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Multi-drug combination therapy carries significant promise for pharmacological
intervention, primarily better efficacy with less toxicity and fewer side effects. However,
the field lacks methodology to assess synergistic or antagonistic interactions for drugs with
non-traditional dose response curves. Specifically, our goal was to assess small-molecule
modulators of antioxidant response element (ARE)-driven gene expression, which is largely
regulated by the Nrf2 transcription factor. Known as Nrf2 activators, this class of
compounds upregulates a battery of cytoprotective genes and shows significant
promise for prevention of numerous chronic diseases. For example, sulforaphane
sourced from broccoli sprouts is the subject of over 70 clinical trials. Nrf2 activators
generally have non-traditional dose response curves that are hormetic, or U-shaped. We
introduce a method based on the principles of Loewe Additivity to assess synergism and
antagonism for two compounds in combination. This method, termed Dose-Equivalence/
Zero Interaction (DE/ZI), can be used with traditional Hill-slope response curves, and it also
can assess interactions for compounds with non-traditional curves, using a nearest-
neighbor approach. Using a Monte-Carlo method, DE/ZI generates a measure of synergy
or antagonism for each dosing pair with an associated error and p-value, resulting in a 3D
response surface. For the assessed Nrf2 activators, sulforaphane and di-tert-
butylhydroquinone, this approach revealed synergistic interactions at higher dosing
concentrations consistently across data sets and potential antagonistic interactions at
lower concentrations. DE/ZI eliminates the need to determine the best fit equation for a
given data set and values experimentally-derived results over formulated fits.

Keywords: synergy, antagonism, Nrf2 pathway, Keap1 pathway, non-traditional dosing curves, hormesis, Loewe
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INTRODUCTION

The field of drug discovery is looking beyond the traditional one-target, one-drug paradigm (Keith
et al., 2005). Combining two or more drugs in a single treatment has significant promise for
pharmacological intervention, due primarily to better efficacy, less toxicity, and fewer side effects
(Lehàr et al., 2009). This approach has been successfully adopted in diverse areas including
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chemotherapy (Mokhtari et al., 2017), malaria (Fidock et al.,
2004), and HIV (Arts and Hazuda, 2012). The central question
is whether two drugs interact synergistically—that is, if their
combined effect is greater than what is predicted based on their
individual effects—and this seemingly simple question has been
challenging to address. For over 35 years the field has actively
formulated and evaluated various methodologies to assess
synergism and its counterpart, antagonism, and numerous
reviews discuss the appropriate use of these methods [e.g.,
(Geary, 2013; Foucquier and Guedj, 2015; Caesar and Cech,
2019)]. Currently, the field lacks a method to assess interactions

for compounds with dosing curves that are not easily fit to a
Hill-slope equation.

To assess whether any two drugs interact, either with
synergism or antagonism, the central objective is to determine
the predicted additive effect of the combination treatment
(i.e., the effect if there is zero interaction between the drugs).
Then, if that predicted additive effect is different than the actual
effect of the combination treatment, by definition the drugs
interact. While determining a predicted additive effect at first
appears to be a straightforward task, decades of intense discussion
in the field show otherwise. A common approach to determine

FIGURE 1 | The importance of a dose response curve, and its overall shape, for the prediction of synergy. (A) The definition of synergy by the effect-based
Response Additivity method, where the predicted additive effect is the sum of the effects of Drug A and Drug B, and actual effects that are greater than this sum are
synergistic. (B, C) The ShamCombination test for three common “effect-based”methods, for which the effects of single doses determine the predicted additive effect. A
single drug plays the role of both Drug A and Drug B, and thus the actual additive effect is known; here it is the effect of a dose of (2 + 2) � 4, with a corresponding
response of 20 in (B) and 15 in (C). Only for (B), in which y � mx, does the predicted additive effect match the actual one. (D) A classic Hill-slope curvilinear fit, which
approaches amaximum effect. (E) Two Hill-slope curves with a “constant potency ratio,”which requires equivalent Hill-slopes (parallel curves on a log-scaled x-axis) and
the same effect at 100% response. (F) A hormetic dosing curve, which has a biphasic effect, here shown as decreasing at increasing concentrations. (G) Dose-response
curves for three Nrf2/ARE activators in clinical use or in clinical trials.
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the predicted additive effect of a combination treatment of drug A
and drug B for a particular dosing pair (a,b) is to add the
individual effects (Figure 1A). However, this method,
Response Additivity, only works under highly specific
conditions, as illustrated by the Sham Combination test
(Figures 1B,C): when the dosing curves are linear with zero
intercepts. In the hypothetical situation of the test, the two drugs
A and B have identical dosing curves. Thus, the effect of the
dosing pair (a,b) � (2,2) is known—it will be the effect for a dose
of 4. As shown in the example in Figure 1B, a line with zero
intercepts passes the Sham Combination test; the predicted
additive effect for (2,2) is 10 + 10 � 20, which matches the
actual effect for the dose of 4. However, any other line or curve
fails the test, including, for example, a straight line with an x-axis
intercept greater than zero (e.g., Figure 1C, where a dose of 4
would give an effect of 15). Drugs rarely have linear dosing curves
with zero intercepts; commonly they fit to a Hill-slope type curve
(Figure 1D) (Caudle and Williams, 1993).

The other two widely-usedmethods that consider the effects of
the individual treatments at single doses are Highest Single Agent
(HSA) and Bliss Independence. HSA is the simplest approach and
asserts that if the combined effect is larger than the maximal effect
of either drug alone, then the drugs act synergistically. In the Bliss
Independence method, a probabilistic model for drug
interactions is assumed (EA + EB – EAEB), and the effects are
expressed as a probability (greater than 0 but less than 1). For
example, expressing the effects in Figures 1A,B as probabilities
out of 100 generates 0.1 for EA and EB, a predicted additive
probability of 0.1 + 0.1 – 0.01 � 0.19, and thus a predicted additive
effect of 19. These methods, reviewed extensively elsewhere, also
fail the Sham Combination test (Figures 1B,C), present other
limitations, and are rarely valid for a given combination of drugs
(Goldoni and Johansson, 2007; Geary, 2013; Foucquier and
Guedj, 2015).

The alternative to effect-based approaches is to calculate a
predicted additive effect by using the predictive value of the
individual dosing curves [reviewed in (Foucquier and Guedj,
2015)]. The fundamental principles for this “dose/effect”
approach are known as Loewe Additivity, first introduced in
the 1870s (Fraser 1871, 1872), and then formally defined by
Loewe in the 1920s and developed further by him in the 1950s
(Loewe and Muischnek 1926; Loewe, 1927, Loewe 1953, Loewe
1959). Its principles are detailed in the section titled, Loewe
Additivity Principles Behind the DE/ZI Method and the Benefits
of Releasing the Constraint of a Constant Potency Ratio. Loewe
Additivity is the most-widely accepted approach in the field,
surviving almost a century of dissection (Greco et al., 1995). The
effort in the field to utilize the Loewe Additivity principles has
largely focused on drugs with traditional dose response curves,
which approach a maximum effect and fit to a Hill-slope equation
(Figure 1D). Loewe Additivity is the basis for the widely used
approaches of the Combination Index (Foucquier and Guedj,
2015), isobologram analysis (Greco et al., 1995), and the median-
effect approach of the Chou-Talalay method (Chou and Talalay,
1984). The Chou-Talalay method has been used to evaluate
synergy and antagonism in ∼5,000 published studies in large
part due to the software products CompuSyn (now freely

available) and Calcusyn, a commercial product. However, as
summarized below and shown in depth by others, the Chou-
Talalay method is only appropriate if the dosing curves being
analyzed fit to a Hill-slope equation and have a constant potency
ratio Figure 1E, which is often not the case for the drugs they are
being using to analyze (Tallarida, 2007; Calabrese, 2008b; Geary,
2013).

Our primary goal is to evaluate the interactions of small
molecule activators of the transcription factor Nrf2. Nrf2
regulates hundreds of genes, many with cytoprotective
functions including detoxification, repair, and the oxidative
stress response, through binding to its cognate antioxidant
response element (ARE). The Nrf2/ARE pathway is activated
by both electrophiles and oxidative stress. A major target of
reactive species are cysteines on the Keap1 protein, a primary
Nrf2 repressor that targets Nrf2 for ubiquitination and
degradation (Figure 2A). Keap1 has 25 conserved cysteines,
11 of which comprise the sensor system (Suzuki et al., 2019).
Numerous phytochemical small molecule activators have been
identified (Eggler and Savinov, 2013), with a number of them
progressing to clinical trials. For example, sulforaphane, found in
high concentrations in broccoli sprout extracts, is the subject of
over 70 clinical trials. Sulforaphane targets Keap1 C151 (Figures
2A,B), halting Nrf2 ubiquitination and allowing Nrf2 to
accumulate (Zhang and Hannink, 2003). Given the clinical
promise of Nrf2/ARE pathway activation by phytochemicals
and engineered small molecules (Al-Sawaf et al., 2015;
Houghton et al., 2016; Staurengo-Ferrari et al., 2019; Tu et al.,
2019), there is significant interest in finding synergistic
combinations of Nrf2 activators, and avoiding antagonistic
interactions in formulations.

Thus far, Nrf2/ARE activators almost universally have a
hormetic dose response, with a characteristic U- or V-shaped
curve (Figure 1F). For example, sulforaphane, bardoxolone
methyl, and dimethyl fumarate each show hormesis for
activation of the Nrf2/ARE pathway (Figure 1G, adapted from
(Copple et al., 2014)). Dimethyl fumarate, marketed as
Tecfidera®, is FDA-approved for multiple sclerosis (Mills et al.,
2018). Bardoxolone methyl is currently in clinical trials as a
potential therapeutic for several forms of chronic kidney diseases
and varied other conditions, including COVID-19 (Reata
Pharmaceuticals, 2021; U.S. National Library of Medicine,
2021). Other examples of hormetic Nrf2 activators include the
endogenous electrophile 15dPGJ2 and iodoacetamide (Ricart
et al., 2009). A variety of other drugs exhibit hormetic dose-
response curves, including those with anxiolytic (Calabrese,
2008a), anti-tumor (Paoletti et al., 1990), and anti-seizure
(Calabrese, 2008c) actions. Hormesis is well documented in
the toxicology field in particular (Calabrese and Blain, 2005).
Phytochemicals that are produced by plants for their defense (e.g.,
sulforaphane) are generally toxic to humans at high doses but
have beneficial effects at lower doses, including Nrf2/ARE
activation (Calabrese et al., 2010). Few studies have considered
how to predict an additive effect for compounds with hormetic
dosing curves (Calabrese, 2008b).

Synergistic interactions of Nrf2 activators have been reported
by several groups. Response Additivity has been used to assess
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interactions of sulforaphane and selenium (Li et al., 2012) as well
as components of the commercially available supplement
Protandim (Velmurugan et al., 2009). Approximately ten
different phytochemicals have been evaluated in various
combinations using the Chou-Talalay method (Saw et al.,
2010; Saw et al., 2011; Saw et al., 2012; Saw et al., 2014).
These methods of assessing interactions have not been
evaluated for their usefulness for Nrf2/ARE activators, in
particular with respect to hormetic dosing curves.

Previously, we observed what qualitatively appeared to be a
strong synergistic interaction in HaCaT keratinocyte cells, using a
model system in which cells were co-treated with electrophilic
sulforaphane and a small-molecule diphenol that generates
reactive oxygen species through redox cycling, di-tert-
butylhydroquinone (dtBHQ) (Bauman et al., 2018) (Figures
2B,C). We hypothesized sulforaphane and dtBHQ would act
synergistically, given their distinct chemical natures and thus
possibly distinct targets in the Nrf2/ARE pathway. We found that
concentrations of dtBHQ that showed little activation of the
pathway on their own significantly enhanced sulforaphane’s

activation of the pathway, observed both by western blotting
and an ARE reporter assay, suggestive of a synergistic activation.
There were two other aspects of the data that strongly suggested a
synergistic interaction between the compounds, that is, that
sulforaphane and dtBHQ-generated ROS have distinct targets
in the pathway. First, the maximum ARE reporter activation
achieved by the combination treatment was more than twice as
high as either compound could achieve on its own. Second, while
sulforaphane treatment increased Nrf2 protein levels, as expected
based on sulforaphane’s ability to modify Keap1 C151 and
promote Nrf2 escape from Keap1 repression (Figure 2A)
(Zhang and Hannink, 2003; Hu et al., 2011; Baird et al., 2013;
Saito et al., 2016), addition of dtBHQ with sulforaphane did not
further increase Nrf2 levels. Thus, as shown in Figure 2, dtBHQ-
generated reactive oxygen species do not act on Keap1 cysteines,
which would have increased Nrf2 protein levels. Rather, they act
downstream on as-yet unidentified targets. In addition to the
qualitatively strong synergistic effects observed at most tested
concentrations, there were possible indications of antagonism at
the lowest tested concentrations of sulforaphane and dtBHQ.

FIGURE 2 | Activation of the Nrf2/ARE pathway by sulforaphane and dtBHQ. (A) Nrf2 protein is constitutively synthesized. Under basal conditions, Nrf2 is targeted
for ubiquitination and degradation by the Keap1 protein, which forms a bridge between Cul3 and an E2 ligase and Nrf2, positioning Nrf2 lysines for ubiquitination. Upon
treatment, sulforaphane modifies Keap1 C151, also shown in (B), altering the Keap1-Cul3 conformation and preventing ubiquitination of Nrf2 lysines. Newly synthesized
Nrf2 accumulates. Subsequently, Nrf2 translocates to the nucleus and binds to copies of the ARE upstream of cytoprotective genes. The inclusion of dtBHQ
generates H2O2, also shown in (C), which acts downstream of Nrf2 protein accumulation, possibly by increasing nuclear translocation or enhancing Nrf2’s induction of
ARE-driven gene expression. Possible mechanisms are further described in the Discussion. (B) The structure of sulforaphane at left, and in conjugation with Keap1 C151
at right. (C) The structure of dtBHQ, which redox cycles to donate electrons to dioxygen and generate superoxide. Superoxide dismutase (SOD) converts this to
hydrogen peroxide.
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In order to quantitatively analyze the data for interactions
between sulforaphane and dtBHQ, we examined available
methods for their appropriateness for Nrf2 activators in
general and for these compounds in particular. In addition to
the non-traditional, hormetic nature of the sulforaphane dosing
curve, the dtBHQ curve is also atypical, with a small but
reproducible suppression of ARE reporter expression,
compared to basal levels, at the lowest tested concentration
(Bauman et al., 2018). First, since the compounds do not have
linear dose-response curves with a (0,0) x,y intercept, effect-based
methods, including Response Additivity, are not applicable, as
shown in Figure 1. An illustrated explanation for the dtBHQ
dosing curve is given in Supplementary Figure S1. Looking to
dose/effect-based methods, the typical Loewe Additivity
approach is not appropriate for many types of data, including
ours, for two reasons. First, it requires the dose-effect curve to be
fit, or modeled, to a particular equation. In practice, most
methods including the Chou-Talalay method fit data to a Hill-
slope equation. Other equations can be used to fit the data, but
there are limitations to this approach for non-traditional dosing
curves, as explained in The Nearest-Neighbor Approach
Alternative to Curve-Fitting. Second, assuming the data can be
reasonably modeled, most methods based on Loewe Additivity
require a constant potency ratio, shown in Figure 1E for Hill-
slope equations. This constraint is summarized in Loewe
Additivity Principles Behind the DE/ZI Method and the Benefits
of Releasing the Constraint of a Constant Potency Ratio and
extensively reviewed elsewhere (Geary, 2013; Foucquier and
Guedj, 2015).

Given these limitations, we developed an R code that applies
the time-tested principles of Loewe Additivity but releases the
constraint that there must be a constant potency ratio for the two
dosing curves. Named after the first principles of Loewe

Additivity (Loewe Additivity Principles Behind the DE/ZI
Method and the Benefits of Releasing the Constraint of a
Constant Potency Ratio), the Dose-Equivalence/Zero
Interaction (DE/ZI) method can be used for data with or
without a constant potency ratio. For non-traditional dosing
curves, to circumvent the issues associated with fitting a
dosing curve to an equation with a reasonable number of
parameters (The Nearest-Neighbor Approach Alternative to
Curve-Fitting), we introduce a nearest-neighbor approach.
Other advantages of DE/ZI are that synergy or antagonism are
assessed for each dosing pair, allowing complex interactions
across the range of concentrations to be captured, and that a
p-value is generated for each assessed interaction.

MATERIALS AND METHODS

Loewe Additivity Principles Behind the DE/ZI
Method and the Benefits of Releasing the
Constraint of a Constant Potency Ratio
Loewe Additivity is based on two primary principles. The first is
dose-equivalence—that for a given effect of dose b of drug B, there
is an equivalent dose of drug A that gives the same effect. The
example in Figure 3A illustrates that for a dose of 2 for drug B,
with an effect of 2, there is an equivalent dose of drug A (aeq) that
also has an effect of 2, found by interpolating from the dosing
curve for drug A. In the example, aeq is 0.5. The second principle
is that if there is zero interaction between the drugs (if one drug is
not impacting the other’s effect), then the dose and the equivalent
dose can be added to get a total equivalent dose. The predicted
additive effect (PAE) of the combination treatment is thus the
effect determined from the total equivalent dose. In the example

FIGURE 3 | The principles of Loewe Additivity and their application to the DE/ZI method. A predicted additive effect (PAE) is determined by calculating a total
equivalent dose using either the dosing curve for drug A (A) or drug B (B), and then interpolating using the same dosing curve to determine the predicted effect. See text
for details. (C) A predicted additive effect is determined using the dose-effect data for Drug B, here with the nearest-neighbormethod. The two nearest points to the effect
or dose of interest are used for interpolation. The error in the predicted additive effect is generated by a Monte Carlo simulation in the R code, as described in the
Methods. The values given here are for illustrative purposes.
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of dosing pair (a,b) � (1,2) (Figure 3A), the doses of a and aeq
added together (1 + 0.5) give a total equivalent dose of drug A of
1.5. The dosing curve for drug A is used to determine the
predicted additive effect, which in this example is an effect of
4. If the actual effect of the combination of drug A at a dose of 1
and drug B at a dose of 2 is larger than 4, that is evidence for
synergy and an interaction between the two drugs. Any dosing
pair with a lower actual effect then the zero interaction-predicted
additive effect is antagonistic and also evidence of an interaction
between the two drugs. In other words, the null hypothesis in
Loewe Additivity is that there is zero interaction, and the actual
effect is the same as the predicted additive effect (PAE). If the
actual result of the combination treatment is different than the
predicted additive effect, the null hypothesis of zero interaction is
not supported, and there is evidence of an interaction.

The apparently straightforward nature of this approach
becomes less so when one considers interpolating from Drug
B’s curve to determine beq and the resulting predicted additive
effect. The major assumption made by the methods based on
Loewe Additivity is that the same predicted additive effect is
obtained when interpolating from either dosing curve. For the
example in Figure 3, for the same dosing pair (a,b) � (1,2), a
different predicted additive effect of 6.3 is generated when Drug
B’s curve is used for interpolation (Figure 3B). This is the
inherent nature of the Loewe Additivity approach. The
repercussions of this somewhat uncomfortable dual result are
detailed elsewhere (Tallarida, 2007; Geary, 2013). In brief, the
current widely used versions of Loewe Additivity make the key
assumption that the two dosing curves both fit to a Hill-slope type
equation with the same Hill coefficient (n) and that they come to
the same maximum value, making them parallel on a log-dose
scale (Figure 1E) (Roell et al., 2017). Under this assumption,
there is a “constant potency ratio” R, where a single value of R is
obtained for all dosing pairs:

R � a + aeq
b + beq

With a constant potency ratio, the PAE determined from the
curve for drug A (PAEA, from a + aeq) is the same as the PAE
determined from the curve for drug B (PAEB, from b + beq).
Mathematically, this is described in the following equation, where
for all dosing pairs (a,b):

Combination Index (CI) � a
a + aeq

+ b
b + beq

In this model, a CI value of 1 results when drug A and drug B
have no interaction and the effects are simply additive. A
synergistic interaction is indicated by CI < 1, and for
antagonism, CI > 1. As noted by others, this equation is
equivalent to the Chou Talalay combination index equation
(e.g., (Geary, 2013; Roell et al., 2017)).

This particular dosing curve scenario (PAEA � PAEB) for
drug-drug interactions is often graphically represented by
isobolograms, in which a plot of the dose of drug A required
for a certain effect vs. the dose of drug B required for that effect
fits to a straight line (Greco et al., 1995). Any point along this line

is indicative of additivity, any point below indicates synergy, and
any point above indicates antagonism. The widely-used methods
based on Loewe Additivity—the Combination Index and the
Chou-Talalay method—require for two given drugs a constant
or at least reasonably constant potency ratio, and thus a linear
isobologram.

However, the potency ratio is often not constant for two drugs
under consideration (Grabovsky and Tallarida, 2004; Geary,
2013; Lederer et al., 2018). A non-constant potency ratio
results in two predicted additive effects for each dosing
combination, as illustrated in Figures 3A,B. Accordingly, there
will be two curved isoboles—two apparently equally valid, but
different, predicted results. Loewe himself noted this was a likely
outcome (Loewe, 1953). As posited by others, the fact that the
linear isobole assumption fails for many drugs may have gone
largely ignored due to the metaphorical descriptions Loewe used
(Tallarida, 2007), or perhaps due to influential reviews in the field
in support of the linear isobologram whose mathematical bases
have since been shown to contain errors (Geary, 2013). Others
have developed models for interaction analysis that allow for
multiple isoboles (Grabovsky and Tallarida, 2004). However,
these models are also specific for data that fit to a Hill-slope
equation, and as such they are not appropriate for data that do not
fit well to this equation. In sum, most existing applications of
Loewe Additivity’s principles, including the widely-used Chou-
Talalay method, incorporate a constraint—that there must be
only one predicted additive effect. The DE/ZI method releases
this constraint and calculates both predicted additive effects that
result from Loewe Additivity.

The Nearest-Neighbor Approach
Alternative to Curve-Fitting
An issue for analyzing interactions of hormetic compounds in
particular is the difficulty in fitting them to an equation. To fit
them properly, these compounds require dosing curves with
many points, and equations with a high number of powers of
freedom (Zou et al., 2013). Obtaining sufficient data points to
fully define a hormetic dosing curve can be cumbersome, in
particular when working with compound libraries or rare
samples. Moreover, the biphasic nature of hormesis can
greatly complicate analysis of synergistic interactions. By
definition, a given effect is observed at two distinct doses of a
hormetic drug (Figure 1F). However, the problem can be
simplified if the region of interest in the dosing curve is the
initial portion with the lower doses. For Nrf2/ARE activators and
hormetic compounds in general, higher concentrations that lead
to a decrease in effect also cause toxicity (Calabrese et al., 2010;
Copple et al., 2014) and while important to note in drug
development, are not in the range relevant for pharmaceutical
dosing. Therefore, in the DE/ZI method, only the data for the
lower-dose half of a hormetic curve (for Nrf2/ARE activation, the
upward-trending effects) are used.

In regard to fitting this left-most half of the dosing curve for
hormetic data, while a linear or Hill-slope type equation might
reasonably fit the given data for any particular Nrf2 activator, it
can be time-consuming to test and evaluate various fits to
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determine whether a given fit is indeed reasonable. In addition,
the chosen fit may be arbitrary, i.e., without a biological basis. In
general, we wanted a method that was more broadly applicable to
any given set of dosing data. Here, we introduce a “nearest
neighbor” approach. An example is shown in Figure 3C. The
scenario is analogous to that in Figure 3B, but instead of a fitted
curve, each individual data point is used in the analysis. For
example, to determine beq for a dose of A of 1 with an effect of 3,
the two points on the b dosing “curve” whose effects flank the
effect of 3 on the y-axis are selected and used to generate an
equation of the line between them. This equation is then used to
solve for beq. Similarly, the predicted additive effect is solved from
the equation of the line fit to the points that flank the total
equivalent dose of B on the x-axis. (If needed, the effect of a dose
of 1 for drug A can also be determined using the same method
even if that dose itself was not tested, choosing points on the A
dosing curve that flank 1 to interpolate for the expected effect.)

One caveat of using the nearest-neighbor approach for
hormetic compounds in DE/ZI is that it can underestimate the
extent of synergy for high actual effects of combinations,
specifically, those that lie above the highest point on the
individual dosing curve. This is because these necessarily
cannot be interpolated between two points on the actual
dosing curve. To accommodate this, DE/ZI extrapolates the
predicted additive effect using the line formed by the point on
the dosing curve with the highest actual effect and the point for
the next lowest dose. In reality, a hormetic dosing curve decreases
in effect after reaching its peak. Therefore, the predicted additive
effect calculated by DE/ZI may be quite a bit higher than one
determined from the whole hormetic dosing curve, leading to an
underestimation of the magnitude of the FoldSynergy value for
these combinations. However, dosing combinations that result in
an effect higher than any on the individual dosing curve will still
be found to be synergistic.

Generating a Data Set to Analyze
Interactions of Sulforaphane and dtBHQ for
Nrf2/ARE Activation
Cell Culture
The HaCaT cell line (Cell Line Service; L#300493-4212) was
maintained at 37°C in 5% CO2 in phenol red-free and sodium
pyruvate-free high-glucose Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, 15 mM
HEPES (4-(2-hydroxyethyl)-1-piper-azineethanesulfonic acid)
pH 7.2, and 4 mM L-glutamine (referred to as complete
media). Complete media was stored in the dark at 4°C, with
aliquots heated to 37°C just prior to use. Cells were maintained
between 50 and 80% confluency during both propagation and
experiments, passaging every three days. When designing plate
layouts for experiments, care was taken to avoid any neighboring
well effect of the treatments with dtBHQ, as previously reported
for tBHQ (Braeuning et al., 2012). Thus, a separate 24-well plate
was used for the DMSO (vehicle) and sulforaphane-only wells,
and titrations of dtBHQ were set up from lowest to highest
concentration across a plate.

Dual Luciferase Antioxidant Response Element
Reporter Assay
Cells were plated in a 24-well plate at 5.0 × 104 cells/well in 500 µl
of complete media and allowed 18 h to recover. Following
recovery, cells were co-transfected with two luciferase
reporters, 15 µg/well of the Renilla luciferase reporter plasmid,
pRL-TK (Promega), and 45 µg/well of firefly luciferase ARE
reporter pGL4.37 (Promega). Per manufacturer’s instructions,
plasmids were incubated for 20 min with 50 µl/well of Opti-
MEM™ reduced serum medium with 1 µl/well of TransIT®-
2020 (Mirus Bio). Cells were incubated at 37°C for 4 h with
transfection mix prior to replacing the media with 1 ml of fresh
complete media. The following day, immediately prior to
treatment, spent media was replaced with 2 ml of fresh
complete media. Treatments were added directly to each
corresponding well. Vehicle for sulforaphane and dtBHQ was
DMSO, and total DMSO was equal across all treatments and did
not exceed 0.05% DMSO (v/v). Cells were harvested 18 h post-
treatment by rinsing with phosphate buffered saline and then
lysed with 100 µl/well of Passive Lysis Buffer (Promega).
Harvested plates were subjected to a freeze-thaw cycle prior to
analysis. Samples were analyzed for luciferase activity with the
Dual Luciferase® Reporter Assay System (Promega) on a
CLARIOstar BMG Labtech luminometer, using 1 s integration
per well. Experiments were performed in quadruplicate. Relative
units of reporter activation were calculated as the firefly luciferase
(ARE-driven) values divided by the Renilla luciferase values. All
data were normalized to vehicle treatment alone.

DE/ZI Analysis With the Script in R
The DE/ZI predicted additive effect for each dosing pair was
calculated using the R code fileDEZI nearest neighbor.R, which is
included in the Supplementary Material, along with the input
data from the ARE reporter assay for sulforaphane and dtBHQ.
Also found in the Supplementary Material are a document with
step-wise instructions, a document explaining the processes the
R code follows in analyzing the data, and an Excel file to
transform the returned values into a table format. Returned
results from DE/ZI were graphed in Chart Studio from Plotly.
The surfaces were generated by adding a mesh trace in Chart
Studio.

In general, the R code follows the process outlined in
Figure 3C. To generate error bars for the predicted additive
effect that capture the error in the points used for the
interpolations and extrapolations for each step, a Monte Carlo
method is used, and iterations are conducted for each dosing pair
analyzed (the default is 5,000). For each of the iterations, the data
is randomly selected (using the R function rnorm), based on the
average and standard deviation of the y value on the dosing curve.
The 5,000 returned results are then averaged to give the final
predicted additive effect, and the standard deviation is used as the
reported error in that value. The returned result based on the
means is also returned, and alternatively could be reported as the
predicted additive effect. A quantitative measure of the extent of
synergy generated by the R code is the FoldSynergy value, which
is the actual effect divided by the predicted additive effect, with
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associated error propagation. We note that FoldSynergy is
analogous to the inverse of the Combination Index (Eq. 2).

TheMonte Carlo iterations also generate a p-value for whether
an effect is synergistic or antagonistic. The p-value for synergy is
equal to the number of times that the randomly generated
predicted additive effect was less than the actual effect, divided
by the number of randomizations. For example, if a p-value of
0.05 or less is returned, then 250 or fewer of the 5,000 returned
results were less than the actual effect, and 4,750 or more were
greater than or equal to the actual effect. We interpret this as a
reasonable cut off for a synergistic interaction. If a p-value of 0 is
returned, the p-value is in fact less than 1/the number of
randomizations done. For example, with the default 5,000
randomizations written in the script, a value of 0 will
correspond to a p-value < 0.0002. If a p-value of 1 is returned,
the p-value is then greater than the lower limit (e.g., with 5,000
randomizations, the p-value is greater than 0.9998). Similarly, the
p-value for antagonism is the number of times that the randomly
generated predicted additive effect is greater than the actual effect,
divided by the number of randomizations.

A special case the nearest neighbor approach can
accommodate is when the sign of the slope of the dosing
curve changes at low doses from negative to positive, as for
dtBHQ, where initially dtBHQ lowers the response below that
obtained in the absence of dtBHQ (Figure 4B). In areas where the
slope of the curve changes, a given effect can result from either of
two different concentrations. For example, for a sulforaphane
ARE activation effect of 0.8, it would be possible for either of two
dtBHQ concentrations to generate the same effect. Thus, a
decision must be made in DE/ZI nearest neighbor as to which
of two set of points will be used for interpolation to determine a
dtBHQ concentration for this effect. In DEZI nearest neighbor.R,
the points whose effects are closest in space to the effect of interest
are used to determine the PAE by interpolation. In the cases
where the dtBHQ concentration must be determined through
extrapolation (e.g., for an effect of 0.5), the determined dtBHQ
concentration that is closest to an experimental concentration
used for the extrapolation is used to determine the PAE. This
choice for extrapolation was fairly straightforward; as shown in

Supplementary Figure S2, choosing a concentration that is
furthest from one used for extrapolation does not make sense
as it would then likely correspond to an effect that is much higher
than in the region of interest of the dosing curve. The choice for
interpolation is based on the idea that the closest interpolating
pair will give the best result. However, the results may depend on
the treatments that are done. We tested the effect of the
interpolation choice on the results for our data by using the
further data points to interpolate. The corresponding R script,
DEZI nearest neighbor max interpolation.R, has been included in
Supplementary Material. Both R scripts generated very similar
overall conclusions.

Also provided in Supplementary Material is the R code DEZI
Hill equation fit.R. The same steps are carried out as in the DEZI
nearest neighbor.R, except that the relevant values (e.g. aeq) are
calculated based on the results of fitting a Hill equation to the
dosing curves. For example, aeq is calculated based on fitting
treatments of molecule one alone to a Hill equation and then
solving the Hill equation with respect to the effect y of dose b to
find aeq.

RESULTS

To assess for interactions of sulforaphane and dtBHQ on ARE-
driven expression, a reporter assay was performed with individual
titrations of sulforaphane and dtBHQ, a titration of sulforaphane
in combination with 18 µM dtBHQ, and additional combinations
of each compound (Figures 4A,B). Sulforaphane showed a
characteristic hormetic dosing curve, with a maximal effect of
44-fold activation at 17 µM. In contrast, significant dtBHQ
activation of the reporter was only observed at 36 μM, at
which point toxicity was also observed (Supplementary
Figure S3). In addition, dtBHQ had a suppressive effect (p <
0.01) on the reporter at 4 µM (Figure 4B), as previously reported
(Bauman et al., 2018). Co-treating with sulforaphane and 18 µM
dtBHQ, a concentration that independently produces ∼2-fold
stimulation, significantly enhanced sulforaphane’s activation of
the ARE reporter, up to 120-fold (Figure 4A). The substantially

FIGURE 4 | Model system for testing interactions for synergy and antagonism-a dual-luciferase ARE-reporter assay in HaCaT cells. (A) Full dosing curves of
sulforaphane (red) and dtBHQ (blue) alone, and the same sulforaphane concentrations with a co-treatment of 18 µM dtBHQ (black). (B) The data from the lowest dtBHQ
concentrations are plotted to show the suppression of the reporter expression at 4 µMdtBHQ (*p-value � 0.006). (C) Effects of various combinations of sulforaphane and
dtBHQ. Combination treatment data are shown in black. The experiments were performed in quadruplicate, and the data are presented as mean ± SD.

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 6862018

Repash et al. Assessing Synergy Using DE/ZI

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


higher maximal activation of the reporter by the combination
treatment than by either compound alone indicates a synergistic
interaction between sulforaphane and 18 µM dtBHQ. As shown
in Figure 4C, additional combination treatments at higher
concentrations result in significantly larger effects than for any
of the individual doses. At lower concentrations, there are
possible antagonistic effects.

Processing the sulforaphane and dtBHQ data set in Figure 4
using DEZI nearest neighbor. R results in two sets of predicted
additive effects for each dosing pair, obtained using either the
sulforaphane (Figure 5A) or dtBHQ (Figure 5B) individual
dosing curves. Each PAE result has an associated standard
deviation based on the Monte Carlo simulation. A three-
dimensional surface is illustrated as a mesh that connects the
PAE points in the x, y, and z directions. As expected, the PAEsulf

surface and the PAEdtBHQ surface differ, because the sulforaphane
and dtBHQ dosing curves do not have a constant potency ratio (see
also Figure 1E). Eight of twelve of the combinations’ actual effects in
Figure 5A lie above the PAEsulf surface, and seven are above the
PAEdtBHQ surface in Figure 5B. Several actual effects at the lower
sulforaphane and dtBHQ concentrations lie below both the PAEsulf
and PAEdtBHQ surfaces. Overall, this visual result indicates that
dosing pairs at higher concentrations act synergistically, while
some dosing pairs at lower concentrations tend to have an
antagonistic interaction.

Table 1 shows the quantitative measures of interaction for
each dosing pair, with two different numerical representations of
the results of the analysis. First, p-values are assigned for synergy
and antagonism. For synergy, these are equal to the number of
times that the DE/ZI randomizations generated a predicted

TABLE 1 | Results of analyzing ARE-reporter expression data in HaCaT cells treated with SFN and dtBHQ using the R code DEZI nearest neighbor.R.

DE/ZI results using the SFN curve DE/ZI results using the dtBHQ curve

dtBHQ
(µM)

SFN
(µM)

Actual
effect
(RU)

Predicted
effect
(RU)

Fold
synergy

Synergy
p-valuea

Antagonism
p-valuea

Predicted
effect
(RU)

Fold
synergy

Synergy
p-valuea

Antagonism
p-valuea

4.5 2.1 3.8 ± 0.7 5.3 ± 0.5 0.7 ± 0.2 0.9952 0.0048 7 ± 1 0.6 ± 0.2 1 <0.0002
4.5 4.2 9.1 ± 0.8 13 ± 1 0.71 ± 0.09 0.9936 0.0064 16 ± 2 0.62 ± 0.07 1 <0.0002
4.5 8.3 34 ± 6 25 ± 5 1.3 ± 0.3 0.0532 0.9468 28 ± 6 1.2 ± 0.3 0.1728 0.8272
9.1 2.1 5.2 ± 0.5 5.1 ± 0.8 1.1 ± 0.1 0.4746 0.5254 10 ± 2 0.52 ± 0.07 0.9998 0.0002
9.1 4.2 12 ± 2 12 ± 1 1 ± 0.3 0.7254 0.2746 21 ± 3 0.6 ± 0.2 1 <0.0002
9.1 8.3 40 ± 10 25 ± 6 1.8 ± 0.6 <0.0002 1 32 ± 7 1.4 ± 0.4 0.0444 0.9556
18.1 0.5 3.2 ± 0.3 2.5 ± 0.5 1.2 ± 0.1 0.033 0.967 5 ± 2 0.69 ± 0.07 0.8838 0.1162
18.1 1.0 6 ± 1 3.4 ± 0.5 1.9 ± 0.5 <0.0002 1 15 ± 3 0.4 ± 0.1 0.9944 0.0056
18.1 2.1 11 ± 2 7 ± 1 1.7 ± 0.3 <0.0002 1 18 ± 3 0.7 ± 0.1 0.9996 0.0004
18.1 4.2 37 ± 5 14 ± 2 2.7 ± 0.5 <0.0002 1 30 ± 5 1.3 ± 0.2 0.1168 0.8832
18.1 8.3 92 ± 7 27 ± 5 3.4 ± 0.4 <0.0002 1 42 ± 9 2.2 ± 0.2 <0.0002 1
18.1 11.1 114 ± 8 37 ± 6 3 ± 0.3 <0.0002 1 60 ± 10 2.1 ± 0.2 <0.0002 1
18.1 16.7 79 ± 5 45 ± 6 1.8 ± 0.1 <0.0002 1 63 ± 8 1.3 ± 0.1 0.0196 0.9804
36.3 2.1 70 ± 20 22 ± 6 4 ± 2 <0.0002 1 37 ± 7 2.1 ± 0.9 0.001 0.999
36.3 4.2 100 ± 20 29 ± 8 4 ± 1 <0.0002 1 50 ± 10 2 ± 0.6 <0.0002 1
36.3 8.3 150 ± 10 40 ± 6 3.8 ± 0.4 <0.0002 1 60 ± 10 2.5 ± 0.2 <0.0002 1

aThe p-values for interactions that are <0.05 are in bold.

FIGURE 5 | Analysis of sulforaphane-dtBHQ dosing curves and combination treatment data by the DE/ZI method. The actual effects are shown in black and
replotted from Figure 3C. DE/ZI predicted additive effects interpolated from the sulforaphane dosing curve are shown in (A) in red and in blue in (B) for those predicted
using the dtBHQ dosing curve. Generation of the error bars for the predicted additive results is detailed in DE/ZI Analysis With the Script in R.
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additive effect less than the actual effect, divided by the number of
randomizations. The p-value for antagonism is similarly
calculated, using the number that generated a PAE greater
than the actual effect. Second, the extent of the interaction is
represented by the FoldSynergy value—the actual effect divided
by the predicted additive effect. Results above one indicate
synergy and those below one indicate antagonism. For
example, using the sulforaphane dosing curve for
interpolation, 4.5 µM dtBHQ and 2.1 µM SFN results have an
antagonism p-value of 0.0048 and a FoldSynergy value of 0.7 ±
0.2, both of which indicate an antagonistic interaction for this
dosing pair. When the same data is analyzed by DE/ZI using the
dtBHQ curve to interpolate, the p-value is <0.0002, and the
FoldSynergy value is 0.6 ± 0.2.

The question thus becomes how to interpret two sets of
returned results for each dosing pair. In the discussion, we
outline considerations for the general user in deciding how to
interpret results in various scenarios. For the results with
sulforaphane and dtBHQ, we consider the following test. If a
given dosing pair has p-values indicating synergy based on
interpolation for both of the two dosing curves, then the drugs

are considered to interact synergistically at those doses, with the
same logic for antagonism. By this criteria, two of the tested
combinations (4.5 µM dtBHQ with 2.1 or 4.2 µM sulforaphane)
show an antagonistic result, and seven show a synergistic result
(primarily for 18 and 36 µM dtBHQ with 4.2 µM or higher
sulforaphane).

DISCUSSION

In order to analyze Nrf2/ARE activators for interactions, we
developed the DE/ZI method, applying the principles of Loewe
Additivity without assuming a constant potency ratio and using a
nearest-neighbor approach. The implications of synergy and
antagonism in the Nrf2/ARE pathway extend to treatment and
amelioration of almost every chronic disease condition, including
neurodegenerative diseases, cancer, diabetes, and cardiovascular
disorders, given the central role of ARE-regulated genes in
cytoprotection and metabolism. In addition to Nrf2/ARE
activators, DE/ZI with nearest-neighbor allows for analysis of
other drugs and phytochemicals whose dosing curves do not fit

FIGURE 6 | The decision process in choosing an analysis method for drug-drug interactions based on the dosing curves of the compounds. DE/ZI, as an
application of Loewe additivity principles, complements existing methods, and it meets a need for analysis of non-traditional dosing curves. Associated information on
constant potency ratios and effect-based methods is given in Figure 1 and Loewe Additivity Principles Behind the DE/ZI Method and the Benefits of Releasing the
Constraint of a Constant Potency Ratio.
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well to a Hill-slope equation, or when screening one drug with a
compound library whose dosing curves are unknown. In the latter
case, the dosing curve of the single drug provides predictive
information about the response of the system. DE/ZI can also be
used to analyze drugs with traditional Hill-slope dosing curves
with or without constant potency ratios, and the R code for this
analysis is included in Supplementary Material. The decision-
making flow chart for analyzing drug-drug interactions
(Figure 6) illustrates when to use effect-based methods, linear
isobole methods such as Chou-Talalay, curvilinear multiple
isobole methods, or DE/ZI for a given set of data.

DE/ZI generates a predicted additive effect, a FoldSynergy
value, and associated p-values for every dosing combination, thus
evaluating synergy or antagonism across the range of tested
concentrations and allowing for the generation of a 3D
response surface (Figure 5). The usefulness of response
surfaces in interaction analyses is becoming appreciated, as the
benefit of a combination therapy is often dependent on the doses
administered (Prichard and Shipman, 1990; Keith et al., 2005;
Foucquier and Guedj, 2015). A single overall assessment of
synergy or antagonism for two drugs, in contrast, can miss
differing interactions across the ranges of the dosing curves. In
addition, given biological heterogeneity and measurement error,
it is problematic to judge interactions as synergistic or
antagonistic if the determination lacks associated error (Lee
and Kong, 2011; Foucquier and Guedj, 2015). DE/ZI generates
errors for the PAE and FoldSynergy and p-values through Monte
Carlo-type iterations.

We note that the number of returned results from a DE/ZI
analysis that show antagonism or synergy should not be taken as
an indication of the overall interaction of the compounds. In
other words, because more synergistic dosing pairs were found
than antagonistic dosing pairs, this does not necessarily mean
SFN and dtBHQ are more synergistic than antagonistic; the
results depend on the range of tested concentrations. Rather,
in DE/ZI, each dosing combination is separately evaluated for an
interaction. A version of DE/ZI with overall assessment of
interactions is under development.

The question arises: how are actual effects that fall between the
two DE/ZI predicted additive effects assigned as synergistic or
antagonistic? These effects are equivalent to those that fall in the
region between two isoboles in an isobologram, a result that
naturally arises from Loewe Additivity for any drug combination
without a constant potency ratio. This issue was noted by Loewe
himself (Loewe, 1953) and has been discussed in depth, with
reasoning to consider these unassigned combinations either to be
additive (Tallarida, 2007) or indeterminant (Geary, 2013). The
approach that emphasizes stringency is to only consider as
synergistic those dosing pairs whose actual effect is greater
than both predicted additive effects, and to consider as
antagonistic only those pairs whose actual effect is less than
both. A second approach could be used in the case of testing a
given drug in combination with a number of other compounds.
In this case, a detailed dosing curve generated only for the single
drug would be used to determine a PAE. Any combination with a
p-value indicating synergy would then be tested across a range of
concentrations to determine if the two molecules are synergistic

across a broad 3D response surface. A third approach for treating
results in the indeterminate region is based on prior knowledge
about the biological system, i.e., if there is a mechanistic reason to
value the dosing curve of one drug over that of the other. In
general, the results from analysis of drug pair interactions in any
given assay need to be examined as one part of an overall
understanding to drive and guide research efforts.

By the more stringent criteria, sulforaphane and dtBHQ
synergistically activate Nrf2-dependent expression at the mid-
to-high end of the tested concentrations. Mechanistically how
might synergy occur? The best understood biological target in this
pathway is Keap1, the major repressor of Nrf2. Specifically, Keap1
C151 is a primary target of sulforaphane (Zhang and Hannink,
2003; Hu et al., 2011; Baird et al., 2013; Saito et al., 2016).
Addition of sulforaphane to C151 prevents Keap1 from
targeting Nrf2 for ubiquitination and degradation and allows
newly synthesized Nrf2 to accumulate (Figure 2A). Thus, a
primary role for sulforaphane in this pathway is to increase
Nrf2 protein levels by relieving Keap1 suppression. In
contrast, dtBHQ acts downstream of Keap1 cysteines and Nrf2
protein accumulation—dtBHQ did not induce Nrf2 protein
accumulation on its own or increase Nrf2 levels induced by
sulforaphane when they were added in combination (Bauman
et al., 2018).

How then might dtBHQ signal to downstream targets in this
pathway, and what might these targets be? Due to its two tert-
butyl groups, dtBHQ itself cannot act as an electrophile upon
oxidation, but redox cycles to generate other reactive species,
including H2O2 (Figure 2C). The evidence supports H2O2 as the
primary species responsible for synergism (Bauman et al., 2018).
This was shown in part by including catalase (which reduces
intracellular levels of H2O2) with sulforaphane and dtBHQ
treatments, thereby suppressing protein expression of ARE-
regulated genes. H2O2 is an endogenous signaling molecule
with well-characterized targets in various signal transduction
pathways (Marinho et al., 2014). A growing body of literature
points to potential specific cysteine targets for H2O2 in the Nrf2/
ARE signal transduction/activation pathway. These include C136,
C71, and C124 of PTEN in the PI3K pathway (Leslie, 2006;
Almazari et al., 2012; Suh et al., 2018) and C181 and C184 of
H-Ras, upstream of PI3K (Oliva et al., 2003; Oeste et al., 2011).
Other identified oxidative-stress responsive players in the
expression of ARE-regulated genes include Bach1 (Tsuji, 2005;
MacLeod et al., 2009), which competes with Nrf2 for binding to
AREs, and redox sensitive microRNAs (Cheng et al., 2013). H2O2

also can induce antioxidant protein synthesis at the translational
level (Wijeratne et al., 2005; Shenton et al., 2006; Grant, 2010).

We note that Keap1 cysteines, specifically C226/C613/C622/C624,
are generally considered H2O2’s primary target in this pathway
(Fourquet et al., 2010a; Suzuki et al., 2019). However, evidence
supports the existence of other ARE-activation targets that are
sensitive to lower concentrations of H2O2 than that required for
Nrf2 stabilization. First, in general, fairly high concentrations of H2O2

(0.1–1mM) are required to stabilize Nrf2 protein (Fourquet et al.,
2010b; Saito et al., 2016). In our system,we tested lower concentrations
of H2O2 (25 and 50 µM) that were unable to induce Nrf2 protein
accumulation or enhance that of sulforaphane (Bauman et al., 2018).
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While these concentrations minimally activated an ARE reporter on
their own (1.2 ± 0.1 and 2.6 ± 0.5 fold-activation, respectively), they
highly enhanced sulforaphane’s activation of an ARE reporter (from
3.6 ± 0.6 with 2.5 µM sulforaphane alone to 8 ± 3 and 18 ± 4,
respectively, with 25 and 50 µM H2O2 included). Second, seminal
work by the Yamamoto lab, assigning Keap1 cysteines to specific
inducers using a zebrafish embryo system, showed that factors other
than Keap1 and Nrf2 were required for H2O2 to induce ARE-gene
expression (Kobayashi et al., 2009). In sum, concentrations of H2O2

that are insufficient to target Keap1 cysteines have other targets in the
Nrf2/ARE pathway, thereby contributing to the synergistic effect of
dtBHQ and sulforaphane.

We note that experiment to experiment, while synergism is
consistently observed at mid-to-high concentrations of
sulforaphane and dtBHQ, antagonism at lower concentrations
is not always observed for both the PAEsulf and the PAEdtBHQ

surfaces. Analyzing our previously published ARE reporter data
(Bauman et al., 2018), interactions were found to be antagonistic
only when using the dtBHQ dosing curve for determinations and
not when using the sulforaphane curve (Supplementary Table S1
in Supplementary Material). Thus antagonism for these two
molecules is dependent on subtle changes in treatment
conditions experiment to experiment. We note that the
expression of the Nrf2/ARE-regulated AKR1C1 protein in
response to sulforaphane was diminished by the inclusion of
5 µM dtBHQ (but significantly increased by 15 µM dtBHQ)
(Bauman et al., 2018), and this effect was reproducible
experiment to experiment. As to how antagonism could occur
in this system, it is tempting to consider the observed suppression
of Nrf2 protein synthesis by dtBHQ (Bauman et al., 2018).
However, this suppression was only observed at higher dtBHQ
concentrations, suggesting another mechanism is responsible.
Antagonism may be due to the “dual nature” of dtBHQ as an
oxidizable diphenol to also act as an antioxidant. The scavenging
of superoxide by plant polyphenols is well documented (Robak
and Gryglewski, 1988). The exact mechanism of how antagonism
might occur is currently not clear.

For drug discovery efforts involving combination treatments,
and to gain insight into mechanisms of synergy, it is essential to be
able to calculate a predicted additive effect along with a measure of
certainty as to whether it is greater than or less than the actual
effect. DE/ZI with nearest-neighbor allows drugs with non-
traditional dosing curves that do not fit to a Hill slope equation
to be analyzed for interactions. For the Nrf2 pathway, future
questions include the types of molecules that act synergistically
or antagonistically to induce cytoprotective proteins, which of these
proteins show altered expression, and the specific cysteine sensors

of ROS and electrophiles that contribute to the interaction of the
molecules. In addition, future versions of DE/ZI could be tailored
to investigator needs in various fields, such as an overall measure of
synergy or antagonism for a pair of drugs. By releasing the
constraint in Loewe Additivity for a constant potency ratio and
introducing the nearest-neighbor method of curve fitting, DE/ZI
provides a platform for more flexibility in applying the logic of
Loewe Additivity principles to analyzing diverse dosing curves.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

ER, AE, and PP contributed to conception and design of the
study. PP wrote the R codes. ER wrote the first draft of the article.
ER, AE, KP, and PP wrote sections of the article. All authors
contributed to article revision, read, and approved the submitted
version.

FUNDING

This work was supported by a Cottrell College Science Award
from the Research Corporation for Science Advancement. This
work received funding from Villanova University’s Falvey
Memorial Library Scholarship Open Access Reserve
(SOAR) Fund.

ACKNOWLEDGMENTS

We are grateful to Ian Copple, University of Liverpool, for sharing
the data in Figure 1G. The authors thank Daniel Kraut for helpful
discussions.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.686201/
full#supplementary-material

REFERENCES

Al-Sawaf, O., Clarner, T., Fragoulis, A., Kan, Y. W., Pufe, T., Streetz, K., et al.
(2015). Nrf2 in Health and Disease: Current and Future Clinical Implications.
Clin. Sci. 129, 989–999. doi:10.1042/CS20150436

Almazari, I., Park, J.-M., Park, S.-A., Suh, J.-Y., Na, H.-K., Cha, Y.-N., et al. (2012).
Guggulsterone Induces Heme Oxygenase-1 Expression through Activation of

Nrf2 in Human Mammary Epithelial Cells: PTEN as a Putative Target.
Carcinogenesis 33, 368–376. doi:10.1093/carcin/bgr259

Arts, E. J., and Hazuda, D. J. (2012). HIV-1 Antiretroviral Drug Therapy. Cold
Spring Harbor Perspect. Med. 2, a007161. doi:10.1101/cshperspect.a007161

Baird, L., Llères, D., Swift, S., and Dinkova-Kostova, A. T. (2013). Regulatory
Flexibility in the Nrf2-Mediated Stress Response Is Conferred by
Conformational Cycling of the Keap1-Nrf2 Protein Complex. Proc. Natl.
Acad. Sci. 110, 15259–15264. doi:10.1073/pnas.1305687110

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 68620112

Repash et al. Assessing Synergy Using DE/ZI

https://www.frontiersin.org/articles/10.3389/fphar.2021.686201/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.686201/full#supplementary-material
https://doi.org/10.1042/CS20150436
https://doi.org/10.1093/carcin/bgr259
https://doi.org/10.1101/cshperspect.a007161
https://doi.org/10.1073/pnas.1305687110
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Bauman, B. M., Jeong, C., Savage, M., Briker, A. L., Janigian, N. G., Nguyen, L. L.,
et al. (2018). Dr. Jekyll and Mr. Hyde: Oxidizable Phenol-Generated Reactive
Oxygen Species Enhance Sulforaphane’s Antioxidant Response Element
Activation, Even as They Suppress Nrf2 Protein Accumulation. Free Radic.
Biol. Med. 124, 532–540. doi:10.1016/j.freeradbiomed.2018.06.039

Braeuning, A., Vetter, S., Orsetti, S., and Schwarz, M. (2012). Paradoxical
Cytotoxicity of Tert-Butylhydroquinone In Vitro: What Kills the Untreated
Cells? Arch. Toxicol. 86, 1481–1487. doi:10.1007/s00204-012-0841-3

Caesar, L. K., and Cech, N. B. (2019). Synergy and Antagonism in Natural Product
Extracts: when 1 + 1 Does Not Equal 2. Nat. Prod. Rep. 36, 869–888. doi:10.
1039/c9np00011a

Calabrese, E., and Blain, R. (2005). The Occurrence of Hormetic Dose Responses in
the Toxicological Literature, the Hormesis Database: an Overview. Toxicol.
Appl. Pharmacol. 202, 289–301. doi:10.1016/j.taap.2004.06.023

Calabrese, E. J. (2008a). An Assessment of Anxiolytic Drug Screening Tests:
Hormetic Dose Responses Predominate. Crit. Rev. Toxicol. 38, 489–542.
doi:10.1080/10408440802014238

Calabrese, E. J. (2008b). Hormesis and Mixtures. Toxicol. Appl. Pharmacol. 229,
262–263. doi:10.1016/j.taap.2008.01.024

Calabrese, E. J. (2008c). Modulation of the Epileptic Seizure Threshold:
Implications of Biphasic Dose Responses. Crit. Rev. Toxicol. 38, 543–556.
doi:10.1080/10408440802014261

Calabrese, V., Cornelius, C., Dinkova-Kostova, A. T., Calabrese, E. J., and Mattson,
M. P. (2010). Cellular Stress Responses, the Hormesis Paradigm, and Vitagenes:
Novel Targets for Therapeutic Intervention in Neurodegenerative Disorders.
Antioxid. Redox Signaling 13, 1763–1811. doi:10.1089/ars.2009.3074

Caudle, R. M., and Williams, G. M. (1993). The Misuse of Analysis of Variance to
Detect Synergy in Combination Drug Studies. Pain 55, 313–317. doi:10.1016/
0304-3959(93)90006-b

Cheng, X., Ku, C.-H., and Siow, R. C. M. (2013). Regulation of the Nrf2
Antioxidant Pathway by microRNAs: New Players in Micromanaging Redox
Homeostasis. Free Radic. Biol. Med. 64, 4–11. doi:10.1016/j.freeradbiomed.
2013.07.025

Chou, T.-C., and Talalay, P. (1984). Quantitative Analysis of Dose-Effect
Relationships: the Combined Effects of Multiple Drugs or Enzyme
Inhibitors. Adv. Enzyme Regul. 22, 27–55. doi:10.1016/0065-2571(84)90007-4

Copple, I. M., Shelton, L. M., Walsh, J., Kratschmar, D. V., Lister, A., Odermatt, A.,
et al. (2014). Chemical Tuning Enhances Both Potency toward Nrf2 and In
Vitro Therapeutic index of Triterpenoids. Toxicol. Sci. 140, 462–469. doi:10.
1093/toxsci/kfu080

Eggler, A. L., and Savinov, S. N. (2013). Chemical and Biological Mechanisms of
Phytochemical Activation of Nrf2 and Importance in Disease Prevention.
Recent Adv Phytochem. 43, 121–155. doi:10.1007/978-3-319-00581-2_7

Fidock, D. A., Rosenthal, P. J., Croft, S. L., Brun, R., and Nwaka, S. (2004).
Antimalarial Drug Discovery: Efficacy Models for Compound Screening. Nat.
Rev. Drug Discov. 3, 509–520. doi:10.1038/nrd1416

Foucquier, J., and Guedj, M. (2015). Analysis of Drug Combinations: Current
Methodological Landscape. Pharmacol. Res. Perspect. 3, e00149. doi:10.1002/prp2.149

Fourquet, S., Guerois, R., Biard, D., and Toledano, M. B. (2010a). Activation of
Nrf2 by Nitrosative Agents and H2o2 Involves Keap1 Disulfide Formation.
J. Biol. Chem. 285, 8463–8471. doi:10.1074/jbc.M109.051714

Fourquet, S., Guerois, R., Biard, D., and Toledano, M. B. (2010b). Activation of
NRF2 by Nitrosative Agents and H2O2 Involves KEAP1 Disulfide Formation.
J. Biol. Chem. 285, 8463–8471. doi:10.1074/jbc.M109.051714

Fraser, T. R. (1872). Lecture on the Antagonism between the Actions of Active
Substances. Bmj 2, 485–487. doi:10.1136/bmj.2.618.485

Fraser, T. R. (1871). XXI.-An Experimental Research on the Antagonism between
the Actions of Physostigma and Atropia. Trans. R. Soc. Edinb. 26, 529–713.
doi:10.1017/S008045680001139X

Geary, N. (2013). Understanding Synergy. Am. J. Physiology-Endocrinology Metab.
304, E237–E253. doi:10.1152/ajpendo.00308.2012

Goldoni, M., and Johansson, C. (2007). A Mathematical Approach to Study
Combined Effects of Toxicants In Vitro: Evaluation of the Bliss
independence Criterion and the Loewe Additivity Model. Toxicol. Vitro 21,
759–769. doi:10.1016/j.tiv.2007.03.003

Grabovsky, Y., and Tallarida, R. J. (2004). Isobolographic Analysis for
Combinations of a Full and Partial Agonist: Curved Isoboles. J. Pharmacol.
Exp. Ther. 310, 981–986. doi:10.1124/jpet.104.067264

Grant, C. M. (2011). Regulation of Translation by Hydrogen Peroxide. Antioxid.
Redox Signaling 15, 191–203. doi:10.1089/ars.2010.3699

Greco,W. R., Bravo, G., and Parsons, J. C. (1995). The Search for Synergy: a Critical
Review from a Response Surface Perspective. Pharmacol. Rev. 47, 331–385.

Houghton, C. A., Fassett, R. G., and Coombes, J. S. (2016). Sulforaphane and Other
Nutrigenomic Nrf2 Activators: Can the Clinician’s Expectation Be Matched by
the Reality? Oxidative Med. Cell Longevity 2016, 1–17. doi:10.1155/2016/
7857186

Hu, C., Eggler, A. L., Mesecar, A. D., and van Breemen, R. B. (2011). Modification
of Keap1 Cysteine Residues by Sulforaphane. Chem. Res. Toxicol. 24, 515–521.
doi:10.1021/tx100389r

Keith, C. T., Borisy, A. A., and Stockwell, B. R. (2005). Multicomponent
Therapeutics for Networked Systems. Nat. Rev. Drug Discov. 4, 71–78.
doi:10.1038/nrd1609

Kobayashi, M., Li, L., Iwamoto, N., Nakajima-Takagi, Y., Kaneko, H., Nakayama,
Y., et al. (2009). The Antioxidant Defense System Keap1-Nrf2 Comprises a
Multiple Sensing Mechanism for Responding to a Wide Range of Chemical
Compounds. Mcb 29, 493–502. doi:10.1128/MCB.01080-08

Lederer, S., Dijkstra, T. M. H., and Heskes, T. (2018). Additive Dose Response
Models: Explicit Formulation and the Loewe Additivity Consistency Condition.
Front. Pharmacol. 9, 31. doi:10.3389/fphar.2018.00031

Lee, J. J., and Kong, M. (2011). Combined Treatment of Pancreatic Cancer with
Mithramycin A and Tolfenamic Acid Promotes Sp1 Degradation and
Synergistic Antitumor Activity-Response. Cancer Res. 71, 2794–2795. doi:10.
1158/0008-5472.CAN-11-0380

Lehár, J., Krueger, A. S., Avery, W., Heilbut, A. M., Johansen, L. M., Price, E. R.,
et al. (2009). Synergistic Drug Combinations Tend to Improve Therapeutically
Relevant Selectivity. Nat. Biotechnol. 27, 659–666. doi:10.1038/nbt.1549

Leslie, N. R. (2006). The Redox Regulation of PI 3-kinase-dependent Signaling.
Antioxid. Redox Signaling 8, 1765–1774. doi:10.1089/ars.2006.8.1765

Li, D., Wang, W., Shan, Y., Barrera, L. N., Howie, A. F., Beckett, G. J., et al. (2012).
Synergy between Sulforaphane and Selenium in the Up-Regulation of
Thioredoxin Reductase and protection against Hydrogen Peroxide-Induced
Cell Death in Human Hepatocytes. Food Chem. 133, 300–307. doi:10.1016/j.
foodchem.2012.01.026

Loewe, S. (1959). [Marginal Notes on the Quantitative Pharmacology of Combined
Drugs]. Arzneimittelforschung 9, 449–456.

Loewe, S. (1953). The Problem of Synergism and Antagonism of Combined Drugs.
Arzneimittelforschung 3, 285–290.

Loewe, S. (1927). Die Mischarznei. Klin Wochenschr 6, 1077–1085. doi:10.1007/
BF01890305

Loewe, S., and Muischnek, H. (1926). Über Kombinationswirkungen. Archiv F.
Experiment. Pathol. U. Pharmakol 114, 313–326. doi:10.1007/BF01952257

MacLeod, A. K., McMahon, M., Plummer, S. M., Higgins, L. G., Penning, T. M.,
Igarashi, K., et al. (2009). Characterization of the Cancer Chemopreventive
NRF2-dependent Gene Battery in Human Keratinocytes: Demonstration that
the KEAP1-NRF2 Pathway, and Not the BACH1-NRF2 Pathway, Controls
Cytoprotection against Electrophiles as Well as Redox-Cycling Compounds.
Carcinogenesis 30, 1571–1580. doi:10.1093/carcin/bgp176

Marinho, H. S., Real, C., Cyrne, L., Soares, H., and Antunes, F. (2014). Hydrogen
Peroxide Sensing, Signaling and Regulation of Transcription Factors. Redox
Biol. 2, 535–562. doi:10.1016/j.redox.2014.02.006

Mills, E. A., Ogrodnik, M. A., Plave, A., and Mao-Draayer, Y. (2018). Emerging
Understanding of the Mechanism of Action for Dimethyl Fumarate in the
Treatment ofMultiple Sclerosis. Front. Neurol. 9, 5. doi:10.3389/fneur.2018.00005

Mokhtari, R. B., Homayouni, T. S., Baluch, N., Morgatskaya, E., Kumar, S., Das, B.,
et al. (2017). Combination Therapy in Combating Cancer. Oncotarget 8,
38022–38043. doi:10.18632/oncotarget.16723

Oeste, C. L., Díez-Dacal, B., Bray, F., García de Lacoba, M., de la Torre, B. G.,
Andreu, D., et al. (2011). The C-Terminus of H-Ras as a Target for the Covalent
Binding of Reactive Compounds Modulating Ras-dependent Pathways. PLoS
ONE 6, e15866, doi:10.1371/journal.pone.0015866

Oliva, J. L., Pérez-Sala, D., Castrillo, A., Martínez, N., Cañada, F. J., Boscá, L., et al.
(2003). The Cyclopentenone 15-deoxy- 12,14-prostaglandin J2 Binds to and
Activates H-Ras. Proc. Natl. Acad. Sci. 100, 4772–4777. doi:10.1073/pnas.
0735842100

Paoletti, P., Butti, G., Zibera, C., Scerrati, M., Gibelli, N., Roselli, R., et al. (1990).
Characteristics and Biological Role of Steroid Hormone Receptors in

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 68620113

Repash et al. Assessing Synergy Using DE/ZI

https://doi.org/10.1016/j.freeradbiomed.2018.06.039
https://doi.org/10.1007/s00204-012-0841-3
https://doi.org/10.1039/c9np00011a
https://doi.org/10.1039/c9np00011a
https://doi.org/10.1016/j.taap.2004.06.023
https://doi.org/10.1080/10408440802014238
https://doi.org/10.1016/j.taap.2008.01.024
https://doi.org/10.1080/10408440802014261
https://doi.org/10.1089/ars.2009.3074
https://doi.org/10.1016/0304-3959(93)90006-b
https://doi.org/10.1016/0304-3959(93)90006-b
https://doi.org/10.1016/j.freeradbiomed.2013.07.025
https://doi.org/10.1016/j.freeradbiomed.2013.07.025
https://doi.org/10.1016/0065-2571(84)90007-4
https://doi.org/10.1093/toxsci/kfu080
https://doi.org/10.1093/toxsci/kfu080
https://doi.org/10.1007/978-3-319-00581-2_7
https://doi.org/10.1038/nrd1416
https://doi.org/10.1002/prp2.149
https://doi.org/10.1074/jbc.M109.051714
https://doi.org/10.1074/jbc.M109.051714
https://doi.org/10.1136/bmj.2.618.485
https://doi.org/10.1017/S008045680001139X
https://doi.org/10.1152/ajpendo.00308.2012
https://doi.org/10.1016/j.tiv.2007.03.003
https://doi.org/10.1124/jpet.104.067264
https://doi.org/10.1089/ars.2010.3699
https://doi.org/10.1155/2016/7857186
https://doi.org/10.1155/2016/7857186
https://doi.org/10.1021/tx100389r
https://doi.org/10.1038/nrd1609
https://doi.org/10.1128/MCB.01080-08
https://doi.org/10.3389/fphar.2018.00031
https://doi.org/10.1158/0008-5472.CAN-11-0380
https://doi.org/10.1158/0008-5472.CAN-11-0380
https://doi.org/10.1038/nbt.1549
https://doi.org/10.1089/ars.2006.8.1765
https://doi.org/10.1016/j.foodchem.2012.01.026
https://doi.org/10.1016/j.foodchem.2012.01.026
https://doi.org/10.1007/BF01890305
https://doi.org/10.1007/BF01890305
https://doi.org/10.1007/BF01952257
https://doi.org/10.1093/carcin/bgp176
https://doi.org/10.1016/j.redox.2014.02.006
https://doi.org/10.3389/fneur.2018.00005
https://doi.org/10.18632/oncotarget.16723
https://doi.org/10.1371/journal.pone.0015866
https://doi.org/10.1073/pnas.0735842100
https://doi.org/10.1073/pnas.0735842100
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Neuroepithelial Tumors. J. Neurosurg. 73, 736–742. doi:10.3171/jns.1990.73.5.
0736

Prichard, M. N., and Shipman, C. (1990). A Three-Dimensional Model to Analyze
Drug-Drug Interactions.Antiviral Res. 14, 181–205. doi:10.1016/0166-3542(90)
90001-n

Reata Pharmaceuticals (2021). Our Technologies. Available at: https://www.
reatapharma.com/our-science/our-technologies/(Accessed January 14, 2021).

Ricart, K. C., Bolisetty, S., Johnson, M. S., Perez, J., Agarwal, A., Murphy, M. P.,
et al. (2009). The Permissive Role of Mitochondria in the Induction of Haem
Oxygenase-1 in Endothelial Cells. Biochem. J. 419, 427–436. doi:10.1042/
BJ20081350

Robak, J., and Gryglewski, R. J. (1988). Flavonoids Are Scavengers of Superoxide
Anions. Biochem. Pharmacol. 37, 837–841. doi:10.1016/0006-2952(88)90169-4

Roell, K. R., Reif, D. M., and Motsinger-Reif, A. A. (2017). An Introduction to
Terminology andMethodology of Chemical Synergy—Perspectives from across
Disciplines. Front. Pharmacol. 8, 158. doi:10.3389/fphar.2017.00158

Saito, R., Suzuki, T., Hiramoto, K., Asami, S., Naganuma, E., Suda, H., et al. (2016).
Characterizations of ThreeMajor Cysteine Sensors of Keap1 in Stress Response.
Mol. Cel. Biol. 36, 00868. doi:10.1128/MCB.00868-15

Saw, C. L.-L., Cintrón, M., Wu, T.-Y., Guo, Y., Huang, Y., Jeong,W.-S., et al. (2011).
Pharmacodynamics of Dietary Phytochemical Indoles I3C and DIM: Induction
of Nrf2-Mediated Phase II Drug Metabolizing and Antioxidant Genes and
Synergism with Isothiocyanates. Biopharm. Drug Dispos. 32, 289–300. doi:10.
1002/bdd.759

Saw, C. L. L., Guo, Y., Yang, A. Y., Paredes-Gonzalez, X., Ramirez, C., Pung, D.,
et al. (2014). The berry Constituents Quercetin, Kaempferol, and Pterostilbene
Synergistically Attenuate Reactive Oxygen Species: Involvement of the Nrf2-
ARE Signaling Pathway. Food Chem. Toxicol. 72, 303–311. doi:10.1016/j.fct.
2014.07.038

Saw, C. L. L., Huang, Y., and Kong, A.-N. (2010). Synergistic Anti-inflammatory
Effects of Low Doses of Curcumin in Combination with Polyunsaturated Fatty
Acids: Docosahexaenoic Acid or Eicosapentaenoic Acid. Biochem. Pharmacol.
79, 421–430. doi:10.1016/j.bcp.2009.08.030

Saw, C. L. L., Yang, A. Y., Cheng, D. C., Boyanapalli, S. S.-S., Su, Z.-Y., Khor, T. O.,
et al. (2012). Pharmacodynamics of Ginsenosides: Antioxidant Activities,
Activation of Nrf2, and Potential Synergistic Effects of Combinations.
Chem. Res. Toxicol. 25, 1574–1580. doi:10.1021/tx2005025

Shenton, D., Smirnova, J. B., Selley, J. N., Carroll, K., Hubbard, S. J., Pavitt, G. D.,
et al. (2006). Global Translational Responses to Oxidative Stress Impact upon
Multiple Levels of Protein Synthesis. J. Biol. Chem. 281, 29011–29021. doi:10.
1074/jbc.M601545200

Staurengo-Ferrari, L., Badaro-Garcia, S., Hohmann, M. S. N., Manchope, M. F.,
Zaninelli, T. H., Casagrande, R., et al. (2019). Contribution of Nrf2 Modulation
to the Mechanism of Action of Analgesic and Anti-inflammatory Drugs in Pre-
clinical and Clinical Stages. Front. Pharmacol. 9, 1536. doi:10.3389/fphar.2018.
01536

Suh, J., Kim, D.-H., Kim, E.-H., Park, S.-A., Park, J.-M., Jang, J.-H., et al. (2018). 15-
Deoxy-Δ12,14-prostaglandin J2 Activates PI3K-Akt Signaling in Human Breast
Cancer Cells through Covalent Modification of the Tumor Suppressor PTEN at
Cysteine 136. Cancer Lett. 424, 30–45. doi:10.1016/j.canlet.2018.03.016

Suzuki, T., Muramatsu, A., Saito, R., Iso, T., Shibata, T., Kuwata, K., et al. (2019).
Molecular Mechanism of Cellular Oxidative Stress Sensing by Keap1. Cel Rep.
28, 746–758. doi:10.1016/j.celrep.2019.06.047

Tallarida, R. J. (2007). Interactions between Drugs and Occupied Receptors.
Pharmacol. Ther. 113, 197–209. doi:10.1016/j.pharmthera.2006.08.002

Tsuji, Y. (2005). JunD Activates Transcription of the Human Ferritin H Gene
through an Antioxidant Response Element during Oxidative Stress. Oncogene
24, 7567–7578. doi:10.1038/sj.onc.1208901

Tu, W., Wang, H., Li, S., Liu, Q., and Sha, H. (2019). The Anti-inflammatory and
Anti-oxidant Mechanisms of the Keap1/Nrf2/ARE Signaling Pathway in
Chronic Diseases. Aging Dis. 10, 637–651. doi:10.14336/AD.2018.0513

U.S. National Library of Medicine (2021). Bardoxolone Methyl Search Results.
Available at: https://www.clinicaltrials.gov/ct2/results?
cond�&term�bardoxolone+methyl&cntry�&state�&city�&dist� (Accessed
January 14, 2021).

Velmurugan, K., Alam, J., McCord, J. M., and Pugazhenthi, S. (2009). Synergistic
Induction of Heme Oxygenase-1 by the Components of the Antioxidant
Supplement Protandim. Free Radic. Biol. Med. 46, 430–440. doi:10.1016/j.
freeradbiomed.2008.10.050

Wijeratne, S. S. K., Cuppett, S. L., and Schlegel, V. (2005). Hydrogen Peroxide
Induced Oxidative Stress Damage and Antioxidant Enzyme Response in Caco-
2 Human Colon Cells. J. Agric. Food Chem. 53, 8768–8774. doi:10.1021/
jf0512003

Zhang, D. D., and Hannink, M. (2003). Distinct Cysteine Residues in Keap1 Are
Required for Keap1-dependent Ubiquitination of Nrf2 and for Stabilization of
Nrf2 by Chemopreventive Agents and Oxidative Stress. Mcb 23, 8137–8151.
doi:10.1128/mcb.23.22.8137-8151.2003

Zou, X., Lin, Z., Deng, Z., and Yin, D. (2013). Novel Approach to Predicting
Hormetic Effects of Antibiotic Mixtures on Vibrio Fischeri. Chemosphere 90,
2070–2076. doi:10.1016/j.chemosphere.2012.09.042

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Repash, Pensabene, Palenchar and Eggler. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 68620114

Repash et al. Assessing Synergy Using DE/ZI

https://doi.org/10.3171/jns.1990.73.5.0736
https://doi.org/10.3171/jns.1990.73.5.0736
https://doi.org/10.1016/0166-3542(90)90001-n
https://doi.org/10.1016/0166-3542(90)90001-n
https://www.reatapharma.com/our-science/our-technologies/
https://www.reatapharma.com/our-science/our-technologies/
https://doi.org/10.1042/BJ20081350
https://doi.org/10.1042/BJ20081350
https://doi.org/10.1016/0006-2952(88)90169-4
https://doi.org/10.3389/fphar.2017.00158
https://doi.org/10.1128/MCB.00868-15
https://doi.org/10.1002/bdd.759
https://doi.org/10.1002/bdd.759
https://doi.org/10.1016/j.fct.2014.07.038
https://doi.org/10.1016/j.fct.2014.07.038
https://doi.org/10.1016/j.bcp.2009.08.030
https://doi.org/10.1021/tx2005025
https://doi.org/10.1074/jbc.M601545200
https://doi.org/10.1074/jbc.M601545200
https://doi.org/10.3389/fphar.2018.01536
https://doi.org/10.3389/fphar.2018.01536
https://doi.org/10.1016/j.canlet.2018.03.016
https://doi.org/10.1016/j.celrep.2019.06.047
https://doi.org/10.1016/j.pharmthera.2006.08.002
https://doi.org/10.1038/sj.onc.1208901
https://doi.org/10.14336/AD.2018.0513
https://www.clinicaltrials.gov/ct2/results?cond=&term=bardoxolone+methyl&cntry=&state=&city=&dist=
https://www.clinicaltrials.gov/ct2/results?cond=&term=bardoxolone+methyl&cntry=&state=&city=&dist=
https://www.clinicaltrials.gov/ct2/results?cond=&term=bardoxolone+methyl&cntry=&state=&city=&dist=
https://www.clinicaltrials.gov/ct2/results?cond=&term=bardoxolone+methyl&cntry=&state=&city=&dist=
https://www.clinicaltrials.gov/ct2/results?cond=&term=bardoxolone+methyl&cntry=&state=&city=&dist=
https://www.clinicaltrials.gov/ct2/results?cond=&term=bardoxolone+methyl&cntry=&state=&city=&dist=
https://www.clinicaltrials.gov/ct2/results?cond=&term=bardoxolone+methyl&cntry=&state=&city=&dist=
https://doi.org/10.1016/j.freeradbiomed.2008.10.050
https://doi.org/10.1016/j.freeradbiomed.2008.10.050
https://doi.org/10.1021/jf0512003
https://doi.org/10.1021/jf0512003
https://doi.org/10.1128/mcb.23.22.8137-8151.2003
https://doi.org/10.1016/j.chemosphere.2012.09.042
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Solving the Problem of Assessing Synergy and Antagonism for Non-Traditional Dosing Curve Compounds Using the DE/ZI Method:  ...
	Introduction
	Materials and Methods
	Loewe Additivity Principles Behind the DE/ZI Method and the Benefits of Releasing the Constraint of a Constant Potency Ratio
	The Nearest-Neighbor Approach Alternative to Curve-Fitting
	Generating a Data Set to Analyze Interactions of Sulforaphane and dtBHQ for Nrf2/ARE Activation
	Cell Culture
	Dual Luciferase Antioxidant Response Element Reporter Assay

	DE/ZI Analysis With the Script in R

	Results
	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


