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Hunter R. Ford, Sebastiano Busato and Massimo Bionaz*

Department of Animal and Rangeland Sciences, Oregon State University, Corvallis, OR, United States

Nuclear factor erythroid 2-related factor 2 (NRF2) plays a key role in the response to
oxidative stress. Diets containing known NRF2 modulators could be used to minimize
oxidative stress in dairy cows. Currently, studies evaluating the activity of NRF2 in
bovine have used the classical in vitro approach using synthetic media, which is very
different than in vivo conditions. Furthermore, studies carried out in vivo cannot capture
the short-term and dynamic response of NRF2. Thus, there is a need to develop
new approaches to study NRF2 modulation. The aim of the present study was to
establish an in vitro-in vivo hybrid system to investigate activation of NRF2 in bovine
cells that can serve as an intermediate model with results closer to what is expected
in vivo. To accomplish the aim, we used a combination of a gene reporter assay in
immortalized bovine mammary cells, synthetic NRF2 modulators, and blood serum
from periparturient cows. Synthetic agonist tert-butylhydroquinone and sulforaphane
confirmed to be effective activators of bovine NRF2 with acute and large effect at 30
and 5 M, respectively, with null response after the above doses due to cytotoxicity.
When the agonists were added to blood serum the response was more linear with
maximum activation of NRF2 at 100 and 30 wM, respectively, and the cytotoxicity was
prevented. High concentration of albumin in blood serum plays an important role in such
an effect. Brusatol (100 nM) was observed to be an effective NRF2 inhibitor while also
displaying general protein synthesis inhibition and cytotoxicity when added to synthetic
media. A consistent inhibition of NRF2 was observed when brusatol was added to
the blood serum but the cytotoxicity was reduced. The synthetic inhibitor ML385 had
no effect on modulation of bovine NRF2. Hydrogen peroxide activates NRF2 in bovine
mammary cells starting from 100 wM; however, strong cytotoxicity was detected starting
at 250 wM when cells were cultivated in the synthetic media, while blood serum prevented
cytotoxicity. Overall, our data indicated that the use of synthetic media can be misleading
in the study of NRF2 in bovine and the use of blood serum appears necessary.
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INTRODUCTION

Oxidative stress is a physiological condition that negatively affects living organisms (Sies, 1997;
Glasauer and Chandel, 2013). For high producing dairy cows, the most common incidences of
oxidative stress occur as these animals transition from pregnancy to lactation. The peripartum is
typically accompanied by a large mobilization of non-esterified fatty acids which are metabolized
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for energy via p-oxidation in a process that can leak electrons
resulting in increased production of reactive oxygen species
(ROS), one of the main culprits of oxidative stress (Bernabucci
et al., 2005; Sordillo and Aitken, 2009; Marinho et al., 2014). The
consequences of oxidative stress in dairy cows can also directly
compromise milk production due to apoptosis and impaired
function of mammary cells (Capuco et al., 2001).

Many of the endogenous antioxidant systems utilized by
animals are regulated by a redox-sensitive transcription factor
known as nuclear factor erythroid 2-related factor 2 (NRF2).
NRF2 can be activated by a variety of conditions associated
with oxidative stress. Once activated, NRF2 is released from
KEAPI and it is translocated into the nucleus where it functions
to promote the transcription of a battery of genes associated
with antioxidant defense and cell survival (Taguchi et al., 2011;
Cuadrado et al., 2018).

While information regarding the role of NRF2 in ruminants
is limited, prior research has indicated that it may be a target for
reducing and preventing oxidative stress. In vitro models have
been used to show that treatment of bovine cells with NRF2
activators, like sulforaphane and resveratrol, increases activity
of NRF2 with concomitant antioxidant response limiting the
damage caused by oxidative stress (Jin et al., 2016a; Sohel et al.,
2018). In vivo studies have also shown that supplementing the
feed of dairy cattle with chestnut tannins (Liu et al, 2013)
or rumen-protected methionine (Han et al., 2018) improves
the antioxidant status of the animals via upregulation of
putative canonical NRF2 target genes associated with antioxidant
defense and cell survival. While these studies have advanced
our understanding of the role of NRF2 in ruminants, they
are limited in the conclusions they can make regarding NRF2
modulation and activity in vivo. Studies conducted in vitro
using synthetic media do not account for the environment that
bovine cells are typically exposed to. Compounds present in
circulating serum, including metabolites and hormones, can
cause changes in activity of transcription factors and, thus,
transcription of genes. However, the difficulty of measuring
actual NRF2 activation in vivo is a clear limitation associated
with these studies. Analyzing the regulation of NRF2 by assessing
phosphorylation of NRF2 and changes in expression of NRF2
target genes in tissues obtained via biopsy, as these studies have
done, provides only an indirect measure of NRF2 activation.
Furthermore, the target genes of NRF2, although well-established
in monogastric animals, have not been fully confirmed in bovine.
Finally, NRF2 is a short-term dynamic response (Bischoff et al.,
2019), that is difficult to capture with the limited number
of samples that is possible to collect via biopsy. In order to
overcome these limitations and advance the study of NRF2 in
bovine, especially considering the potential for nutrigenomic
approaches to alleviate oxidative stress via activation of this
nuclear receptor (Houghton et al., 2016), new techniques need
to be developed.

The objective of this study was to evaluate the accuracy and
feasibility of a hybrid in vitro-in vivo system for evaluating NRF2
modulation in bovine mammary cells. To achieve this, serum
collected from cows around parturition was used in place of
synthetic media and in combination with an NRF2 gene reporter.

MATERIALS AND METHODS

Common Materials and Methods

Blood Serum

Blood serum was collected from 5 Jersey and 5 Holstein cows
in the control group of a prior study (Jaaf et al., 2020). Pool of
blood serum samples were created using equal amount of serum
from the five cows. Two prepartum serum pools [(-)Serum] were
made, one pool using serum collected from Jersey cows (—29 +
2 days relative to calving) and a second pool from Holstein cows
(—21 =+ 4 days relative to calving). Two post-partum serum pools
[(+)Serum] were made, one pool using serum collected from
Jersey cows (7 & 0 days relative to calving) and a second pool
from Holstein cows (10 % 4 days relative to calving). Undiluted
blood serum (i.e., 100%) was used with the cells in our study.
The use of serum instead of plasma was due to preliminary
observation of a certain degree of cytotoxicity when using plasma
as a substrate for cells (data not shown) likely due to the presence
of fibrinogen and other clotting factors in plasma, which are
known to have cytotoxic effects and inhibit proliferation in vitro
(Muraglia et al., 2017).

Cell Culture

Bovine mammary alveolar (MACT, Cellosaurus accession
CVCL_U226) cells and human mammary carcinoma cells
(MCF?7, Cellosaurus accession CVCL_0031; generously provided
by Dr. Brian Dolan, Carlson College of Veterinary Medicine,
Oregon State University) were cultured in high-glucose
Dulbecco’s Modified Eagles Medium (DMEM) with sodium
pyruvate [Cat #25-500, Genesee Scientific, San Diego, CA] and
10% fetal bovine serum [Cat #F4135, Genesee Scientific] and
grown and sub-cultured as previously described (Osorio and
Bionaz, 2017). For the experiment described in Figure 4, 1%
penicillin/streptomycin [Cat #P4333, Sigma-Aldrich, Milwaukee,
WI] and 0.3% Amphotericin B [Cat #A2942, Sigma-Aldrich]
were added to the media to assess the effect that antimitotic and
antibiotic may have on NRF2 modulation. For this experiment,
DMEM without antimitotics or antibiotics was denoted as
DMEM(-/-), while the DMEM containing these supplements
was denoted as DMEM(-+/+).

Reagents

Tert-butylhydroquinone (tBHQ) [Cat #112941, Sigma-Aldrich],
sulforaphane (SFN) [Cat #S4441, Sigma-Aldrich], ML385 [Cat
#SML1833, Sigma-Aldrich], and brusatol (BRU) [Cat #SML1868,
Sigma-Aldrich] were used to treat cells using a HP D300e
Digital Dispenser [HP Inc., Palo Alto, CA]. All treatments were
normalized for the amount of DMSO. Stock solutions were
prepared by diluting each of the compounds in DMSO [Cat
#21660, Research Organics, Cleveland, OH] to 50 mM for tBHQ,
SFN, and ML385 and 8 mM for BRU. Bovine serum albumin,
endotoxin free [Cat #AK8917-0100, Akron Biotech, Boca Raton,
FL] was diluted in DMEM to concentrations of 1.2% and 3.2%.
Hydrogen peroxide (H,0,) [Cat #HX0640-5, EMD Millipore,
Billerica, MA] was diluted in DMEM to a working concentration
of 500 WM.
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Dual Luciferase Reporter Assay

MACT  cells were cotransfected with the pgl4.37
[luc2P/ARE/Hygro] [Cat #E3641, Promega Corporation,
Madison, WI] and pRL-TK [Cat #E2241, Promega Corporation]
plasmids at a 40:1 ratio in OptiMEM [Cat #11058021, Genesee
Scientific] using Lipofectamine 3000 [Cat #L3000001, Thermo
Fisher Scientific, Carlsbad, CA] in accordance with a previously
validated method (Osorio and Bionaz, 2017). Twenty-four hours
after transfection, the media was removed and replaced with the
appropriate treatment and cells were returned to the incubator.
All treatments presented in this manuscript were performed
for 24 h before the luciferase assay. The dual luciferase reporter
assay was performed using the Dual-Glo Luciferase Assay
System kit [Cat #E2920, Promega Corporation] following the
manufacturer’s instructions using a Synergy HTX Multi-Mode
Reader [BioTek Inc., Winooski, VT] to read luminescence, at
1 mm height, 5 integration time, and 200 gain.

Cell Imaging

Cell viability was assessed via staining with propidium iodide [PI,
Cat #R37108, Thermo Fisher Scientific] and Hoescht 33342 Blue
Dye [Cat #62249, Thermo Fisher Scientific] and viewed using
DAPI and TXRed filters on a Leica DMI6000B Microscope [Leica
Microsystems, Buffalo Grove, IL]. Images were analyzed for cell
count and viability using Cell Profiler 3.0 (Mcquin et al., 2018)
following a prior published pipeline (Osorio and Bionaz, 2017).

Experiments

Test of Synthetic NRF2 Modulators

While there are many compounds that activate NRF2, the natural
isothiocyanate SEN and the synthetic phenol tBHQ were selected
due to their utilization in other bovine cell studies (Jin et al.,
2016b; Sohel et al., 2018) where 10 uM was found to be an
effective dose for both compounds. Two compounds tested for
their NRF2 inhibitory capacity were used in this study. BRU is
a natural quassinoid and has been utilized in many studies in
mammals as an effective inhibition of NRF2 at a dose of >100 nM
(Olayanju et al., 2015). The other NRF2 inhibitor used in this
study was the synthetic small molecule ML385. This molecule
inhibited NRF2 activity in human lung carcinoma cells A549 at
adose of 5 uM (Singh et al., 2016).

In order to evaluate NRF2 modulation in the different growth
media, we tested the above compounds using six increasing doses
(from 0 to 100 uM for all compounds, except for SEN where
the larger dose was 50 wM) in DMEM, (-)Serum or (4)Serum
collected from Jersey cows for 24h in MACT cells transfected
with the NRF2 gene reporter. The renilla luminescence was used
as an indicator of both cell activity/viability (Paguio et al., 2010)
and protein synthesis/translation. Acute toxicity was assessed
after 24 h of treatment by staining cells with Hoescht 33342 and
propidium iodide. The # of cells/well served as a count of the total
number of nucleated cells per frame scaled to the total well area.
Acute toxicity was calculated as % of the number of red cells (i.e.,
dead cells) over the number of blue cells (all cells).

A second experiment was performed to study the finer
modulation of NRF2 by SEN and tBHQ (10 doses from 0 to 30
for SEN and 0 to 50 wM for tBHQ) and to assess larger doses for

ML385 (seven doses from 0 to 500 uM). In the same experiment
we also withdrew the use of antibiotics and used the serum
collected from Holstein cows. The change was justified by the
fact that antibiotics in cell culture can induce oxidative stress
(Kalghatgi et al., 2013) and cattle breeds can have a different
response to oxidative stress-modulating treatments (Xu et al.,
2017; Jaaf et al., 2020). Thus, we assessed also if the response to
NREF2 activators is consistent when MACT cells are cultivated
in absence of penicillin/streptomycin and amphotericin B and
if there is any breed effect on the NRF2 modulation by the
various compounds by using (-)Serum or (4)Serum collected
from Holstein cows. The modulation of NRF2 and cytotoxicity
were assessed as described above.

Role of Albumin and Antibiotics in Modulation of
NRF2 by SFN and tBHQ

Blood contains a large amount of albumin. In bovine it is
normally found in the 30 g/L range (Bionaz et al.,, 2007). It has
been demonstrated that albumin can bind both SEN (Abassi et al.,
2013) and tBHQ (Fathi et al.,, 2016). To assess if albumin play a
role in the modulation of NRF2 by SEN and tBHQ when used
in blood serum, an experiment was performed where MACT
cells were cultivated in DMEM without antibiotics/antimitotic
containing 0, 1.2, or 3.2% albumin or in blood serum and treated
with 10 wM SEN or 30 wM tBHQ. To better understand the effect
of antibiotics on SFN and tBHQ modulation, MACT cells were
also cultivated in DMEM containing antibiotics and antimitotic
and treated with SFN and tBHQ as above. Modulation of NRF2
as well cytotoxicity were assessed as described for section Test of
Synthetic NRF2 Modulators.

Comparison of NRF2 Modulation by SFN and ML385
Between Bovine and Human Mammary Cells

ML385 is an effective inhibitor of NRF2 in human cells (Singh
et al., 2016). To assess if ML385 inhibition of NRF2 is species-
specific, we performed a side by side comparison between the
response of NRF2 in human (MCF7) and bovine (MACT)
mammary cells. Both cells were cultivated in the DMEM media
treated with 10 WM SFN, 50 uM ML385, and a combination of
the two. In addition, to better visualize the effect of blood serum
on the various treatment, MACT cells were also cultivated in
blood serum obtained by pooling samples collected from both
pre- and post-partum Jersey cows and treated at the same above
doses of SFN, ML385, and their combination. Modulation of
NRF2 as well cytotoxicity were assessed as described for section
Test of Synthetic NRF2 Modulators.

Modulation of NRF2 by H,O5 in DMEM and Blood
Serum

The modulation of NRF2 by H,O, was assessed in MACT
cells cultivated in DMEM without antibiotics and antimitotic
or in blood serum obtained by pooling samples collected
from both pre- and post-partum Jersey cows. The MACT
cells were transfected with the plasmids described in section
Dual Luciferase Reporter Assay, and cells were treated for
24h with varying doses of H,O,. Modulation of NRF2 as
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well cytotoxicity were assessed as described for section Test of
Synthetic NRF2 Modulators.

Statistical Analysis

Statistical analysis of data was performed using SAS, Version 9.4
(SAS Institute, Cary, NC, USA). The PROC REG procedure in
SAS was used to identify and remove outliers that had studentized
t > 3.0. The PROC GLIMMIX procedure was used with ARH
(1) covariance structure to evaluate the treatment effect of all
parameters measured and the differences between growth media
types. Fixed effects in the model were dose, growth media type,
or their interactions. Random effects were replicates (n = 4).
Significance was declared at p < 0.05. The significance of the
linear and quadratic effects of dose were also assessed using GLM
and denoted when significant.

RESULTS

SFN and tBHQ Differentially Activate

Bovine NRF2 in DMEM and Blood Serum
Treatment with SFN activated NRF2, although with a different
dose-response pattern between cells cultured in DMEM and cells
cultivated in blood serum. In cells cultivated in DMEM, peak
NRF2 activation occurred at 5M, with a sharp decrease with
higher doses (Figure 1A). In cells cultivated in blood serum SFN
had a linear increase in activation of NRF2 up to 30 uM with no
differences between the two blood sera collected from cows at
different stages of lactation (Figure 1A); however, the activation
of NRF2 decreased at higher doses. When renilla activity was
utilized as a proxy for cell viability (Paguio et al., 2010) and
number of cells and acute toxicity were assessed (Figures 1B-D),
it became apparent that cell viability was compromised by SEN
in a dose-dependent manner when added to DMEM. These
results reflect what was found in another study where a dose of
5uM was detected to be cytotoxic in human K562 lymphoblast
cells 24 h after treatment (Pinz et al., 2014). Blood serum had
a cytoprotective effect: while rates of translation were generally
lower in the two blood serum pools vs. DMEM (Figure 1B),
cytotoxicity was greater in DMEM vs. serum at doses between
5 and 30 uM (Figures 1C,D), helping to explain the perceived
sharp decrease in NRF2 activation observed in DMEM after the
5uM dose (Figure 1A).

Similarly, to SEN, tBHQ activated NRF2, but at different doses
in DMEM when compared to serum. In DMEM, the only level of
tBHQ that activated NRF2 was 30 uM, with null effect at dose
of >50 uM (Figure 2A). The rapid decrease in NRF2 activation
after 30 uM in DMEM can be partly explained by the visual
acidification of the DMEM, as observed by media transitioning
to an orange color. It is known that a 1% solution of tBHQ in
water has a pH of 4.56 (Pubchem, n.d.). The putative acidification
is likely the cause of the cytotoxic effect observed supported
by the tremendous decrease in renilla luminescence and cell
viability (Figures 2B-D). Given these data, the low level of NRF2
activation seen at 50 and 100 uM of tBHQ in DMEM can be
attributed to a reduction in cell survival. When tBHQ was added
to cells cultivated in serum collected from pre- or post-partum
cows, the dose-effect was linear, with the highest activation

occurring at a dose of 100 wM in both sera (Figure 2A). In post-
partum serum a significant activation of NRF2 was observed
already at 10 WM. Different from DMEM, tBHQ in serum did not
appear to be cytotoxic (Figures 2B-D). Even more so than what
can be seen with SFN, serum media is serving a cytoprotective
role, preventing the same levels of cell death seen in DMEM from
occurring at doses of 10 wM and above.

Within this experiment, many trends regarding the effects
of DMEM and blood serum were observed. First, rates
of translation, as measured by renilla luminescence, were
significantly lower in (-)Serum and (4)Serum compared to
DMEM, with (+)Serum being the lowest. It can also be seen
that (-)Serum was more cytotoxic to cells when no treatment
was applied (i.e., no NRF2 modulator). Prior studies have noted
that cell proliferation and growth are significantly inhibited
in mouse fibroblasts (1929 cells) when >40% blood serum is
present in the medium (Liu et al., 2011). In our experiment,
cells were exposed to 100% blood serum. A potential explanation
for these observations may be the drastic differences in glucose
concentrations between the DMEM and blood serum. The high-
glucose formulation of DMEM contains ~25mM of glucose
whereas serum obtained from cows before and after parturition
contains between 3.5 and 4.7 mM of glucose (Bionaz et al., 2007).
It is also of interest the lower overall cell viability in serum
collected from post-partum vs. pre-partum cows, suggesting that
the former may contain compounds that negatively affect cell
viability. Among those compounds, free fatty acids are known
to be cytotoxic (Busato and Bionaz, 2020) and are elevated
during the early post-partum (Bionaz et al., 2007; Gongalves-
De-Albuquerque et al., 2019). However, blood serum is also
known to be cytotoxic by the release of reactive oxygen species
when exposed to cell culture environment, as recently reviewed
(Boehm and Bourke, 2019).

Activation of NRF2 by tBHQ and SFN
Requires Specific Doses, and It Is Affected

by Media Composition and Breed of Cows
The acute peaks in NRF2 activation seen in DMEM when cells
were treated with SEN and tBHQ appear peculiar and further
investigation was needed to assess the dose-response with a
tighter range of doses.

In the previous experiment, peak activation of NRF2 in
DMEM by SEN was observed at 5 M, with a steep decline to
30 wM and beyond (Figure 1A); thus, in the current experiment,
a closer range of doses (10 doses from 0 to 30 M) were
assessed. As shown in Figure 3A, activation of NRF2 increased
from 5 to 7.5 to 10 wM SEN, with a sharp decline observed at
15uM. Similar to what was found in the previous experiment
(Figure 1A), activation of NRF2 increased in blood serum as the
dose increased from 10 to 30 uM (Figure 3A). The sharp decline
in NRF2 activation seen in DMEM at doses above 10 uM are
likely due to losses in cell viability, as indicated by the significant
decrease in renilla luminescence (Figure 3B).

The range between 10 and 50 pM tBHQ, with peak activation
at 30 LM that was observed in Figure2A was also further
investigated by using a closer range of doses, as shown in
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FIGURE 1 | Modulation of NRF2 and cytotoxicity in MACT cells by sulforaphane after 24 h of treatment with increased doses in normal media containing 10% FBS
(DMEM), blood serum collected from Jersey cows ~1-month prior parturition [(-) Serum] or collected at 7 days post-partum [(+) Serum]. (A) NRF2 activation was
assessed via luc2P/ARE/Hygro and normalized by TK-renilla. (B) Renilla luminescence was used as an indicator of both cell activity/viability and protein
synthesis/translation. (C) The # of cells/well served as a count of the total number of nucleated cells per frame scaled to the total well area. (D) Acute toxicity was
assessed by staining cells with Hoescht 33,342 and propidium iodide. Acute toxicity was calculated as % of the number of red cells (i.e., dead cells) over the number
of blue cells (all cells). Overall statistical effects of dose (D), media type (M), serum type (S), media type*dose (M*D), and serum type*dose (S*D) are indicated in the
graph when significant (P < 0.05). Indicated by L and Q symbols in the graph with the specific color for each treatment are significant (P < 0.05) linear (L) and/or
quadratic (Q) effects of the dose, respectively. When overall S*D and/or M*D are significant, the difference in response with P < 0.05 at the same dose between the
two blood serums or between serum and DMEM are indicated by the symbol S and M, respectively.

Figure 3C. Activation of NRF2 was significant with doses of
20 and 25puM tBHQ in DMEM, but not at 30 uM as was
observed in the previous experiment (Figure2A). Different
than the experiment performed without antibiotics where a
decrease activation of NRF2 was observed with tBHQ >30 uM
(Figure 2A), when tBHQ was added to media with antibiotics
and antimitotic we observed an increase activation of NRF2
from 30 uM up to 50 uM (Figure 3C). As for the experiment
in Figures 2B-D, the tBHQ was cytotoxic at dose >10 M
when MACT cells were cultivated in DMEM. In the previous
experiment tBHQ activation of NRF2 had a linear increase
starting at 10 uM dose in (+)Serum with significant activation
in both blood serums collected from Jersey cows at 50 wM dose
(Figure 2A). In the present experiment, where blood serum pools
from Holstein cows were used minimal activation of NRF2 with
tBHQ was observed for all doses, including 50 wM (Figure 3C).
The only exception was an increased activation of NRF2 with
35wM in pre-partum serum obtained from Holstein cows. The
reason for the difference in the response of NRF2 modulation to
tBHQ in MACT cells when cultivated in the blood serum of the
two breeds of cows is unknown. However, as for the experiment

performed in blood serum from Jersey cows, the toxicity of tBHQ
was prevented when MACT cells were cultivated in blood serum
collected from Holstein cows (Figure 3D).

Albumin in Media Affects the Modulation of
NRF2 by Agonists and Prevents Cell
Toxicity

The difference in NRF2 modulation by various synthetic
agonists/antagonists when MACT cells are cultivated in blood
serum or DMEM may be explained by the higher concentration
of albumin in blood serum compared to DMEM. The DMEM
used in this experiment contained ~0.2 g/L of albumin (from
the 10% FBS supplemented) whereas the albumin level in blood
serum is >30 g/L (Bionaz et al., 2007). It has been demonstrated
that albumin can bind both SEN (Abassi et al., 2013) and
tBHQ (Fathi et al., 2016); thus, it seems possible that the
high concentrations of albumin in pre- and post-partum blood
serum reduced the amount of free SFN and tBHQ available to
modulate NRF2, as well as their cytotoxicity. This would mean
that a higher concentration of those NRF2 activators would
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FIGURE 2 | Modulation of NRF2 and cytotoxicity in MACT cells by tert-butylhydroquinone after 24 h of treatment with increased doses in normal media containing
10% FBS (DMEM), blood serum collected from Jersey cows ~1-month prior parturition [() Serum] or collected at 7 days post-partum [(+) Serum]. (A) NRF2
activation was assessed via luc2P/ARE/Hygro and normalized by TK-renilla. (B) Renilla luminescence was used as an indicator of both cell activity/viability and protein
synthesis/translation. (C) The # of cells/well served as a count of the total number of nucleated cells per frame scaled to the total well area. (D) Acute toxicity was
assessed by staining cells with Hoescht 33342 and propidium iodide. Acute toxicity was calculated as % of the number of red cells (i.e., dead cells) over the number
of blue cells (all cells). Overall statistical effects of dose (D), media type (M), serum type (S), media type*dose (M*D), and serum type*dose (S*D) are indicated in the
graph when significant (P < 0.05). Indicated by L and Q symbols in the graph with the specific color for each treatment are significant (P < 0.05) linear (L) and/or
quadratic (Q) effects of the dose, respectively. When overall S*D and/or M*D are significant, the difference in response with P < 0.05 at the same dose between the
two blood serums or between serum and DMEM are indicated by the symbol S and M, respectively.

be needed in order to achieve the same result when cells are
cultivated in blood serum as in DMEM. Thus, we performed
an experiment where we tested increased levels of albumin in
DMEM to test the hypothesis that the difference in activation of
NRF2 by SEN and tBHQ observed between DMEM and serum
is due to the higher level of albumin in blood serum. Increased
concentration of albumin in media both decreased cytotoxicity
and NRF2 activation when treated with 10 wM SFN (Figure 4A)
or 30 uM tBHQ (Figure 4B) with media containing 3.2% BSA
having the greater effect. Taken together, these results support
our hypothesis of an important role of albumin in the observed
difference in the NRF2 activation when cells are cultivated in
blood serum or DMEM.

DMEM With Antibiotic and Antifungal
Supplements Affects Cell Viability and
Toxicity

Given the discrepancy between the findings presented in
Figures 1A, 2A, 3A on NRF2 activation and cell viability in
response to SFN or tBHQ treatments, cell viability, and acute

toxicity in MACT cells were also compared when cultivated
in DMEM supplemented with antibiotics and antimitotic
(DMEM+/+) or without them (DMEM-/-). In MACT cells
not treated with NRF2 agonists, cell number as well as acute
toxicity were improved in DMEM+/+ compared to DMEM-
/-. Interestingly, treatment with 10 uM SEN in DMEM+/+
resulted in significantly lower acute toxicity than the same
treatment performed in DMEM-/-. In contrast, treatment with
30 M tBHQ in DMEM+/+ resulted in significantly greater
acute toxicity than the same treatment performed in DMEM-/-
(Figure 4).

Currently, there is no work indicating an interaction between
SEN or tBHQ with any of the antifungal or antibiotic agents used
in this study. Further work identifying any of these interactions
of explanations for the differences in observations made in this
study are warranted.

Brusatol Is an Effective Inhibitor of Bovine

NRF2
When BRU was added to DMEM (Figure 5A), the inhibition of
NRF2 activity was detected starting at 50 nM with the maximum
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inhibition observed with 75-100 nM. NRF2 was also inhibited at
100 nM of BRU when added to blood serum collected from pre-
or post-partum cows; however, >50% inhibition was observed
with 25 nM in both blood sera, with significant levels of inhibition
at all doses in postpartum blood serum but not in prepartum
serum (Figure 5A).

Brusatol is an effective inhibitor of bovine NRF2, but it
has also a known inhibitory effect on global protein synthesis
(Vartanian et al., 2016). The function of BRU as a global protein
synthesis inhibitor and cytotoxic agent was confirmed in MACT
cells by analysis of constitutively expressed renilla, and by our
cell viability assays (Figures 5B-D). A steep decline in renilla
luminescence was observed at all doses and media utilized in this
study, and mimic the patterns seen in the two measurements of
cell viability. Both an ~50% decrease in cell viability and ~50%
increase in acute toxicity were observed in DMEM at all doses
above 0 WM whereas renilla luminescence decreased by ~95%.
Taking these data together, it can be estimated that ~45% of the
decrease in renilla luminescence caused by BRU can be attributed
to its translation inhibitory capacity.

ML385 Fails to Inhibit Basic NRF2 Activity
in Bovine Cells but Partly Prevents NRF2

Activation by SFN

ML385 is an effective inhibitor of NRF2 in human cells
(Singh et al., 2016), but no such effect was observed in
MACT cells (Figure 6A) with a minimal effect on cell viability
(Figures 6B-D). Interestingly, 10 uM ML385 had a significant
level of cytotoxicity in (+4)Serum as measured both by the
number of cells per well as well as the acute toxicity
(Figures 6B-D). However, this result was not reflected at doses
above 10 wM.

We used doses of ML385 that are known to inhibit NRF2
in human (Singh et al, 2016), but it is possible that higher
doses are needed for ML385 to inhibit NRF2 in bovine. For
this reason, we tested doses beyond 100 uM in MACT cells.
As shown in Figure 7A, ML385 failed to inhibit NRF2 at doses
above 100 WM. The observed activation at doses of 300 and
500 WM can likely be attributed to higher concentrations of
DMSO required for that treatment. Due to the stock solution
being at a concentration of 50 mM, DMSO at a level of 2.5% was
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FIGURE 4 | Effects of bovine serum albumin (BSA) concentration in DMEM (0.2, 1.2, and 3.2%), blood serum from periparturient Jersey cows, and media
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present only in these treatments, while a 1% DMSO was used for
all the other treatments. DMSO activate NRF2 at levels as low as
0.8% (Liang et al., 2011). DMSO is also known to be toxic for cells
with doses >1%, as reported for a rat retinal ganglion cell line
(Galvao et al,, 2014). The sharp decrease in viability with doses
of DMSO >1% (i.e., ML385 > 300 M) appears to confirm those
observations (Figure 7B).

In a follow-up experiment, we confirmed the lack of effect
of ML385 on NRF2 modulation in MACT cells and an effective
inhibitory effect of the compound on NRF2 in human mammary
cells MCF7 (Figures 8A,B). However, despite the inability of
ML385 to inhibit the basal activation of NRF2 in MACT cells, it
was able to significantly reduce NRF2 activation by SEN in both
bovine and human mammary cells (Figures 8A,B).

One possible explanation for the lack of inhibition of NRF2
by ML385 in bovine cells but effective inhibition in human
cells, is the difference in protein sequence between bovine and
human NRF2. The effect of ML385 on NRF2 was demonstrated
to be on the functional domain Nrf2-ECH homology (Nehl)
section of human NRF2, which codes for the basic leucine
zipper (BRLZ), the domain responsible for DNA binding activity
of the protein, located at positions 434-561 of the protein
(Singh et al,, 2016). We performed a domain-specific alignment

of the whole NRF2 sequence in human, bovine, and mouse
(Supplementary Figure 1). Our results revealed almost complete
identity, with the exception of a point mutation in the basic
zipper domain from a lysine to an arginine at position 547, 49
amino acids from the beginning of the domain. ML385 is an
effective NRF2 inhibitor also in mouse (Tan et al., 2020); however,
our analyses revealed that mouse NRF2 is more similar to human
NREF2 than to its bovine counterpart, and that the point mutation
observed between human and bovine NRF2 is not present in
mouse NRF2 (Supplementary Figure 1).

H>0, Activates NRF2 at Supraphysiological
Doses, but It Is Cytotoxic in DMEM

There is considerable evidence supporting the role of H,O;
as an NRF2 activator, but its mechanism in promoting NRF2
activation is not fully understood (Fourquet et al., 2010). Low
concentrations (<200uM) of H,O, promote rapid de novo
synthesis of NRF2, while NRF2 translocation into the nucleus
is a more delayed response (Covas et al., 2013). Studies on the
effects of doses >200 uM supraphysiological doses in ruminant
models is limited, but it has been shown that H,O, up to 500 uM
can affect NRF2 activity, albeit with negative consequences on
cell viability (Jin et al., 2016a). In order to assess the effect of
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FIGURE 5 | Modulation of NRF2 and cytotoxicity in MACT cells by brusatol after 24 h of treatment with increased doses in normal media containing 10% FBS
(DMEM), blood serum collected from Jersey cows ~1-month prior parturition [(-) Serum] or collected at 7 days post-partum [(+) Serum]. (A) NRF2 activation was
assessed via luc2P/ARE/Hygro and normalized by TK-renilla. (B) Renilla luminescence was used as an indicator of both cell activity/viability and protein
synthesis/translation. (C) The # of cells/well served as a count of the total number of nucleated cells per frame scaled to the total well area. (D) Acute toxicity was
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two blood serums or between serum and DMEM are indicated by the symbol S and M, respectively.

increasing concentrations of H,O, on NRF2 activity and cell
viability, NRF2 modulation using a luciferase assay and a cell
toxicity assay were performed following 24 h of treatment.

As shown in Figure 9A, 250 M H,O; activates NRF2 in both
blood serum and DMEM and 500 uM H,O, causing significant
activation only in blood serum, where the dose-response
activation was linear. The dramatic decline in NRF2 activation
detected with 500 uM H;O; in DMEM can be explained by
the cytotoxicity. At both 250 and 500 M H,O;, cytotoxicity
was observed in DMEM, but not or minor cytotoxicity was
detected when the same treatments were performed in blood
serum (Figure 9B). Taken together, the low activation of NRF2
with 500 uM H,O, in DMEM can be attributed to cell death.

DISCUSSION

A hybrid in vivo-in vitro approach was assessed to investigate the
modulation of the transcription factor NRF2 in bovine mammary
cells with the purpose to determine best conditions to identify
in future studies target genes of NRF2. Of the four synthetic
modulators tested, only ML385 failed to modulate NRF2 in
bovine cells.

Synthetic NRF2 Activators Are Effective in
Bovine Cells With Important Difference
When Cells Are Cultivated in Synthetic

Media or Blood Serum
The findings presented in this study confirmed that SFN and
tBHQ are effective NRF2 activators, further validating findings
in other bovine models (Jin et al., 2016b; Sohel et al., 2018). It
should be noted that in these studies both 10 wM SEN and 10 WM
tBHQ were effective in preventing H,O,-induced (Sohel et al,,
2018) and heat-induced (Jin et al., 2016a) oxidative damage.
Despite being effective NRF2 activators the compounds
present cytotoxicity. This must be considered in selecting an
appropriate dose of them to study NRF2 activation in vitro
especially if synthetic media is used. In DMEM, both SFN and
tBHQ caused significant losses in cell viability. The use of blood
serum significantly reduced cytotoxicity. This effect of media
types also influenced the dose-response to these treatments. The
cytotoxic effects of SFN and tBHQ are well-understood in in
vitro models (Eskandani et al., 2014; Sestili and Fimognari, 2015);
however, the influence of blood serum on these treatments has
not been previously explored. The difference in NRF2 activation
and prevention of cytotoxicity observed between DMEM and

Frontiers in Animal Science | www.frontiersin.org

June 2021 | Volume 2 | Article 674355


https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/animal-science#articles

Ford et al. Bovine NRF2 Modulation

@ DMVEM & (-)Serum =2 (+)Serum

A B
- 150000+ M*D
Q
o
[ =
T 3 M
E 1o 2 100000+
- 3
= |
2 0.5 s 500004
C b=
« §
(4
o.c L) L) L] L] L] L] c L] L] L] L] T L]
0 5 10 30 50 100 0 5 10 30 50 100
(o] D
- 25
15000 " M
> 20-
310000+ C
2 ® 157
L =
[ (]
0 e 10'
s 5000+ é
5+
o—r——T—T—TTTTTTT 0-
0 10 20 30 40 50 60 70 80 90 100 0 5 10 30 50 100
Dose uM Dose uM

FIGURE 6 | Modulation of NRF2 and cytotoxicity in MACT cells by ML385 after 24 h of treatment with increased doses in normal media containing 10% FBS (DMEM),
blood serum collected from Jersey cows ~1-month prior parturition [(-) Serum] or collected at 7 days post-partum [(+) Serum]. (A) NRF2 activation was assessed via
luc2P/ARE/Hygro and normalized by TK-renilla. (B) Renilla luminescence was used as an indicator of both cell activity/viability and protein synthesis/translation. (C)
The # of cells/well served as a count of the total number of nucleated cells per frame scaled to the total well area. (D) Acute toxicity was assessed by staining cells
with Hoescht 33342 and propidium iodide. Acute toxicity was calculated as % of the number of red cells (i.e., dead cells) over the number of blue cells (all cells).
Overall statistical effects of dose (D), media type (M), and media type*dose (M*D) are indicated in the graph when significant (P < 0.05). When overall M*D is
significant, the difference in response with P < 0.05 at the same dose between t serum and DMEM is indicated by the symbol M.

@ DMEM 4 (-)Serum = (+)Serum

B
3.5- WD 35000+ M M.D
¥
3.0- M*D 8 30000 —m m*D
= M & L
& 251 8 250004
= Q
S 201 g 20000+
-
5 18 3 16000+
5 10 = 10000~
c
0.5- K 6000+
0.0- - r : r ol——— T
0 100 200 300 400 500 0 100 200 300 400 500
Dose yM Dose uM
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blood serum can partly be explained by the level of albumin,
which is known to bind both SFN and tBHQ (Abassi et al., 2013;
Fathi et al., 2016).

SEN, abundant in cruciferous vegetables such as broccoli, is
considered to be one of the most effective phytochemicals with
nutraceutical and nutrigenomic properties due to its agonistic
effect on NRF2 and the high bioavailability (Houghton et al.,
2016; Houghton, 2019). Interestingly, there are few brassica
plants potentially containing SFN that can be used as forages
for ruminants including turnips, swedes, rape, kale, and hybrids
(Havilah, 2011). Thus, our data indicating a strong activation of
NREF2 by SEN with little cytotoxicity when the cells are cultivated
in blood serum, support the possibility of increasing NRF2
activation in vivo by the use of forages containing high amount
of SEN. Our data however indicated that the activation of NRF2
with SEN can be achieved by a specific dose, which prompt for
in vivo studies to identify the best dose of the forages containing
SEN to obtain effective NRF2 activation. Based upon this, it is
plausible to suggest that inclusion of forages containing SFN in
the diet of dairy cows experiencing oxidative stress may be an
effective way to improve animal health and performance.

tBHQ is commonly used in human food as a preservative,
especially for its chemical antioxidant properties (Garcia-Garcia
and Searle, 2016). tBHQ is also a strong antioxidant compound
at the cellular level by acting on different pathways, with NRF2
playing a central role (Zhao et al.,, 2020). Different than SFN,
tBHQ is a synthetic compound that is not present in plants.
Thus, the use of this compound can be effective in studying
NRF2 in bovine cells in vitro, but the use of this compound
in vivo appears to be limited. Similar to what was observed for
SEN, our data clearly indicated the limitations of using synthetic
media to study NRF2 activation using tBHQ and the use of blood
serum appears a better model, with less toxicity and a likely more
realistic depiction of what could happen in vivo.

Our data reveal a strong effect of the various conditions of the
media, such as the presence of antibiotics and antimitotic, and/or

albumin, on the effect of NRF2 modulators. Taken together, our
data emphasize the necessity for a hybrid approach like the one
utilized in this study that can better account for in vivo conditions
and allow for more biologically relevant conclusions to be made.

Synthetic NRF2 Inhibitors Have Limited

Use in Bovine Cells

Brusatol, a natural quassinoid derived from the Brucea javanica
plant, has been investigated recently for its NRF2-inhibiting
qualities especially in regard to cancer, where constitutive
activation of NRF2 can impart a degree of chemoresistance to
tumors (Olayanju et al., 2015). In our study, the role of brusatol
as an effective NRF2 inhibitor in bovine cells was confirmed but
we also observed the classical inhibition of protein translation.
In both serum and DMEM, brusatol was able to inhibit NRF2
activation albeit at different doses. The differences in dose
response between treatments performed in DMEM compared
to those performed in blood serum was an unexpected finding
and can partially be explained by the increased concentration
of albumin present in serum. The negative effect on protein
translation can however be a confounding factor when using
this modulator to study NRF2 activation. The overall decrease
in translation can affect many more pathways than only NRF2;
thus, limiting the possibility of using this compound to perform
transcriptome analysis with the purpose of identifying NRF2
target genes.

Our data clearly indicate that ML385, a synthetic inhibitor
of NRF2 in human cells, cannot be used to inhibit NRF2 in
bovine cells. The analysis of the protein sequence indicated a
high degree of conservation of the bovine NRF2 with the human
NRE2, including the BRLZ domain. While these results might
suggest identical magnitude of function of the two proteins,
BRLZ domains are highly conserved across several species (Malek
and Haft, 2001) and specific mutations in the protein sequence
can cause functional changes (Bloom et al, 2002; Hayes and
Mcmahon, 2009). Furthermore, point mutations in the BRLZ
cause drastic change in protein behavior: such is the case of
the Neural Retina Leucine Zipper (NRL), a similar leucine
zipper domain to the one of NRF2, in which an individual
with a serine to arginine substitution caused reduced DNA-
binding of NRL, and a decrease in its transcriptional activity
(Collin et al., 2011). As such, it is entirely plausible that a single
substitution in the BRLZ domain might lead bovine NRF2 to lose
sensitivity to ML385. The above dissimilarities can be enough to
determine a difference in response, as previously inferred by a
high conservation between bovine and monogastric Peroxisome
Proliferator-activated Receptors but a difference in response to
fatty acids (Bionaz et al., 2012).

It is however of interest the observation that ML385 interferes
with the activation of NRF2 by SEN in both human and
bovine cells. It is unclear the reason for such observation.
One potential explanation could be differences in how NRF2
is bound to KEAPI1, with species-specific differences perhaps
allowing for ML385 to function before NRF2 is released in
mouse and human cells but preventing ML385 from interacting
with NRF2 until it has already been activated in bovine cells.
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However, multispecies investigations comparing the NREF2-
KEAP1 interaction are limited with previous studies focusing
on differences in NRF2 target genes (Hayes and Mcmahon,
2009). Future experiments investigating the NRF2-KEAP-
ML385 interaction could be performed to further understand
this phenomenon.

H>05 Is a NRF2 Activator but Only at

Supraphysiological Doses

Our results confirmed H,O, to be a NRF2 activator, but at
doses that are likely above physiological concentrations typically
found in cows. Measurement of H,O; is very difficult due to
the high reactivity of H,O, which rapidly disappears. However,
in literature the concentration of H,O, in bovine plasma/serum
has been previously reported. Concentration of HO; in plasma
was reported for multiparous Holstein cows during the transition
period (Gong and Xiao, 2018) or in blood serum during an
unspecified stage of lactation (Nedi¢ et al,, 2019). However,
in the study performed during the transition period, plasma
concentrations of H,O, appear excessive (>40 mM) and ~9-
fold higher than the maximum dose we tested in our in vitro
study. In the latter study the concentration of H,O; in blood
serum was in the 40-80 uM range that we tested in vitro.
Those doses had however a minimal-to-not effect on NRF2
activation in our in vitro study. If the data presented in the
latter study are what could be considered physiological, our data
may indicate a minor role of circulating H,O in activating
NRF2 in vivo. However, H;O; is produced intracellularly and
it is released in high concentration locally by immune cells
especially as consequence of oxidative burst (Wittmann et al.,
2012). H,O; is known to be cytotoxic, however the extracellular
concentration of H;O, must be very high to damage the

cells considering that the extracellular H,O, is taken up by
cells in a minor fashion. It has been measured a 390-fold
difference between external and internal concentration of H,O,
(Lyublinskaya and Antunes, 2019). In our model, the high
concentrations of H,O, that were added into the media might
be not biologically relevant.

As expected (Clément and Pervaiz, 2001), in DMEM H,0,
is cytotoxic at doses >250 wuM. As seen with SFN and tBHQ,
using blood serum in place of DMEM as growth media seemingly
prevented the cytotoxicity of H,O, at the least up to 500 WM,
a phenomena that can be in part attributed to elevated levels
of albumin in the blood serum. Considerable work has been
done providing evidence for albumin interacting with H,O, and
hydroxyl radicals (Carballal et al., 2003; Roche et al., 2008), and
preventing its interaction with other biochemical components.

While somewhat unexpected, there is evidence indicating
that albumin can interact with H,O, and free hydroxyl
radicals (Carballal et al., 2003; Roche et al., 2008) thereby
preventing their interaction with other biomolecules. Thus,
it is possible that the presence of high levels of albumin in
blood serum weakened the effects of H,O, at higher doses
and prevented the cytotoxic effects observed at the same doses
in DMEM.

CONCLUSION

The use of a hybrid model for studying modulation of NRF2
in immortalized bovine cells resulted in important findings
regarding this transcription factor and considerations for future
in vitro studies, especially if the purpose is to determine the
target genes of bovine NRF2. Putative NRF2 agonists tBHQ
(30 wM) and SFN (10 wM) were confirmed to be effective NRF2
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activators. In addition, H,O; is a NRF2 activator but likely at
supraphysiological doses.

For the inhibitors, although the putative antagonist brusatol
(100 nM) inhibits basal activity of NRF2, the negative effect on
overall protein synthesis is a confounding factor that limits the
use of such compounds to determine, for instance, bovine NRF2
target genes. The previously tested small-molecule ML385 did
not result in any NRF2 inhibition in MACT cells, with the
exception of a negative interaction with SFN-induction of NRF2.
Thus, an effective NRF2 inhibitor in bovine still need to be found.

Our experiments clearly demonstrated a significant difference
in results for NRF2 activation as well as cytotoxicity when
MACT cells were cultivated in synthetic media or blood serum
and treated with NRF2 modulators. Both NRF2 activation and
observed cytotoxicity at higher doses were reduced when MACT
cells were cultivated in blood serum when compared to synthetic
media. Our analysis reveal an important role of albumin in the
observed effects.

Overall, our study provided the best doses to be used for
modulating NRF2 using synthetic compounds in MACT cells.
The performed optimization can be used to study with higher
precision bovine NRF2, including the determination of target
genes. Most importantly, our data reveal large differences in the
response of MACT cells to NRF2 modulators when cultivated
in synthetic media or blood serum. Considering that in vivo
cells are surrounded by blood serum, our data indicate that in
vitro studies should be performed using blood serum to increase
biological relevance.

LIMITATIONS OF THE STUDY

Conclusions from our study should be limited to the model used
(i.e., MACT cells). NRF2 activation can have a wide range of
effects in different tissue types and so the results seen in this
investigation may be different when the same set of tests are
performed in other cells. Additionally, the blood serum used
in this experiment was only from peripartum cows. While this
allowed for a glimpse of the effect on NRF2 modulation by blood
serum circulating in cows during the transition period, further
testing using blood serum samples from dairy cows in additional
stages of lactation are necessary to develop a more complete
understanding of NRF2 modulation. Additionally, our data
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