Fig. 2A-2D (results not shown). When the binding affinity between EH and PR is 446 

increased by increasing kf5, the basal level of EHPR is elevated as expected, and the low-dose 447 

region of the EHPR vs. X curve expands upward, and conversely when kf5 is decreased the 448 

opposite occurs to the EHPR curve (Fig. 3E), without affecting the XPR response (Fig. 3D). 449 

Interestingly, when kf5 is increased such that Kd6 > Kd5 appreciably, a J-shaped DR relationship 450 

begins to emerge for EE (Fig. 3F). In contrast, decreasing kf5 does not result in a nonmonotonic 451 

response. Decreasing Kd5 by decreasing the dissociation rate constant kb5 achieves a similar 452 
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NMDR effect (results not shown). Just as the case of varying Kd6, varying Kd5 changes the 453 

relative contribution of EHPR and XPR to EE (Fig. S5B). J-shaped DR emerges when the 454 

binding affinity between EH and PR is high (i.e., low Kd5), where the contribution by EHPR to the 455 

change of EE is greater than the contribution by XPR at low X concentrations. 456 

 457 

1.3 J-shaped DR of agonist – effects of binding affinities for CR (Kd7 and Kd8) 458 

We first examined the effect of the binding affinity between X and CR. When the binding affinity 459 

is lowered by decreasing the association rate constant kf8, the XCR vs. X curve shifts to the right 460 

as expected, and conversely when kf8 is increased the curve shifts to the left (Fig. 4A). Through 461 

the inhibitory action of XCR on PH, this shift propagates downstream, leading to similar shifts of 462 

the PH, EH, EHCR, and EHPR responses (Fig. 4B-4D, 4F), without affecting the XPR response 463 

(Fig. 4E). When kf8 is increased such that Kd7 > Kd8 appreciably, J-shaped DR relationships 464 

begin to emerge for EE (Fig. 4G). Decreasing Kd8 by decreasing the dissociation rate constant 465 

kb8 achieves a similar NMDR effect (results not shown). The horizontal shift of the EHPR 466 

response changes its relative contribution to EE (Fig. S5C), and a J-shaped DR of EE emerges 467 

when the binding affinity between X and CR is high (i.e., low Kd8), where the contribution to the 468 

change of EE by EHPR dominates that by XPR at low X concentrations. 469 

 470 

We next examined the effect of the binding affinity between EH and CR. When the 471 

binding affinity is increased by increasing the associate rate constant kf7, the feedback inhibition 472 

by EH on PH is enhanced, and as a result the basal PH level decreases and the opposite 473 

occurs when kf7 is decreased (Fig. 4I). This effect propagates downstream to EH and EHPR 474 

(Fig. 4J and 4M). Interestingly, EHCR exhibits an opposite effect with much smaller changes in 475 

the basal level (Fig. 4K). This is because as kf7 increases, the increased EHCR formation is 476 

partially cancelled out by the decreasing EH. The XCR and XPR responses are not altered by 477 

kf7 (Fig. 4H and 4L). When kf7 is decreased such that Kd7 > Kd8 appreciably, J-shaped DR 478 
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relationships begin to emerge for EE (Fig. 4N). Increasing Kd7 by increasing the dissociation rate 479 

constant kb7 achieves a similar NMDR effect (results not shown). Varying Kd7 changes the 480 

relative contribution of EHPR (as its basal level changes dramatically) to EE (Fig. S5D). J-481 

shaped DR emerges when the binding affinity between EH and CR is low (i.e., high Kd7), where 482 

the contribution to the change of EE by EHPR dominates that by XPR at low X concentrations. 483 

 484 

In summary, the simulation results above indicate that when the efficacies of X and EH 485 

are comparable (ωp ≈ ωc ≈ 1), as long as the relative binding affinity of X for CR vs. X for PR 486 

(defined as Kd6/Kd8) is appreciably greater than the relative binding affinity of EH for CR vs. EH 487 

for PR (defined as Kd5/Kd7), a J/U-shaped DR relationship for EE would emerge. 488 

 489 

1.4 J-shaped DR of agonist – effects of efficacy (ωp and ωc) 490 

We next explored whether the efficacy of X also plays a role in determining the nonmonotonic 491 

effect. We first examined the ωp, the efficacy of X acting via XPR to produce EE. Since ωp is a 492 

parameter outside of the HPE feedback loop, the effects of X on the variables within the 493 

feedback loop are the same as the reference situation as in Fig. 2A-2D (results not shown), so 494 

are the XPR and EHPR responses (Fig. 5A and 5B) since the receptor binding per se is not 495 

affected by ωp. However, because varying ωp alters the relative contribution of XPR to EE, a J-496 

shaped DR for EE emerges when ωp is tangibly smaller than unity which is the efficacy of EH for 497 

PR (Fig. 5C inset and Fig. S5E). 498 

 499 

We next examined ωc, the efficacy of X acting via XCR to inhibit PH production. When 500 

ωc is lowered, although the XCR vs. X curve is not affected (Fig. 5D), the inhibition of PH by 501 

XCR is reduced, causing the PH vs. X curve to shift to the right, and conversely when ωc is 502 

increased the curve shifts to the left (Fig. 5E). This shift propagates downstream, leading to 503 

similar shifts of the EH, EHCR, and EHPR responses (Fig. 5F-5G, 5I), without affecting the XPR 504 
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response (Fig. 5H). The horizontal shift of the EHPR response changes its relative contribution 505 

to EE, and a J-shaped DR emerges when ωc is tangibly greater than unity which is the efficacy 506 

of EH for CR (Fig. 5J inset and Fig. S5F). 507 

 508 

1.5 Monotonic DR of agonist - effects of remaining parameters 509 

Lastly, we examined the effects of the remaining parameters, including k1, k2, k3, k4, k30, Kd3, n3, 510 

CRtot, and PRtot. We found that even though the value of each of these parameters was varied 511 

by 0.01-100 fold, no NMDR emerges (simulation results not shown). Taken together, these 512 

results indicate that only the six parameters related to receptor binding affinity and efficacy play 513 

a role in rendering NMDR under the current parameter condition. 514 

 515 

2. NMDR effects of an EDC antagonist  516 

When an EDC is an antagonist, it is still capable of receptor binding, but the binding does not 517 

lead to downstream molecular action. In the framework of the HPE model here, antagonist X is 518 

mimicked by setting the efficacy parameters ωp and ωc to zero as the default condition, such 519 

that X only competes with EH for PR and CR binding, but producing no downstream XPR-520 

mediated EE and XCR-mediated feedback inhibition of PH. As a result, at the peripheral site, by 521 

sequestering PR and displacing EH out of the EHPR complex, X tends to reduce EE. At the 522 

central site, by displacing EH out of the EHCR complex, X relieves EHCR-imposed inhibition of 523 

PH production, leading to increased PH and subsequently increased EH levels. Therefore, the 524 

net endocrine outcome of exposure to antagonist X will depend on the mathematical product of 525 

two opposing changes, a declining free PR and an increasing EH, as the two bind together to 526 

form EHPR that produces EE. 527 

 528 

2.1 Monotonic DR of reference antagonist 529 

To establish a reference point for the antagonist, we first considered the baseline situation 530 
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where all parameters are at default values and the hypothetical antagonist X has the same 531 

binding affinities for the receptors as EH, i.e., Kd6 = Kd5 and Kd8 = Kd7, except that the efficacies 532 

ωp = 0 and ωc = 0. As shown in Fig. 6A, as the concentration of X increases, more XCR is 533 

formed. The steady-state XCR vs. X curve has a Hill coefficient of 0.88 and AC50 of nearly 111, 534 

which is slightly higher than Kd8 for the X and CR binding event. Therefore, the XCR response is 535 

slightly more subsensitive than typical Michaelis-Menten kinetics, and so is the XPR response 536 

(Fig. 6E). By sequestering CR to form XCR, X drives EHCR to lower levels (Fig. 6D), resulting in 537 

less inhibition of PH production and thus higher PH (Fig. 6B) and EH (Fig. 6C) levels. When X 538 

concentration is near 3000, PH and EH hit the plateaus at maximum. Similarly, by sequestering 539 

PR to form XPR (Fig. 6E), X drives free PR to lower levels (Fig. 6G). Despite that EH rises as X 540 

increases, the formation of EHPR and thus EE continue to decrease monotonically (Fig. 6H). 541 

The Hill coefficient of the EE vs. X DR curve is 0.94. 542 

 543 

As in the agonist case, we conducted an analysis of the HPE negative feedback loop for 544 

antagonist X at different degrees of signal simplification. When the Hill coefficient n3 is at very 545 

high values, the steady-state EH vs. X DR relationship is also a nearly linear response, which 546 

increases then plateaus on dual-linear scale (Fig. S6B, n3 = 100 or 1000). Interestingly, this 547 

linear increase in EH somehow cancels out the effect of decreasing PR levels (Fig. S6D), 548 

leading to a flat EE response for low X concentrations (Fig. S6F), and an overall monotonically 549 

decreasing EE vs. X DR curve (Fig. S6E). Compared with the high n3 values that can achieve 550 

nearly perfect linear EH vs. X response, substantially lower n3 values, including the default value 551 

of 7, can barely achieve linearization (Fig. S6B). As X increases, EH does not increase as much 552 

to cancel out the effect of the decreasing PR before plateauing. As a result, EHPR (Fig. 6H) and 553 

thus EE (Figs. 6H, S6E and S6F) can only monotonically decrease. In summary, for a full 554 

antagonist that has the same affinity as the endogenous hormone for receptor binding, no 555 

nonmonotonic endocrine effect is expected to arise out of the HPE feedback operation. 556 
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 557 

2.2 Bell-shaped DR of antagonist – effects of binding affinities for PR (Kd5 and Kd6) 558 

With the reference response established above, we next explored situations when the 559 

antagonist X is quantitatively different than the endogenous hormone in receptor binding affinity. 560 

We first examined the effect of the binding affinity between X and PR by varying the association 561 

rate constant kf6 (Fig. 7A-7C). Since this binding event is outside of the HPE feedback loop, the 562 

effects of X on the components within the feedback loop, including CR, XCR, EHCR, PH and 563 

EH, are the same as the baseline situation as in Fig. 6A-6D and 6F (results not shown). When 564 

the binding affinity between X and PR is lowered by decreasing kf6, the XPR vs. X curve shifts to 565 

the right, as expected, and conversely when kf6 is increased the curve shifts to the left (Fig. 7A). 566 

This shift also leads to a corresponding shift of the PR response in the opposite direction (Fig. 567 

7B). Interestingly, when kf6 is decreased such that Kd6 > Kd5 appreciably, Bell-shaped DR 568 

relationships begin to emerge for EHPR and EE (Fig. 7C). In contrast, increasing kf6 does not 569 

lead to nonmonotonic responses. Increasing Kd6 by increasing the dissociation rate constant kb6 570 

achieves a similar NMDR effect (results not shown). 571 

 572 

The NMDR effect as Kd6 is increased is due to the shift of the DR curve of PR which 573 

alters its relative contributions, compared with EH, to EHPR formation and thus EE response. 574 

Here EHPR formation is determined by the mathematical product of PR and EH based on mass 575 

action. As kf6 decreases such that PR gradually shifts to the right, its contribution to the change 576 

in EHPR formation, as determined by the slope on the dual-log scale (Fig. S7A), becomes less 577 

while the contribution by EH becomes relatively more dominant. Therefore, for low kf6 values, 578 

the EE curve initially follows the uptrend of EH at low X concentrations. As X continues to 579 

increase, with EH approaching a plateau PR starts to influence more, thus the EE curve starts 580 

to decrease following the downtrend of PR. The lower the kf6 value, the higher the magnitude 581 

(defined as the vertical elevation from the basal EE level to the peak) of the Bell-shaped 582 
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response, with the peak shifting more to the right. 583 

 584 

We next examined the effect of the binding affinity between EH and PR by varying the 585 

association rate constant kf5 (Fig. 7D-7F). Similar to kf6, since this binding event also sits outside 586 

of the HPE feedback loop, it does not affect the responses of the components within the loop, 587 

which are the same as the baseline situation as in Fig. 6A-6D and 6F (results not shown). When 588 

the binding affinity between EH and PR is increased (decreased) by increasing (decreasing) kf5, 589 

the PR vs. X curve, which monotonically decreases (Fig. 7E) is lowered (elevated) at low X 590 

concentrations, while the EHPR and thus EE responses (Fig. 7F) are elevated (lowered). Unlike 591 

the agonist case, the EE response remains monotonically decreasing as kf5 is varied in either 592 

direction. Varying Kd5 by varying the dissociation rate constant kb5 does not produce NMDR 593 

effects either (results not shown). This lack of NMDR can be traced to the vertical shift of the PR 594 

vs. X curve, without slope changes, as shown on the dual-log scale (Fig. S7B).  595 

 596 

2.3 Bell-shaped DR of antagonist – effects of binding affinities for CR (Kd7 and Kd8) 597 

We first examined the effect of the binding affinity between X and CR (Fig.8A-8H). When the 598 

binding affinity is lowered by decreasing the association rate constant kf8, the XCR vs. X curve 599 

shifts to the right, and conversely when kf8 is increased the curve shifts to the left (Fig. 8A). As X 600 

competes with EH for CR, this leads to similar shifts of the EHCR (Fig. 8D) and CR (Fig. 8F) 601 

responses. The shift in the EHCR response propagates downstream, leading to similar shifts of 602 

the PH and EH responses (Fig. 8B-8C), without tangibly affecting the XPR and PR responses 603 

(Fig. 8E and 8G). When kf8 is increased such that Kd7 > Kd8 appreciably, Bell-shaped DR 604 

relationships begin to emerge for EHPR and EE (Fig. 8H). Decreasing Kd8 by decreasing the 605 

dissociation rate constant kb8 achieves a similar NMDR effect (results not shown). The 606 

horizontal shift of the EH response changes its relative contribution to the formation of EHPR 607 

and thus EE response (Fig. S7C), and Bell-shaped DR emerges when the binding affinity 608 
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between X and CR is high (i.e., low Kd8), where the contribution to the change in EE at low X 609 

concentrations is dominated by EH than by PR. 610 

 611 

We next examined the effect of the binding affinity between EH and CR (Fig. 8I-8P). 612 

When the binding affinity is increased (decreased) by increasing (decreasing) kf7, the PH and 613 

EH vs. X curves, which monotonically increase (Fig. 8J and 8K), is shifted is to the right (left) 614 

and the segment at low X concentrations is lowered (elevated), while the EHPR and thus EE 615 

responses (Fig. 8P) are elevated (lowered). Unlike the agonist case, the EE response remains 616 

monotonically decreasing as kf7 is varied in either direction. Varying Kd7 by varying the 617 

dissociation rate constant kb7 does not produce NMDR effects either (results not shown). This 618 

lack of NMDR can be traced to the vertical shift of the segment of the EH vs. X curve at low X 619 

concentrations, as shown on the dual-log scale (Fig. S7D). 620 

 621 

In summary, the simulations above indicate that only when the binding affinities of X for 622 

PR or CR themselves are altered to be different than those of EH for PR or CR, will 623 

nonmonotonic endocrine effects emerge. In contrast, varying the binding affinities of EH for PR 624 

or CR, which causes changes in the baseline EE, does not produce NMDR effects. 625 

 626 

2.4 Monotonic DR of antagonist – effects of remaining parameters 627 

Lastly, we examined the effects of the remaining parameters, including k1, k2, k3, k4, k30, Kd3, n3, 628 

CRtot, and PRtot. We found that even though the value of each of these parameters was varied 629 

by 0.01-100 fold, no NMDR emerges (simulation results not shown). 630 

 631 

3. NMDR in Monte Carlo simulations 632 

In the above sections, we found that six parameters (Kd5, Kd6, Kd7, Kd8, ωp and ωc) or their 633 

subset play a role in rendering J/U-shaped or Bell-shaped (as opposed to monotonically 634 
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increasing or decreasing) responses to an agonist or antagonist. In section we further explored 635 

the quantitative relationships between these parameters that enable NMDR. We hypothesize 636 

that for a J/U-shaped NMDR to occur, the relationship between these six parameters needs to 637 

meet the following condition, under the assumption that X has the same concentration in the 638 

peripheral target tissue as in the brain, and so does EH (see Discussion for scenarios of 639 

differential concentrations at different site):   640 

���

���
�� �

���

���
��   (C1) 641 

C1 indicates that the central action of X relative to EH to inhibit PH needs to be greater than the 642 

peripheral action of X relative to EH to produce EE.  643 

 644 

For a Bell-shaped NMDR to occur, the relationship between the six parameters needs to 645 

meet the following condition, also under the assumption that X has the same concentration in 646 

the peripheral target tissue as in the brain, and so does EH:   647 

���

���
�� �

���

���
��   (C2) 648 

C2 indicates that the central action of X to block EH-mediated negative feedback thus 649 

disinhibiting PH needs to be greater than the peripheral action of X to block EH-mediated EE. 650 

 651 

To validate these conditions in a more unbiased manner, we conducted Monte Carlo 652 

(MC) simulations with two different approaches: (i) randomizing the values of these 6 653 

parameters only while holding other parameters at default values, (ii) utilizing a population HPE 654 

model where all relevant model parameters are different between individuals. 655 

 656 

3.1 Six-Parameter MC simulations 657 

20,000 MC simulations were conducted to generate a variety of shapes of DR curves by 658 

simultaneously sampling (i) parameters Kd5, Kd6, Kd7, and Kd8 from log10 uniform distributions 659 
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ranging between 10-fold above and below default values, and (ii) parameters ωp and ωc from 660 

uniform distributions of [0-1]. After classification, the DR curves fall into 4 categories: 661 

monotonically increasing (MI), J/U, monotonically decreasing (MD), and Bell shapes (Fig. S8A-662 

S8D). The percentage distributions of these different shapes are 49, 45, 3, and 3% respectively 663 

(Fig. S8E). Therefore, MI and J/U curves are ~16 times more frequent than MD and Bell curves 664 

when only the 6 parameters are randomly sampled. 665 

 666 

Among the MI and J/U curves, the paired values of  
���

���
�� and 

���

���
�� are distributed 667 

predominantly above the diagonal for J/U curves, and below the diagonal for MI curves (Fig. 9A). 668 

There is only a small overlap between the two, as indicated by the histograms of �
���

���
���/669 

�
���

���
��� of the two curve types (Fig. 9B). Moreover, the magnitude of the J/U curves, defined as 670 

the fractional-decrease of the nadir EE from the baseline level when X=0, is positively 671 

associated with �
���

���
���/�

���

���
���  (Fig. 9C). These results are consistent with condition C1 672 

postulated for the emergence of J/U curves. 673 

 674 

Among the MD and Bell curves, the paired values of 
���

���
�� and 

���

���
�� are distributed 675 

predominantly above the diagonal for Bell curves, and below the diagonal for MD curves (Fig. 676 

9D). There is a small overlap between the two, as indicated by the histogram of �
���

���
���/677 

�
���

���
��� (Fig. 9E). Moreover, the magnitude of the Bell curves, defined as the fold-increase of 678 

the peak EE from the baseline level when X=0, is positively associated with �
���

���
���/�

���

���
��� 679 

(Fig. 9F). These results are consistent with condition C2 postulated for the emergence of Bell 680 

curves. 681 

 682 
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Examining the individual parameters associated with the 4 curve shapes revealed 683 

distribution patterns that are consistent with conditions C1 and C2 for differentiating these 684 

curves (Fig. 10). For the MI vs. J/U curves, although the distributions of each parameter 685 

substantially overlapped between the two curve types, they are biased in directions that favor 686 

C1. For the MD vs. Bell curves, although the biases in the Kd5, Kd6, Kd7, Kd8 distributions are not 687 

as pronounced as those for the MI vs. J/U curves situation, they still have tendencies that favor 688 

C2 with Kd6 and Kd8 distributions being the least biased. In contrast, ωp and ωc are 689 

predominantly in small values for MD and Bell curves respectively (Fig. 10E and 10F), a pattern 690 

that is also consistent with favoring C2. 691 

 692 

3.2 Population MC simulations 693 

The above MC simulations were limited to 6 key parameters while all other parameters 694 

remained constant. To validate the relationships between these parameters for nonmonotonic 695 

endocrine effect in a more unbiased way, we next conducted MC simulations by using the 696 

virtual population HPE model where each individual has different EH and PH levels which are 697 

determined by varying values of all relevant model parameters as detailed in Methods. The 698 

population MC simulations generate a variety of shapes of DR curves, which include, in addition 699 

to MI, J/U, MD, and Bell, also multi-phasic curves, i.e., U-then-Bell and Bell-then-U shapes (Fig. 700 

S9A-S9F). The percentage distributions of these different shapes are 56, 28, 9, 4, 0.04, and 3% 701 

respectively (Fig. S9G). Therefore, MI and MD curves together are nearly twice as frequent as 702 

NMDR curves. 703 

 704 

Similar to the six-parameter MC simulations above, the population MC simulations 705 

showed that conditions C1 and C2 are largely observed for MI vs. J/U (Fig. 11A-11B) and MD 706 

vs. Bell (Fig. 11D-11E) curves respectively, although the separations are not as clean. The 707 
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magnitudes of the J/U and Bell curves are positively associated with 
���

���
��/

���

���
�� (Fig. 11C) 708 

and 
���

���
��/

���

���
�� (Fig. 1F), respectively. Examining the 6 individual parameters Kd5, Kd6, Kd7, 709 

Kd8, ωp, and ωc for the 4 curve shapes revealed distribution patterns that are largely consistent 710 

with conditions C1 and C2 to differentiate these curves (Fig. 12A-12F), with distribution biases 711 

qualitatively similar to the six-parameter MC simulations above (Fig. 10). For the remaining 712 

parameters, k1, k30, k3, Kd3, n3, and CRtot, there are some interesting distribution patterns. The 713 

distributions of k1 are largely indistinguishable among the 4 curve chapes (Fig. 12G) and so are 714 

those of n3 (Fig. 12K). In contrast, k30 and k3 tend to have high and low values respectively to 715 

favor monotonic DR curves (Fig. 12H and 12I). For Kd3, the differences in the distributions for 716 

monotonic vs nonmonotonic curves are small, with a slight tendence of lower values favoring 717 

J/U curves (Fig. 12J). The differences in the distributions of CRtot for monotonic vs 718 

nonmonotonic curves are also small, with a slight tendence of higher values favoring J/U curves 719 

(Fig. 12L).  720 

  721 
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Discussion 722 

In the present study we demonstrated that negative feedback regulation, common and intrinsic 723 

to nearly all homeostatic endocrine systems, are theoretically capable of rendering 724 

nonmonotonic responses to EDC perturbations. In essence, when an EDC is able to sufficiently 725 

interfere with the central feedback action to affect the pituitary hormone and in turn the 726 

endogenous effector hormone levels, it can produce at low doses a net endocrine effect that is 727 

in an opposite direction of what is normally expected for an agonist or antagonist. For NMDR to 728 

arise, we showed for the first time that certain parameter conditions must be met, as indicated in 729 

C1 and C2. These conditions require that the effector hormone and EDC have differential 730 

binding affinities and efficacies for the peripheral target receptor that mediates the endocrine 731 

effect and the central receptor that mediates the negative feedback regulation. Provided C1 or 732 

C2 are met, other parameters such as k30 and k3 which govern PH synthesis may have a 733 

modulatory role, enhancing or attenuating the NMDR magnitude. For the J/U-shaped response, 734 

it requires that an EDC agonist has a stronger inhibitory effect in the central negative feedback 735 

pathway than its stimulatory effect in the peripheral target tissues. In this case the endogenous 736 

hormone would be sufficiently downregulated at low EDC concentrations, resulting in an overall 737 

reduction in the endocrine effect despite that locally the EDC is an agonist in the peripheral 738 

tissue. For the Bell-shaped response, it requires that an EDC antagonist has a stronger action 739 

to block the endogenous effector hormone-mediated central negative feedback than its 740 

inhibitory action in the peripheral target tissues. In this case, the endogenous hormone would be 741 

upregulated at low EDC concentrations, resulting in an overall increase in the endocrine effect 742 

despite that locally the EDC is an antagonist in the peripheral tissue. In both cases, at high 743 

concentrations when the central action of the EDC is saturated, its peripheral action will take 744 

over, reversing the direction of the endocrine effect exhibited at low concentrations.  745 

 746 
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1. Nonmonotonicity via incoherent feedforward action 747 

The NMDRs predicted by the HPE axis model here are essentially a result of incoherent 748 

feedforward actions of EDCs (Kaplan, Bren et al. 2008, Zhang, Pi et al. 2009). In this framework 749 

(Fig. 1B), an EDC acts in two opposing arms: it has (i) a direct endocrine effect in the target 750 

issue, and (ii) an indirect but opposite endocrine effect by altering the endogenous effector 751 

hormone level through interfering with the HPE feedback. The EDC concentration-dependent 752 

changes in the signaling strengths of the two arms determine the change in the direction of the 753 

endocrine effect and the shape of the DR curves. Through signal amplification in the 754 

hypothalamus and pituitary, the indirect arm can be perturbed by the EDC to readily alter the 755 

endogenous hormone levels, leading to “overcorrection” of the endocrine effect exerted by the 756 

EDC via the direct arm. In this regard, the higher the feedback amplification gain, the smaller 757 

the differences are required of the EDC’s relative binding affinities and efficacies between the 758 

central and peripheral actions to produce NMDRs. 759 

 760 

2. Agonistic vs. antagonistic actions 761 

For a given receptor-mediated biological effect in a tissue, the efficacy ω of an EDC, relative to 762 

the background action level of the endogenous hormone, determines whether it is a (partial) 763 

agonist or antagonist in that endocrine context (Howard and Webster 2009, Howard, 764 

Schlezinger et al. 2010). In the current model specifically, with the receptor occupancy of both 765 

PR and CR by the endogenous effector hormone at 10% as the average baseline, whether ωp 766 

and ωc are greater or smaller than 0.1 largely determines whether the local action of the EDC is 767 

agonistic or antagonistic at the peripheral and central sites, respectively. A closer examination 768 

of the distributions of ωp and ωc for all 4 types of DR curves revealed that this indeed seems to 769 

be the case (Fig. S10). The MI and MD curves, representing mainly agonistic and antagonistic 770 

actions of the EDC in the peripheral target tissue respectively, can be largely distinguished by 771 

ωp levels. For the six-parameter MC simulations, ωp is highly concentrated in the range of 0.1-1 772 
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for MI curves, whereas it is mostly < 0.1 for MD curves (Fig. S10A). Similar dichotomy was 773 

found with the population MC simulations (Fig. S10E). In comparison, ωc can vary in the entire 774 

range of 0-1 regardless of MI or MD curves (Fig. S10B and S10F). Therefore, the peripheral 775 

agonistic or antagonistic action of the EDC relative to the local endogenous effector hormone 776 

level there seems to play a primary role in producing MI or MD curves. 777 

 778 

In contrast, J/U vs. Bell curves can be largely distinguished by ωc levels. For the six-779 

parameter MC simulations, ωc is highly concentrated in the range of 0.1-1 for J/U curves, 780 

whereas it is mostly < 0.1 for Bell curves (Fig. S10D). A similar dichotomy was found with the 781 

population MC simulations, albeit the separation is not as clean (Fig. S10H). In comparison, ωp 782 

can vary in the entire range of 0-1 regardless of J/U or Bell curves (Fig. S10C and S10G). 783 

Therefore, the central agonistic or antagonistic action of the EDC relative to the local 784 

endogenous effector hormone level there seems to play a primary role in producing one of the 785 

two types of NMDRs. Similar conclusions can be drawn when the baseline receptor occupancy 786 

is considerably higher (e.g., 50%) or lower (e.g., 1%) than the default 10% (simulation results 787 

not shown). 788 

 789 

3. Selective receptor modulators and complex NMDRs 790 

The binding affinity of the endogenous hormone or an exogenous compound for the hormone 791 

receptor may vary in different cells and tissues, depending on the status of posttranslational 792 

covalent modifications such as phosphorylation, oxidation, acetylation, and methylation, and the 793 

intracellular milieu (Faus and Haendler 2006, Malbeteau, Pham et al. 2021). Upon ligand 794 

binding, downstream molecular events, such as receptor dimerization, DNA binding, and co-795 

regulator recruitment, can determine the efficacy, thus the direction and magnitude of the 796 

endocrine effect. Variations in these molecular events can cause differential binding affinities 797 

and efficacies, which may lead to NMDRs for different endocrine active compounds in different 798 
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tissues. These variations may contribute to the phenomenon of tissue-specific selective receptor 799 

modulators (SRM) for estrogen, progesterone, androgen, and thyroid hormone receptors (Riggs 800 

and Hartmann 2003, Christiansen, Lipshultz et al. 2019, Islam, Afrin et al. 2020, Saponaro, 801 

Sestito et al. 2020). In keeping with this concept, our modeling showed that an EDC can be 802 

stimulatory in some endocrine contexts while inhibitory in others. For environmental exposures 803 

which often involve mixtures of EDCs, the direction of the endocrine effects will be ultimately 804 

determined by the net actions of different compounds possessing different binding affinities and 805 

efficacies acting potentially at the central and/or peripheral sites simultaneously. Some 806 

constituents in a mixture may act primarily at the peripheral site while others may act primarily at 807 

central site, thus creating complex endocrine outcome scenarios. Genetic and epigenetic 808 

variations between human individuals may also result in different binding affinities and efficacies 809 

in central and peripheral tissues even for the same compound, which may lead to emergence of 810 

NMDR only in certain subpopulations, as suggested by our MC population simulations. Lastly, in 811 

women whose circulating estradiol and progesterone levels fluctuate through the menstrual 812 

cycle, the net endocrine effect of an EDC may vary depending on the phase of the cycle. The 813 

present study suggests that the DR relationship induced by EDCs can be more complex than 814 

J/U and Bell-shape. In the MC population simulation, there are cases where an EDC exhibits U-815 

then-Bell or Bell-then-U curves (Fig. S9E and S9F). Whether such complex responses occur in 816 

vivo remains to be determined. 817 

 818 

4. Feedback mechanisms proposed for NMDR in the literature 819 

Negative feedback has been frequently referred to in the EDC literature as one of the underlying 820 

mechanisms for NMDR (Vandenberg, Colborn et al. 2012, Lagarde, Beausoleil et al. 2015), yet 821 

there are barely any studies that have provided evidence or rigorous arguments on how NMDR 822 

may arise in this context, at least in theory. In the review article (Vandenberg, Colborn et al. 823 

2012), negative feedback control in endocrine systems such as insulin-glucose and TSH-TH 824 
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was proposed as an NMDR-producing mechanism, however the studies cited were concerned 825 

with temporal responses of sexual organ growth to steroid hormone stimulation without 826 

reporting dose-responses. Specifically, these studies described a plateauing of the proliferative 827 

growth of the prostate gland stimulated by androgen (Lesser and Bruchovsky 1974, Bruchovsky, 828 

Lesser et al. 1975), a similar plateau response of uterus growth to estrogen (Wiklund, Wertz et 829 

al. 1981), or refractory uterine cell proliferation after successive estrogen treatments (Stormshak, 830 

Leake et al. 1976). The lack of further growth of these organs was interpreted as a result of 831 

engagement of some negative feedback mechanisms that eventually limit cell proliferation. In 832 

the review article (Lagarde, Beausoleil et al. 2015), a number of diverse studies were cited to 833 

support negative feedback as a potential mechanism for NMDR. Major NMDR findings in these 834 

studies include Na+/H+ exchanger activity in response to 17β-estradiol (E2) in rat aortic smooth 835 

muscle cells (Incerpi, D’Arezzo et al. 2003), puberty onset in rats in response to BPA (Adewale, 836 

Jefferson et al. 2009), transcriptional induction of hepatic lipogenic genes in mice by BPA 837 

(Marmugi, Ducheix et al. 2012), enhancement of spatial memory in rats by E2 (Inagaki, 838 

Gautreaux et al. 2010), mouse mammary growth in response to diethylstilbestrol (DES) or E2 839 

(Skarda 2002, Skarda 2002, Köhlerová and Skarda 2004, Vandenberg, Wadia et al. 2006), and 840 

mouse prostate enlargement by fetal exposure to E2 or DES (vom Saal, Timms et al. 1997). 841 

However, in none of these studies was the global negative feedback, as we explored here, 842 

explicitly discussed as a mechanism of NMDR. Rather, they suggested that hormone receptor 843 

desensitization or downregulation, occurring locally in cells, is a potential mechanism. Whether 844 

receptor downregulation itself is a result of intracellular negative feedback upon receptor 845 

activation is another topic, and even so, only conditional not steady-state NMDR, as we 846 

explored here, is expected (Zhang, Pi et al. 2009). Taken together, compared with past attempts 847 

in this area, our modeling study here revealed, for the first time, the mechanistic rationale and 848 

parameter conditions by which NMDR may arise through interference of EDCs with the systemic 849 

negative feedback action of the endogenous hormones. 850 
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 851 

5. Implications and potential applications in risk assessment of EDCs 852 

The NMDR effect predicted by our model suggests that at low concentrations the endocrine 853 

outcome of an EDC in vivo may run in the opposite direction of what is expected based on 854 

findings from unsophisticated in vitro bioassays, such as receptor binding and receptor-855 

mediated reporter assays. With the advent of new approach methodologies (NAM), this 856 

possibility of counterintuitive effects will pose a serious challenge to the task of in vitro to in vivo 857 

extrapolation (IVIVE), where in vitro derived point-of-departure (PoD) concentrations are used to 858 

extrapolate human reference doses for EDC safety regulation. To circumvent such potential in 859 

vitro to in vivo discordance, developing sophisticated endocrine-system-on-a-chip – by 860 

incorporating multiple interacting organoids or cell cultures to mimic the global negative 861 

feedback structure as in vivo – could be a solution moving forward. However, technical 862 

difficulties aside, covering sufficient space of population variability with such endocrine-system-863 

on-a-chip assays to predict nonmonotonic effects for susceptible subpopulations will pose 864 

another daunting challenge. 865 

 866 

Alternatively, developing quantitative adverse outcome pathway (qAOP) models of 867 

endocrine systems as we initiated here may be a viable computational approach to aid the 868 

IVIVE task for EDCs. In the qAOP models, the inter-individual differences in the synthesis, 869 

secretion, metabolism, and actions of the hormones can be appropriately coded in the values of 870 

nominal parameters associated with these processes to account for individual responses. These 871 

population models will allow us to help identify the risk factors for NMDRs and susceptible 872 

subpopulations.  873 

 874 

6. Limitations and future directions 875 

The criteria of C1 and C2 for the emergence of NMDRs are based on the assumption that the 876 
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EDC concentrations in the brain and peripheral target tissue are at comparable levels. In reality, 877 

due to the existence of the blood brain barrier (BBB) and membrane transporters, the 878 

partitioning of an EDC into the brain matter such as the hypothalamus can be quite different 879 

than in the peripheral tissues, resulting in either lower or higher central concentrations 880 

(Denuzière and Ghersi-Egea 2022). One exception is the anterior pituitary, which is a 881 

circumventricular organ sitting outside of the BBB (Ganong 2000, Kiecker 2018), and therefore 882 

can be readily accessed by circulating EDCs. Similarly, differential central vs. peripheral 883 

partitioning also applies to endogenous hormones (Martin, Plank et al. 2019, Colldén, Nilsson et 884 

al. 2022). As a result, C1 and C2 should be revised to account for the differential site 885 

concentrations as follows: 886 

��/�
� ���

���
�� � ��/�

�� ���

���
��,   (C3) 887 

�

	�/�
	

���

���
�� � ��/�

�� ���

���
��,   (C4) 888 

where ��/�
�  is the concentration ratio of the central to peripheral EDC, and ��/�

��  the 889 

concentration ratio of the central to peripheral endogenous effector hormone. Many endocrine 890 

active compounds have dual-site actions including pharmaceutical drugs. For instance, the 891 

thyromimetic drug sobetirome and its prodrug Sob-AM2 can penetrate easily into the CNS to 892 

inhibit TRH and TSHβ expression, which causes a severe depletion of circulating T4 and T3 in 893 

rats (Ferrara, Bourdette et al. 2018). However, animals treated with these drugs remained free 894 

of clinical signs of hypothyroidism, due to the thyromimetic actions of the drugs in thyroid 895 

hormone-target tissues. 896 

 897 

The majority of the steroid hormones in the blood circulation exist in bound forms in 898 

complex with binding proteins (Hammond 2016), a process not considered in the current model. 899 

Since we deal with steady-state responses and it is the free hormones, whose steady-state 900 

levels are only determined by the HPE feedback loop, that move into the central and target 901 
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tissues to take action (Bikle 2021), excluding the partitioning with the plasma proteins does not 902 

affect the DR curves and the findings of the present study.  903 

 904 

In the present study, we only considered the scenario of an EDC antagonist acting in 905 

passive mode, where the EDC competes with the endogenous ligand for the receptors and the 906 

efficacy ω can drop to as low as zero. It is also possible that an EDC may act as an active 907 

antagonist by recruiting co-repressors to downregulate the basal ligand-independent 908 

transcriptional activities of the target genes (Stoney Simons 2003, Heldring, Pawson et al. 2007). 909 

In such situations, ω may become negative. However, the overall conclusions are not expected 910 

to change, because condition C2 and C4 can still be readily met to achieve Bell-shaped DR.  911 

 912 

In the current model, the peak or nadir of an NMDR curve of the endocrine effect is 913 

associated with a considerable change in the endogenous hormone level. This may occur with 914 

pharmaceutical compounds such as sobetirome and Sob-AM2 that can nearly deplete thyroid 915 

hormones in rats (Ferrara, Bourdette et al. 2018). However, if the entry of the EDC to the brain 916 

is mediated by a transporter-mediated saturable process, the central action of the EDC to 917 

interfere with the HPE feedback may be capped within a limit. When this happens, the inflection 918 

point of the NMDR curve may occur at only moderately altered endogenous hormone levels.  919 

 920 

In the present study we used the HPE feedback framework as a generic example to 921 

investigate the biological mechanisms and conditions for NMDRs. The mechanistic principles 922 

identified here should be applicable also to other endocrine feedback systems not explicitly 923 

involving the hypothalamus and pituitary. Examples are feedback regulations between insulin 924 

and glucose for blood sugar control, and between parathyroid hormone, VD3, and calcium for 925 

calcium homeostasis. Future work may customize the generic HPE feedback model toward 926 

specific endocrine systems and explore the corresponding biological conditions for NMDRs. 927 
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Conclusions 930 

In summary, through systems modeling the present study revealed a potentially universal 931 

mechanism for the emergence of NMDRs frequently encountered with EDCs. By interfering with 932 

the systemic negative feedback action of the endogenous hormones, EDCs may present 933 

counterintuitive low-dose effects and NMDRs. These nontraditional DR behaviors emerge when 934 

an EDC has differential receptor binding affinities and efficacies relative to the endogenous 935 

hormones in the central and peripheral tissues. Through populational simulations, our modeling 936 

provided novel insights into the inter-individual variabilities in response to EDC exposures and 937 

future studies may help identify risk factors and susceptible subpopulations for health safety 938 

assessment and protection. 939 

  940 
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Figure Legends 951 

Figure 1. Schematic diagram of the minimal HPE feedback model and its perturbation by 952 

an EDC X. (A) Details of the model structure with parameters indicated (see Methods for 953 

details). Arrows on the top of binding parameters indicate association (rightward) or dissociation 954 

(leftward) (B) The simplified model structure from the view of X: a feedforward motif, which 955 

contains a direct arm from X to EE, and an indirect arm where X acts via the nested HPE 956 

feedback loop to affect EE.  957 

 958 

Figure 2. Steady-state DR profiles when X acts as a reference agonist. X has identical 959 

binding affinities and efficacies as EH for CR and PR. Variable names are as indicated. In this 960 

reference scenario, the EE vs. X DR relationship only increases monotonically. 961 

 962 

Figure 3. The emergence of J-shaped DR of EE when the relative binding affinities of 963 

agonist X and EH for PR are different. (A-C) J-shaped EE response emerges when the 964 

binding affinity between X and PR is decreased by decreasing kf6 from the default value as 965 

indicated. (D-F) J-shaped EE response emerges when the binding affinity between EH and PR 966 

is increased by increasing kf5 from the default value as indicated. Insets: zoomed-in views of the 967 

DR curves of EE in (C) or (F). x 1* denotes that the parameter is at default value, and x 0.25, x 968 

0.5, x 2, and x 4 denote that the parameter is set at the corresponding fold of the default value. 969 

Same denotation is used in other figures where applicable. 970 

 971 

Figure 4. The emergence of J-shaped DR of EE when the relative binding affinities of 972 

agonist X and EH for CR are different. (A-G) J-shaped EE response emerges when the 973 

binding affinity between X and CR is increased by increasing kf8 from the default value as 974 

indicated. (H-N) J-shaped EE response emerges when the binding affinity between EH and CR 975 

is decreased by decreasing kf7 from the default value as indicated. Insets: zoomed-in views of 976 
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the DR of EE in (G) or (N). 977 

 978 

Figure 5. The emergence of J-shaped DR of EE when the efficacies of agonist X and EH 979 

are different. (A-C) J-shaped EE response emerges when the efficacy of XPR (ωp) is 980 

decreased from the default value as indicated. (D-J) J-shaped EE response emerges when the 981 

efficacy of XCR (ωc) is increased from the default value as indicated. Insets: zoomed-in views of 982 

the DR of EE in (C) or (J). 983 

 984 

Figure 6. Steady-state DR profiles when X acts as a reference antagonist. X has identical 985 

binding affinities as EH for CR and PR but the efficacies are zero. Variable names are as 986 

indicated. In this reference scenario, the EE vs. X DR relationship only decreases monotonically. 987 

 988 

Figure 7. The emergence of Bell-shaped DR of EE when the relative binding affinities of 989 

antagonist X and EH for PR are different. (A-C) Bell-shaped EE response emerges when the 990 

binding affinity between X and PR is decreased by decreasing kf6 from the default value as 991 

indicated. (D-F) Monotonic EE responses when the binding affinity between EH and PR is 992 

varied by varying kf5 from the default value as indicated. 993 

 994 

Figure 8. The emergence of Bell-shaped DR of EE when the relative binding affinities of 995 

antagonist X and EH for CR are different. (A-H) Bell-shaped EE response emerges when the 996 

binding affinity between X and CR is increased by increasing kf8 from the default value as 997 

indicated. (I-P) Monotonic EE responses when the binding affinity between EH and CR is varied 998 

by varying kf7 from the default value as indicated. 999 

 1000 

Figure 9. Relationships between parameters Kd5, Kd6, Kd7, Kd8, ωp, and ωc for MI vs. J/U 1001 

and MD vs. Bell curves from 20,000 six-parameter MC simulations. k5, k6, k7, and k8 were 1002 
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randomly sampled from uniform distributions of log10([0.1, 10]) as fold change relative to the 1003 

respective default values, and ωp and ωc were randomly sampled from the uniform distribution 1004 

[0,1]. For MI and J/U curves, (A) scatter plot of logarithmic 
���

���
�� vs. 

���

���
�� of 1000 randomly 1005 

selected paired values, (B) distribution histograms of logarithmic ����
���

���/(
���

���
���, (C) scatter 1006 

plot of magnitude of J/U curves, defined as the fractional-decrease of nadir EE from the 1007 

baseline level when X=0, vs. logarithmic �
���

���
���/�

���

���
���. For MD and Bell curves, (D) scatter 1008 

plot of logarithmic 
���

���
�� vs. 

���

���
��, (E) distribution histograms of logarithmic �

���

���
���/�

���

���
���, 1009 

(F) scatter plot of magnitude of Bell curves, defined as the fold-increase of peak EE from the 1010 

baseline level when X=0, vs. logarithmic �
���

���
���/�

���

���
���. 1011 

 1012 

Figure 10. Distributions of individual parameters as indicated for MI vs. J/U and MD vs. 1013 

Bell curves from the 20,000 six-parameter MC simulations as presented in Fig. 9 and S8. 1014 

 1015 

Figure 11. Relationships between Kd5, Kd6, Kd7, Kd8, ωp, and ωc for MI vs. J/U and MD vs. 1016 

Bell curves from population MC simulations of 9,996 individuals. The parameters k5, k6, 1017 

and k8 were randomly sampled from uniform distributions of log10([0.1, 10]) as fold change 1018 

relative to the respective default values, and ωp and ωc were randomly sampled from the 1019 

uniform distribution [0,1]. For MI and J/U curves, (A) scatter plot of logarithmic 
���

���
�� vs. 

���

���
�� 1020 

of 1000 randomly selected paired values, (B) distribution histograms of logarithmic  �
���

���
���/1021 

�
���

���
���, (C) scatter plot of magnitude of J/U curves vs. logarithmic �

���

���
���/�

���

���
���. For MD 1022 

and Bell curves, (D) scatter plot of logarithmic 
���

���
�� vs. 

���

���
��, (E) distribution histograms of 1023 

logarithmic �
���

���
��� / �

���

���
��� , (F) scatter plot of logarithmic magnitude of Bell curves vs. 1024 
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logarithmic �
���

���
���/�

���

���
���. 1025 

 1026 

Figure 12. Distributions of parameters as indicated for MI vs. J/U and MD vs. Bell curves 1027 

from the population MC simulations of 9,996 individuals as presented in Fig. 11 and S9. 1028 

  1029 
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