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Abstract
The aryl hydrocarbon receptor (AhR) is a nuclear receptor that facilitates a wide transcriptional response and causes a variety 
of adaptive and maladaptive physiological functions. Such functions are entirely dependent on the type of ligand activating 
it, and therefore, the nuances in the activation of this receptor at the single-cell level have become a research interest for dif-
ferent pharmacological and toxicological applications. Here, we investigate the activation of the AhR by diverse classes of 
compounds in a Hepa1c1c7-based murine hepatoma cell line. The exogenous compounds analyzed produced different levels 
of ultrasensitivity in AhR activation as measured by XRE-coupled EGFP production and analyzed by both flow cytometric 
and computational simulation techniques. Interestingly, simulation experiments reported herein were able to reproduce and 
quantitate the natural single-cell stochasticity inherent to mammalian cell lines as well as the ligand-specific differences 
in ultrasensitivity. Classical AhR modulators 2,3,7,8-tetrachlorodibenzodioxin  (10− 1–105 pM), PCB-126  (10− 1–107 pM), 
and benzo[a]pyrene  (10− 1–107 pM) produced the greatest levels of single-cell ultrasensitivity and most maximal responses, 
while consumption-based ligands indole-3-carbinol  (103–109 pM), 3,3′-diindolylmethane  (103–108 pM), and cannabidiol 
 (103–108 pM) caused low-level AhR activation in more purely graded single-cell fashions. All compounds were tested and 
analyzed over a 24 h period for consistency. The comparative quantitative results for each compound are presented within. 
This study aids in defining the disparity between different types of AhR modulators that produce distinctly different physi-
ological outcomes. In addition, the simulation tool developed for this study can be used in future studies to predict the 
quantitative effects of diverse types of AhR ligands in the context of pharmacological therapies or toxicological concerns.
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Introduction

The aryl hydrocarbon receptor (AhR) is a nuclear receptor 
known classically for its dioxin-dependent activation and 
subsequent toxicological effects (Landers and Bunce 1991). 
The triggered activation of AhR requires the intracellular 
presence of a high-affinity ligand, many signaling events 
that allow for its translocation into the nucleus, and addi-
tional protein complexes that enable binding to DNA for 
a wide transcriptional response of mainly drug-metaboliz-
ing enzyme genes (Abel and Haarmann-Stemmann 2010). 

Classically identified ligands for this receptor include a 
variety of polycyclic aromatic hydrocarbons (PAHs) such 
as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and other 
members of the dioxin family (Landers and Bunce 1991); 
3,3′,4,4′,5-pentachlorobiphenyl (PCB-126) and other poly-
chlorinated biphenyls (PCBs) (Chubb et al. 2004); and large 
nonpolar pyrene derivatives such as benzo[a]pyrene (BaP) 
(Whitlock 1999). The AhR-mediated responses elicited 
by these ligands are all deleterious in nature and primarily 
result in immunotoxicity, skin lesions known as chloracne, 
hepatotoxicity, and various forms of tumor promotion (Deni-
son et al. 2011; Wei et al. 2016).

While early studies focusing on the AhR all provide 
strong evidence of its toxicological responses, recent studies 
have reoriented our understanding of this complex receptor 
and solidified it as a potential therapeutic target in modulat-
ing the progression of several inflammatory diseases and 
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cancers (Beischlag et al. 2008; Kiss and Diefenbach 2012; 
Kolluri et al. 2017; Safe et al. 2017). As one potential ben-
efit, it has been shown that sustained activation of the AhR 
by TCDD can suppress the adaptive immune response and 
reduce Leishmania major burdens in mice (Bowers et al. 
2006). While this parasitic resistance is a therapeutic out-
come of TCDD exposure, classical toxicological data sug-
gest that exposure to this compound will result in many 
unintended health hazards and render it unsuitable as a treat-
ment for any infection or disease.

In light of these data, current research has turned to the 
activation of AhR using more natural endogenous and exoge-
nous ligands. Indole-3-carbinol (13C) is one such exogenous 
ligand identified in cruciferous vegetables that allows for 
potent AhR activation upon consumption (Rogan 2006). This 
receptor activation is mediated through direct binding as 
well as through binding of I3C’s major metabolite 3,3′-diin-
dolylmethane (DIM) (Bradlow and Zeligs 2010; Patel et al. 
2012; Rogan 2006). These compounds fall within a class of 
substituted indoles that predominately originate from dietary 
sources and all variably activate the AhR (Stepankova et al. 
2018). It is known that I3C and related indoles can reduce 
oxidative stress in cell-culture models (Fan et al. 2009) in 
addition to regulating carbohydrate metabolism in mouse 
models (Poornima and Mirunalini 2014). AhR activation 
by such ligands is critical for preventing the metabolic and 
genetic dysfunction seen in mammalian metabolic syndrome 
(Natividad et al. 2018). As perhaps, the most impactful phar-
macological aspect of these indole compounds, their activa-
tion of the AhR regulates intestinal immune cells and drives 
a powerfully therapeutic anti-inflammatory response in the 
rodent gut (Murray and Perdew 2017). Mice treated with I3C 
displayed a significant increase in beneficial intraepithelial 
lymphocytes and a drastic reduction in intestinal inflam-
mation and damage (Li et al. 2011). Several laboratories 
have further elucidated additional gastrointestinal benefits, 
showing I3C- and DIM-mediated prevention of intestinal 
carcinogenesis in mice (Kawajiri et al. 2009, Su et al. 2017). 
These studies have revealed a compelling AhR-based reason 
to advocate for liberal cruciferous vegetable intake and func-
tional nutrition (Hooper 2011; Hubbard et al. 2017). Investi-
gators have also identified an endogenously sourced indole 
ligand that potently activates the human AhR: 2-(1′H-indole-
3′-carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE) 
(Song et al. 2002; Henry et al. 2006). Much like the other 
indole ligands, ITE has been shown to upregulate specific 
regulatory T cells and reduce the intestinal inflammation 
that drives mammalian colitis in an AhR-dependent manner 
(Goettel et al. 2016; Abron et al. 2018).

Non-classical ligands lacking an indole moiety can also 
trigger AhR activity (Denison and Nagy 2003). Cannabidiol, 
derived as a primary cannabinoid constituent from the Can-
nabis plant genus, can potently induce CYP1A1 through 

AhR-mediated signaling (Yamaori et al. 2015). Natural 
phenolic compounds such as curcumin have identified 
AhR activity (Ciolino et al. 1998), and many plant-derived 
tetraterpenoids such as apocarotenal, canthaxanthin, and 
astaxanthin have been identified as AhR agonists as well 
mainly by their CYP1A1 and CYP1A2 induction (Gradelet 
et al. 1996a, b). These compounds, while less understood 
for their AhR modulation than the aforementioned indole 
compounds, may also provide insight into the differential 
effects of consumption-based AhR activation.

The AhR is activated by a structurally diverse spectrum 
of compounds (Bock 2016; Denison and Nagy 2003). The 
variable response profile of the AhR has been thoroughly 
reviewed (Denison et al. 2011; Murray et al. 2014), where 
any given AhR-mediated physiological outcome is highly 
dependent upon the ligand that stimulates it. Other recep-
tors have different signaling profiles and thus dichotomous 
physiological outcomes for a spectrum of agonists as well, 
which has been extensively documented as “biased ago-
nism” (Wisler et al. 2014); examples of such receptors are 
the opioid receptors (Pradhan et al. 2012), serotonin 5-HT2A 
receptor (Shan et al. 2012), glucagon-like-peptide-1 recep-
tor (Wootten et al. 2013), and the glucocorticoid receptor 
(Hadley et al. 2011).

While differences in AhR-mediated transcriptional 
responses have been well documented between different cell 
types (Maier et al. 2007), there are no documented differ-
ences in immediate expressional changes within the same 
cell type by different ligand types (Henry et al. 2010). While 
gene expression profile changes appear to be the similar for 
AhR ligands, physiological outcomes between TCDD and 
ITE are vastly different in biological systems like the pla-
centa (Wu et al. 2014). Ligand-intrinsic and dose-dependent 
differences in AhR activity have also been well documented 
for the fate of differentiating  CD4+ T cells, where different 
amounts of different AhR ligands will facilitate the produc-
tion of different sets and quantities of lymphocytic markers 
(Ehrlich et al. 2018).

It is assumed that there are a variety of complex factors 
that allow for different ligands to activate the same recep-
tor and produce dichotomous responses. Such factors may 
include different direct binding domains on the intracel-
lular receptor, dynamic activation nuances (e.g., via direct 
binding or indirect phosphorylation events), alterations in 
metabolic activity, pharmacokinetics of a given ligand, and 
different intrinsic affinities for the receptor and resulting 
activation durations. In addition, receptors and signaling 
proteins are sometimes rapidly stimulated within a narrow 
stimulus window, giving rise to ultrasensitive or “switch-
like” behavior (Ferrell and Machleder 1998), and indeed, 
we have previously demonstrated that the AhR is activated 
by the classical ligand PCB-126 in a variably ultrasensitive 
manner (Broccardo et al. 2004, 2005; French et al. 2004). 
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Ultrasensitivity dynamics have been unpacked extensively 
at the molecular level, and the mathematics explaining this 
phenomenon have been keenly approximated for computa-
tional modeling studies (Ferrell and Ha 2014). Ultrasensitive 
response motifs manifest as a result of a variety of molecu-
lar processes including cooperative binding, dimerization 
sequences, and multistep signaling processes (Zhang et al. 
2013). For the AhR, the protein modification and transloca-
tion that occurs after ligand binding appears to form the 
basis of this switch-like activation; however, the rapid activ-
ity of this bound complex is highly ligand-dependent.

Because of these observations and in light of recent non-
classical ligand experimentation, we hypothesized that the 
ligand-specific disparity between AhR-mediated responses 
can be in part explained by the nuances in each ligand’s abil-
ity to directly bind and ultrasensitively activate this nuclear 
receptor. To define these nuances, we offer here an experi-
mental approach that integrates a high-throughput single-
cell in vitro assay and a robust mathematical simulation 

method to understand the graded and switch-like dynamics 
of this nuclear receptor activation, and predict the impact of 
specific exogenous stimuli on this molecular target. The AhR 
modulators used in this study consist of three classical aryl 
hydrocarbon ligands and three non-traditional exogenous 
ligands, as displayed in Fig. 1.

Materials and methods

Chemicals and reagents

TCDD (≥ 98% pure) was purchased from Cambridge Iso-
topes (Andover, MA, USA). PCB-126 (≥ 99% pure) was 
obtained from Accustandard (New Haven, CT, USA) and 
confirmed by GCMS to be pure and free of other congeners. 
BaP (≥ 96% pure), I3C (≥ 96% pure), and DIM (≥ 98% pure) 
were purchased from Sigma–Aldrich (St. Louis, MO, USA). 

Fig. 1  Chemical structures of the six compounds used in this study that act differentially to modulate AhR activity
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CBD (≥ 99% pure) was purchased from Cerilliant Corpora-
tion (Round Rock, TX, USA). For treatments, all compounds 
were diluted in sterile-filtered DMSO; treatments and vehi-
cle groups contained less than or equal to 0.1% v/v DMSO. 
Geneticin (G418) used for selective media was obtained 
from Thermo Fisher Scientific (Waltham, MA, USA).

Cell‑culture model and flow cytometry

H1G1.1C3-GFP cells, the generous gift of Dr. Michael 
Denison at University of California Davis, were used as 
an AhR reporter line as described previously (Nagy et al. 
2002). Briefly, this is a stably transfected mouse hepatoma 
(Hepa1c1c7) cell line with an enhanced green fluorescent 
protein (EGFP) reporter gene linked to the aryl hydrocarbon 
response element, referred to here as the xenobiotic response 
element (XRE). Cells were maintained in αMEM contain-
ing 10% fetal bovine serum in a humidified environment of 
5%  CO2 at 37 °C. Because it was observed by Nagy et al. 
(2002) that these cells require constant selective pressure 
in order for the EGFP gene to be strongly expressed, cells 
were placed in selective media (αMEM containing 10% fetal 
bovine serum and 968 mg/L G418) 48 h prior to treatments. 
Cells were plated into 24-well plates and allowed 24 h to 
adhere, where they were subsequently treated for 24 h with 
varying doses of each of the 6 treatment compounds. Cells 
were treated with TCDD (7-point scheme,  10− 1–105 pM), 
PCB-126 (9-point scheme,  10− 1–107 pM), BaP (8-point 
scheme,  10− 1–106 pM), I3C (7-point scheme,  103–109 pM), 
DIM (6-point scheme,  103–108  pM), or CBD (6-point 
scheme,  103–108 pM). After each treatment duration, cells 
were trypsinized (0.025% trypsin/EDTA) and resuspended 
in media at  106 cells/mL for flow cytometric analyses. Cells 
suspensions were read by a Beckman Coulter  CyAnADP flow 
cytometer equipped with a 488 nm laser for excitation and 
FITC channel (530/30 bandpass filter) for EGFP intensity 
readouts. FCS files were captured for each treatment group 
using a Summit Software System (v4.3; Cytomation, Fort 
Collins, CO, USA), and files were further analyzed using 
FlowJo Software (v10.5.0; FlowJo LLC, Ashland, OR, USA) 
for mean fluorescence intensity (MFI) values and bifurca-
tion-gated cell percentages. All samples were run in biologi-
cal triplicate.

Computational simulation

The simulation approach employed herein utilizes the Any-
Logic multimethod simulation software (v8.0; The AnyLogic 
Company, Chicago, IL, USA), integrating agent-based, dis-
crete event, and system-dynamics modeling techniques. 
Our group has been a pioneer in the use of this platform for 
exploration of cellular responses as well as physiologically 
based pharmacokinetics (Hoffman et al. 2017; Hoffman and 

Hanneman 2017). Primarily, the simulation interface was 
built with a population of hepatocyte agents (cell number 
adjustable), each with an intrinsic equation network defining 
AhR activation. This equation network uses the tissue-level 
exposure of each compound of interest (assumed first-order 
diffusion and first-order elimination) within a standard Hill 
equation that defines a cell’s AhR response fraction. The 
mathematics and equation sets defining biological responses 
used here have been previously documented (Ferrell and Ha 
2014). The main components of this equation are the Hill coef-
ficient and threshold  (EC50) value (as shown in Fig. 2a), both 
of which have been systematically optimized to fit to the pre-
vious experimental data sets. Validations and corrections of 
these simulation optimizations were further performed using 
our own experimental data. The hill coefficient is optimized 
based on histogram readouts generated by the flow cytometer 
as well as MFI values that define activation levels; as cells are 
activated experimentally, their response shape, and thus Hill 
coefficient, remain the same within a cellular population for 
each given ligand. For the threshold value, however, cellular 
variance exists, as some cells will respond to different amounts 
of ligands; because of this, the threshold is defined as a distri-
bution for each cellular population respective to each specific 
ligand. Upon simulation startup, each cell is instructed by the 
program to pull threshold values from a theoretical distribu-
tion. Optimization experiments performed within the simula-
tion for these value distributions all consist of 50,000 randomly 
sampled iterations each consisting of 1000-cell populations to 
reach the most appropriate values and ranges. Each treatment 
scenario was further analyzed by Monte Carlo analyses of 100 
sampling iterations each to elucidate the level of variance in 
the stochastic simulation data. All other details on simulation 
builds are elaborated on in “Results” and files used may be 
openly accessed via the AnyLogic Cloud online platform. Rep-
resentative 1000 pM TCDD simulation experiment can be run 
directly in web browser at: https ://tinyu rl.com/y9yzt 8dd. Files 
(.alp format) can be downloaded from this same site.

Data visualization and further mathematical 
analyses

Graphical representations and non-linear curve analyses of 
data were produced using both AnyLogic simulation soft-
ware and GraphPad Prism (v7.0; GraphPad Software Inc.; La 
Jolla, CA, USA). One-phase decay analyses were conducted 
to further characterize Weibull-based threshold distributions 
and elucidate median values. Simulated fluorescence histo-
grams were fitted accordingly using either a smoothed fourth-
order polynomial analysis or Gaussian analysis for biphasic 
(highly ultrasensitive) or monophasic (graded) plots, respec-
tively. Sigmoidal (variable slope; four parameter) analyses 
and concomitant  EC50 value generation were conducted for 
all dose–response curves.

https://tinyurl.com/y9yzt8dd
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Results

AhR activation assay

The flow cytometric assay used here has been optimized by 
our laboratory and is suitable for investigating ultrasensitiv-
ity dynamics for functional activation of the AhR. This assay 
directly measures the level of AhR-dependent protein prod-
uct (EGFP) in individual H1G1.1C3-GFP cells. Collecting 
these single-cell and population-based metrics were critical 
for use in the subsequent simulation approach.

We first identified the hepatocyte population of interest 
gathered by the cytometer by gating for appropriate size 
and complexity seen in the cells (measured as forward and 
side scatter) as well as by gating out false doublet or tri-
plet events as clumped cells can sometimes make their way 
through the point of observation (Fig. 2a). Each treatment 
group’s cell population was excited by the 488 nm laser 
and their level of EGFP-based fluorescence was observed, 
which for increasing TCDD treatments, showed mainly two 
distinct states: inactive or fully active. This is defined by 
the bimodal distributions in the fluorescence intensity his-
tograms shown (Fig. 2b). These mean fluorescence inten-
sity (MFI) data were quantified at the population level and 
plotted against the varying doses of TCDD used, resulting 
in a steep sigmoidal or ultrasensitive curve (Fig. 2c, left 
panel). Mean fluorescence intensity values were corrected 

for autofluorescence and normalized to reach a response 
fraction. A bifurcation gating scheme was also employed 
to divide the percent of cells that exist within the inactive 
state (FITC−) or the fully active state (FITC+), which was 
possible to analyze, because there were no states observed 
in between in response to TCDD exposure (Fig. 2c, right 
panel). A visual representation of this TCDD-dependent 
switch-like response in H1G1.1C3-GFP cells was previously 
gathered by Nagy et al. (2002), where the cells were treated 
with DMSO vehicle or  103 pM TCDD (Fig. 2d).

Ultrasensitivity dynamics elucidated 
via computational simulation

We designed a simulation for this study that is consistent 
with the behavior of individual cells as they respond to AhR 
modulators, in either slowly graded or highly ultrasensitive 
manners. The foundational construct of our simulation is an 
agent-based approach, where “cell agents” exist as a popula-
tion and each contain a stochastic equation-based response 
network that is dependent upon intracellular exposure inputs 
(Fig. 3a). TCDD was the prototypical compound used for 
the initial simulation build, and its ligand-specific Hill 
coefficient of 7 and threshold distribution (also displayed 
in Fig. 3a) were systematically optimized and defined by 
simulation experiments. The graphical representation of 
the threshold distribution elicited by TCDD is displayed in 

Fig. 2  Optimized AhR activation assay using the XRE-EGFP-cou-
pled hepatoma cell line. a Gating scheme for each sample that was 
used to select hepatoma cell populations for analysis. Intact cells 
were first separated from debris and noise based on appropriate size 
(FS forward scatter) and granularity (SS side scatter); single-cell 
events were then separated from doublet events. b Dose-dependent 
variation in EGFP-based fluorescence intensity (captured via FITC 
channel) seen in cell populations after 24 h of different TCDD expo-

sures  (101–104 pM). c 7-point dose–response analysis  (10− 1–105 pM 
TCDD) for response fraction and activated cell counts, measured 
as corrected mean fluorescence intensity (MFI) and bifurcated 
 FITC+ cells, respectively. d Fluorescence imaging of the transfected 
hepatoma cells exposed to either DMSO vehicle or 1000 pM TCDD, 
as shown in the original documentation of these cells by Nagy et al. 
(2002)
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Fig. 3b. After a simulation run at  103 TCDD exposure, the 
responses of 100 sampled cells were collected and overlaid, 
displaying the stochastic nature of the simulation inter-
face (Fig. 3c, left panel); these data sets were then com-
pounded to reveal the population-based response (Fig. 3c, 
right panel). The population-based response was collected 
for experiments containing 200 or 1000 cell agents, where 
the data sets change only marginally, showing that these 
are enough agents in the simulation to display the com-
pounded effects of the distribution metrics. Variance of the 
programmed stochasticity was further quantified by Monte 

Carlo analysis (100 iterations per group), and the results are 
displayed as Gaussian distribution subplots (Fig. 3c, right 
panel). Cells were then phenotyped based on their response 
fraction values (inactive, 25%, 50%, 75%, and ≥ 90% or fully 
active), and cell percentages dominated either the inactive 
or fully active states in response to  103 TCDD (Fig. 3d), 
correlating appropriately to our experimental data. After 
the 24 h runtime in the simulation, histograms of response 
fractions for different TCDD doses were collected (Fig. 3e), 
paralleling the experimental histograms shown in Fig. 2b. 
As final analyses in the simulation design, dose–response 

Fig. 3  Computational constructs and simulation results for the 
TCDD-mediated AhR response in immortalized hepatocytes. a Sim-
plified schematic of the simulation interface and primary mathemat-
ics. Circles represent cellular agents in the simulation, where each is 
designed to respond probabilistically based on their threshold magni-
tude pulled from an identified distribution. The identified vales and 
ranges that correspond to TCDD are enumerated. b Simulation-gen-
erated threshold distribution for TCDD, sampled from 1000 cellular 
agents. c Single-cell (left panel, 100 sampled curves from runtime) 
and compounded population (right panel) simulation results follow-
ing 1000 pM TCDD. Population results were iterated 100 times each 

in a Monte Carlo analysis to determine variance from the stochastic 
simulations; resulting Gaussian curves with output data are seen in 
the subplot for 200 and 1000 cell agents. d Levels of activation within 
the simulated cell population following 1000 pM TCDD. Cells were 
phenotyped based on their response fraction values. e Dose-depend-
ent variation in simulated fluorescence intensity seen in cell popula-
tions after 24 h of different TCDD exposures  (101–104 pM). f Experi-
mental and simulated dose–response analyses overlaid for response 
fraction  (10− 1–105 pM TCDD). g Experimental and simulated dose–
response analyses overlaid for activated cell counts  (10− 1–105  pM 
TCDD)
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curves were generated for all TCDD doses after 24 h of 
exposure. Response fractions and activated cell percentages 
were recorded and overlaid on top of experimental data, as 
shown in Fig. 3f, g, respectively. The similarity between the 
experimental and simulation data sets highlights the valid-
ity of this approach for studying the ligand-dependent AhR 
response.

Dose–response and simulation analyses performed 
for each test compound

Following the preliminary TCDD optimization and analy-
sis, the flow cytometric and simulation analyses were per-
formed for all classical and consumption-based ligands. 
PCB-126 was exposed to the hepatoma cells at a range of 
 10− 1–107 pM. Experimental histograms of fluorescence 
intensity after 24 h of PCB-126 treatment are displayed in 
Fig. 4a, showing the switch from inactive to fully active 
states. Current flow cytometric data (top panel) and his-
torical data from our laboratory (published as Broccardo 
et al. 2004; bottom panel) are shown for PCB-126 in both 
the mutated and traditional Hepa1c1c7 cells, respectively. 
Historical data were used to further confirm the actions of 
PCB-126 qualitatively, but optimized simulation data for 
this ligand were gathered using newly obtained flow cyto-
metric data for consistency throughout this study. Simu-
lation experiments revealed a Hill coefficient of 2 and a 
threshold distribution similar in nature and shape to that of 
TCDD, but different in magnitude (Fig. 4b, top panel); in 

addition, since all compounds were normalized to maximal 
induction TCDD data, it was found experimentally that 
PCB-126 hit a maximum response fraction of 0.72 which 
was included in the simulation makeup. Response fraction 
simulation data from 100 sampled cell agents after  103 
pM of PCB-126 were collected and overlaid to display 
individual stochastic activations (Fig. 4b, bottom panel). 
Simulated fluorescence intensity histograms were over-
laid for relevant PCB-126 doses (Fig. 4c, top panel), and 
simulation-generated time-course compounded population 
results were overlaid for the same doses (Fig. 4c, bottom 
panel). Full dose–response curves were then generated for 
response fraction values (Fig. 4d, top panel) and activated 
cell percentages (Fig. 4d, bottom panel), overlaid on top of 
experimental flow cytometry data. The full experimental 
and simulation analyses were performed for BaP as well 
(not shown for brevity), resulting in a Hill coefficient of 3, 
a threshold distribution median of 1231 pM, and experi-
mental  EC50 of 491.4 pM.

Consumption-based ligands all underwent the same 
experimental and simulation analyses, and the highlights of 
these results are displayed for I3C (Fig. 5a), DIM (Fig. 5b), 
and CBD (Fig. 5c). Shown for each of these ligands are (i) 
the generated threshold distribution and equation framework 
employed in simulation experiments, (ii) the overlaid his-
tograms of simulated fluorescence intensity for all relevant 
doses within the experimental curve, and (iii) the overlaid 
full dose–response curves generated experimentally and 
via simulation. Representative dose–response histograms 

Fig. 4  Quantitative analysis of AhR activation by PCB-126. a Dose-
dependent variation in EGFP-based fluorescence intensity (captured 
via FITC channel) seen in cell populations after 24  h of different 
PCB-126 exposures  (101–106 pM). The lower panel displays histori-
cal flow cytometric histogram data from Broccardo et al. (2004), of 
PCB-126-mediated AhR activation following 24 h of treatment using 
CYP1A1 antibodies. b Hepatocyte population characteristics with 
respect to PCB-126-mediated AhR response. The optimized threshold 

distribution with mathematical setup is displayed (top panel), and sin-
gle-cell simulation results are overlaid for 100 sampled cells follow-
ing 1,000 pM PCB-126 (bottom panel). c For varying doses of PCB-
126  (101–106  pM), response fraction histograms are overlaid (top 
panel), and time-course evaluations for the same doses are overlaid 
(bottom panel). d Comparison of PCB-126 dose–response simulation 
data to experimental flow data  (10− 1–106 pM); response fraction (top 
panel) and cell percentages (bottom panel) were evaluated
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generated via flow cytometry experiments are shown for 
each compound as well.

Comparative analyses between AhR modulators

The experimental and simulation-generated response activa-
tion values were finally compared for all the classical AhR 
ligands and contemporary consumption-based ligands. 
The experimental  EC50 and simulated threshold distribu-
tion medians were markedly higher for the consumption-
based ligands than for the classical AhR ligands, whereas 
the simulated Hill coefficients revealed for each of the 

consumption-based ligands were markedly lower. When 
plotted as Hill coefficients against either threshold distri-
bution medians or against experimental  EC50 values, the 
resulting graph can be divided into quadrants defining the 
type of AhR modulation, and thus predicting regions with 
distinct physiological outcomes (Fig. 6a). These outcomes 
of differential AhR activation are summarized in Fig. 6b, 
where small amounts of potent classical ligands are required 
to elicit highly ultrasensitive responses with a propensity 
for deleterious outcomes. In contrast, this summary dia-
gram shows how much larger quantities of contemporary 
AhR-modulating ligands result in much less steepness in 

Fig. 5  Analyses of consumption-based ligands. a I3C, b DIM, and c 
CBD computational analyses and experimental flow data. For each 
consumption-based ligand, the optimized threshold distribution with 
mathematical setup is displayed (left panels), simulated fluorescence 
histograms are overlaid for all dose points (middle panels), and com-

parative experimental-to-simulation dose–response plot is shown 
(right panels). Representative experimental histograms of meas-
ured fluorescence intensity for each compound are seen in the dose–
response subplots
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their activation curves, which may in part be responsible for 
their mild transcriptional conditioning and harmless or even 
therapeutic outcomes, with respect to AhR activity alone.

Discussion

This study is highly innovative, because it greatly 
advances our understanding of how different AhR ligands 
can elicit drastically different and sometimes opposite 
physiological outcomes. While there are many theoreti-
cal components accounting for the disparity observed in 
the literature, our results view the kinetic and dynamic 

relationships that exist through an intricate quantitative 
lens. We have previously identified ultrasensitivity dynam-
ics within AhR-mediated responses in liver cell lines and 
primary hepatocytes (Broccardo et al. 2004, 2005; French 
et al. 2004). These previous analyses of the AhR response 
have utilized population-based mathematics that have been 
derived for these types of substrate-dependent curves and 
phosphorylation systems (Ferrell and Ha 2014). Due to the 
advancement of adaptable agent-based simulation tech-
nology, our current study now reveals specific nuances to 
quantifying each individual cell that mounts the response 
and to further characterizing different types of ligands as 
AhR modulators.

While we have generated an appropriate quantitative 
model for cell distribution-based Hill dynamics relative to 
the AhR, different ultrasensitivity mathematics born out of 
either positive feedback (Ferrell and Xiong 2001) or nega-
tive cooperativity (Ha and Ferrell 2016) are yet to be fully 
understood for this particular receptor. Our study indicates 
that potent prototypical ligands like TCDD allow for a more 
bistable system with reinforced signal transduction and long-
lasting effects. Alternative ligands like DIM or CBD may 
result in weaker cooperativity at the nuclear dimerization 
point and thus more graded and short-lived responses, as it 
is possible to produce AhR dimers with quantifiably lower 
affinities for DNA binding (Corrada et al. 2016; Wu et al. 
2013).

The nuances in activating this receptor are also purport-
edly attributed to differing recruitment biomolecules in the 
cytosol giving rise to varying levels of receptor translocation 
and transcriptional activity. In specific cases with ligands 
like omeprazole, receptor activation is completely depend-
ent upon particular AhR protein residues and co-activating 
kinases, whereas traditional toxicological ligands like TCDD 
elicit no such dependency (Powis et al. 2011). Investigators 
have also noted distinct differences in the binding finger-
prints of TCDD versus ITE and other indole-based ligands 
toward murine AhR residues (Dolciami et al. 2018), finding 
that particular moieties within contemporary ligands are 
best for targeting the AhR with less stable molecular confir-
mations for therapy. These limiting factors in AhR activa-
tion overall show reduced transcriptional magnitudes and 
shortened activity durations (Powis et al. 2011). Such fac-
tors may be at play with many contemporary consumption-
based ligands such as those observed in the current study. 
As a critical observation, when the endogenous indole ITE 
is compared to TCDD exposure in mouse lung fibroblasts, 
immediate expressional changes are seemingly analogous 
(Henry et al. 2010). Looking at these data from acute expo-
sures and considering the limiting factors for low affinity 
ligands, it appears that the AhR response disparity is fully 
observed in a more subacute or even chronic fashion when 
probed with subtler levels of ultrasensitivity.

Fig. 6  Final comparisons between all AhR modulators of interest. a 
Hill coefficient values plotted against respective threshold distribution 
medians (left axis) and experimentally measured  EC50 values (right 
axis). Classical/toxicological and contemporary/dietary/therapeutic 
ligands are clustered in different quadrants outlining graphical regions 
with differential physiological outcomes. b Conclusive disparity 
between different ligand-specific ultrasensitivity dynamics and how 
they correlate with cellular and physiological outcomes
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In contrast to the intestinal and hepatic differences noted 
for varying AhR ligand types (Bock 2016), different AhR 
ligands causing similar physiological responses have also 
been observed for very specific tissues like the placenta. 
Following treatment with TCDD or ITE, a modulation in 
the angiogenic response of the placenta is seen due to dif-
ferential AhR roles between placental endothelial cells (Li 
et al. 2015, 2017). While TCDD and ITE both appear to 
have suppressive angiogenic responses in the placenta, it has 
also been reported that the expressional changes and final 
vascular remodeling elicited by both are vastly different (Wu 
et al. 2014). These observations lead to the speculation that 
AhR modulators of any kind may have a more hypervari-
able physiological response within tissues that are highly 
estrogen responsive, as there is much signaling crosstalk 
and shared ligands between the AhR and estrogen recep-
tor (ER) family (Saito et al. 2014). While the AhR may be 
an emerging therapeutic target for alleviating the progres-
sion of intestinal diseases and inflammatory responses, it 
appears that there are estrogen-dependent caveats to stimu-
lating this pathway. Known AhR modulators TCDD and ITE 
can potentially harm a growing fetus via stunting placental 
growth (Li et al. 2015, 2017). DIM has been shown to allow 
for the proliferation of breast cancer cells (Marques et al. 
2014). Because of these reports, future work into therapeutic 
AhR modulators should carefully take into account direct 
and indirect estrogenic potential to eliminate any unintended 
effects.

Throughout this study and future experimental anal-
yses, it is important to consider experimental dosing 
schemes and their relevancies to environmental and die-
tary exposures. Because many studies for AhR ligands 
are performed in vitro and in vivo, exposure assessments 
and physiologically based pharmacokinetic analyses are 
required to understand the correlation between the two. 
For the toxicological ligands addressed in this study, the 
dose ranges applied are identified intracellular ranges that 
are known to activate the AhR and were once environ-
mentally relevant, but measured internal blood doses for 
average and at risk populations have since declined far 
below their activation thresholds following years of reme-
diation for TCDD (Pavuk et al. 2014; Warner et al. 2014) 
and most PCB congeners (Magoni et al. 2016). Interest-
ingly, lung perfusate doses up to  104 pM BaP can still be 
reached and maintained for cigarette smokers (Campbell 
et al. 2016). Internal doses for contemporary consumption-
based ligands are user-dependent, and investigators must 
rely on established PBPK studies for internal exposure 
estimation. Following 100 mg/kg I3C prodrug oral dos-
ing in mice, >106 pM serum ranges can be reached for 
several hours (Moussata et al. 2014). Following 250 mg/
kg crystalline DIM oral dosing in mice, >107 pM serum 
ranges can be reached for several hours (Anderton et al. 

2004). Following 10  mg/kg CBD oral dosing in rats, 
>105 pM serum ranges can be reached for several hours 
(Hložek et al. 2017). While these pharmacokinetic dosing 
schemes may be relatively high for human supplements 
(e.g., 10 mg/kg CBD in an average human would be a 
600 mg CBD oral dose), the internal doses reached are all 
relevant to the activation ranges elucidated.

AhR activation by the appropriate amount of a par-
ticular ligand can elicit therapeutic responses, as it has 
been seen for carbohydrate metabolism in mice (Poornima 
and Mirunalini 2014), gastric cancer reduction (Kawajiri 
et al. 2009; Su et al. 2017), and alleviated intestinal inflam-
mation (Li et al. 2011). The current study greatly aids in 
the understanding of why a potent AhR ligand can result 
in hepatic oxidative stress and hepatocellular carcinoma, 
while a weak activator like I3C can result in enhanced 
hepatic and metabolic processes. The growing body of the 
literature on therapeutic effects, however, warrants more 
differential ultrasensitivity quantification for other cell 
types such as intestinal lymphocytes and endothelial cells.

Conclusion

In conclusion, we have provided a novel integrated experi-
mental simulation approach that allows us to understand 
and visualize the dynamics of the AhR response for a 
variety of classical toxicological ligands as well as con-
sumption-based constituents. Using these newly developed 
tools, we have been able to quantify important constants 
respective to each ligand that affords us the opportunity 
to draw a correlation to the phenotypic AhR-dependent 
response each ligand will mount. This analysis along with 
future studies will greatly aid in quantifying and targeting 
ligand-specific AhR responses as a therapeutic modality.
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