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ABSTRACT: Flavonoids are bioactive phenolic compounds
widely present in plant food and used in various nutraceutical,
pharmaceutical, and cosmetic products. However, recent studies
showed rising concerns of endocrine disruptions and devel-
opmental toxicities for many flavonoids. To understand the
impacts of flavonoid structure on toxicity, we used a new
multitiered platform to investigate the toxicities of four common
flavonoids, luteolin, apigenin, quercetin, and genistein, from
flavone, flavonol, and isoflavone. Weak estrogenic activity was
detected for four flavonoids (genistein, apigenin, quercetin, and
luteolin) at 10−12 to 10−7 M by the MCF-7 cell proliferation assay,
which agreed with the molecular docking results. Consistent with
the simulation results of Toxicity Estimation Software Tool, genistein and luteolin showed high developmental toxicity in the
chicken embryonic assay (45−477 μg/kg) with mortality rate up to 50%. Luteolin, quercetin, and apigenin showed signs of
mutagenicity at 5 × 10−3 pmol/plate. The findings showed nonmonotonic dose responses for the chemicals.

1. INTRODUCTION

Flavonoids are a large class of naturally occurring secondary
plant metabolites with extensive bioactivities. They are widely
found in fruits and vegetables and have been used in
nutraceutical, pharmaceutical, and cosmetic products due to
their health benefits.1 Among them, luteolin, apigenin,
quercetin, and genistein are four typical naturally plant-derived
dietary flavonoids. Quercetin can be found in basically all kinds
of the berries such as whortleberry (158 mg/kg fresh weight)
and chokeberry (89 mg/kg), and an average of 5320 mg
apigenin glycosides were found per 100 g of dried chamomile
flowers.2,3 Genistein is predominantly present in soy-based
foods, with 5.6 to 276 mg/100 g in mature soybeans.4 Both
aglycone and glycoside forms of flavonoids may exist in foods.
The enzymes in human small intestines and the gut microflora
can effectively convert flavonoid glycoside to aglycone. The
estimated amounts of genistein and genistin (its β-glycoside)
were 4.6 and 200.6 μg/g beans, respectively. The higher
genistein level, 38.5−229.1 μg/g food, was detected in
fermented soybean products (e.g., miso and natto).5 Addi-
tionally, genistein glycoside was readily converted to its
aglycone form and exerted its biological activities after
ingestion.6 On average, humans consume approximately 1 g
of flavonoids in their daily diet.7 The estimated intake of these
flavonoids via food, commonly fruits and vegetables, is
between 0.02 and 3 mg/kg bw/day, but the supplementary
intake can increase it up to 23 mg/kg bw/day.8

The promising biological activities of natural flavonoids
make them receive increased attention,9,10 while the “natural”
term of flavonoids has occasionally misled the consumers’
perceptions to overlook their possible adverse effects.
Researchers already reported that some of these plant-derived
flavonoids exhibited hepatotoxicity, pro-oxidant activity, and
potential estrogenic activity (EA).11 Flavonoids could have
potential EA since most of them have similar structures to the
major female sex hormone-17β-estradiol (E2). Some flavo-
noids, especially isoflavones, are also called phytoestrogens and
may disrupt the normal hormone balance in adolescents or
children.12 One possible negative health outcome from the
disrupting of hormone balance is the impairment of
reproductive functions, and the antifertility potential has
been reported for quercetin or quercetin-rich extracts (Thevetia
peruviana) with a reduced progesterone production in a female
Sprague-Dawley rat uterus model.13 Additionally, the adverse
effect of flavonoids on early life stage has been reported using a
zebrafish model, with 15 out of 24 flavonoids including
apigenin and genistein showing developmental toxicity at 1−50
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μM.14 The mutagenicity of quercetin and the risk of
mutagenicity of luteolin and fisetin were reported using the
Ames test.15 Most of the previous findings were related to high
exposure levels.
Because of their wide presence in fruits and vegetables,

different flavonoids are important components of our daily
diets and many people consider that consumption of these
natural flavonoids can benefit human health due to their
beneficial bioactivities.16 However, the relationships and
mechanisms between their chemical structures and potential
toxicities are not well studied and only a few studies focused on
their potential adverse effects on human health using higher
exposure levels. Bioavailable flavonoids are in the nanomolar to
low micromolar ranges, and their plasma concentrations are
less than 1 μM.9 To understand how the chemical structures
and low exposure levels of flavonoids impact their potential
toxicities, we selected four common flavonoids in this study,
from three subclasses (flavone: apigenin and luteolin; flavonol:
quercetin; isoflavone: genistein, Figure 1) and investigated
their EA, developmental toxicity, and mutagenicity. These
flavonoids have low bioavailability making low exposure levels
as used in our study highly possible. We included two in silico
simulations as the first toxicity evaluation to choose the
chemicals before the experimental approaches, due to the low
cost and fast speed of the simulations. We assessed the binding
affinities of these flavonoids to 14 human nuclear receptors
that are the common targets of endocrine-disrupting (ED)
chemicals.14,15 Recently, the chicken embryo is recognized as a
model to bridge the gap between cell-based and animal-based
methods and has become an attractive alternative to in vivo
assays under the 3Rs (Replacement, Reduction, and Refine-
ment) guidance.18,19 We also utilized Toxicity Estimation
Software Tool (T.E.S.T.) for the prediction of developmental
toxicity and mutagenicity. To confirm the findings of the
computational methods, we used the MCF-7 cell proliferation
assay for EA, chicken embryonic assay for developmental
toxicity, and Ames test for mutagenicity. This study is
important to evaluate the efficacy of our new toxicity method
for the common natural compounds with similar structures.

After validating the effectiveness of our new approach, we will
study other flavonoids more efficiently in the future.

2. RESULTS

2.1. Four Flavonoids Had High or Medium Level of
Binding Affinities to Several EDCs’ Targeting Receptors,
Developmental Toxicity, and Mutagenicity When
Predicated Using Two In Silico Simulations. In this
study, molecular docking was conducted to target 14 potential
nuclear receptors of EDCs, including four antagonist
conformations (AR an, ERα an, ERβ an, and GR an). E2,
the major type of female sex hormone, served as the positive
control. Compared to E2, the four flavonoids had similar
binding affinities to the androgen receptor (AR) and two
thyroid receptors (TRs), and only quercetin showed slightly
lower binding affinities to the TRs (Table S1). Genistein had
the highest binding affinities to ERα and ERβ, and apigenin
had the second highest affinities, but both showed lower
binding levels compared to the affinities of E2. Genistein and
apigenin had good binding of ERβ an, while having medium
binding of ERα an and ERβ. For ERα, genistein had good
binding and apigenin had medium binding. Luteolin had
medium binding of ERα, ERα an, and ERβ an, as well as low
binding of ERβ, while quercetin showed low binding of these
four ER conformations. Moreover, these four flavonoids all had
higher binding affinities to GR and MR than the findings of E2,
with medium binding for GR, while high binding for MR.
When the oral rat LD50 value was between 300 and 2000

mg/kg, the chemical belongs to class 4,20 with class 1
representing the most severe toxicity. In our T.E.S.T. study, the
E2, apigenin, and genistein all belonged to class 4, with a
higher acute toxicity level than quercetin and luteolin (both in
class 5). All four chemicals along with E2 were classified as
developmental toxicants, and luteolin showed the highest level
of developmental toxicity followed by quercetin and genistein
(Table S2). For mutagenicity, quercetin and luteolin were
reported as mutagenicity-positive.

2.2. Four Flavonoids Demonstrated Consistent EA
Results from the MCF-7 Cell Proliferation Assay

Figure 1. Chemical structures of flavonoids.
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Compared with the Finding of Molecular Docking to
ERs. The chemicals were considered to have detectable EA
levels, with the absolute % RME2 higher than vehicle control

(VC) + 3 standard deviation (SD).21 In our study, VC + 3 SD
was 18%. E2 demonstrated the highest EA at 10−10 M and
EC50 at 1.0 × 10−11 M. Genistein showed the highest EA level

Figure 2. Estrogenic activity of E2, luteolin, apigenin, quercetin, and genistein. Data represented as mean ± SDof at least three independent trials
with triplicates in each trial; % RME2 indicates the relative maximum % E2. Differences were evaluated using one-way analysis of variance
(ANOVA) followed by Tukey’s test; * indicates significant difference between test compounds and E2 at the same concentration (p < 0.05). The %
RME2 value in the control group was set to 0%, and the SD value was set to 6%. The broad line shown indicates VC + 3 SD = 18% (VC: 0.1%
dimethyl sulfoxide (DMSO) dissolved in cell medium).

Table 1. Mortality Rate, Malformation Rate, Ratio of Embryo to Egg Weight (REEW), Liver Somatic Index (LSI) (%), and
Weight of Embryo and Organs of Chicken Embryo on Day 18, after Injection of E2, Luteolin, Apigenin, Quercetin, and
Genisteina

weights (g)

treatments

injection
concentration

(mM)
final dose
(μg/kg)

mortality
rate

malformation
rate REEW LSI (%) embryo liver heart

VC 1% DMSO N/A 6.25%
(1)

0.0% (0) 0.39 ± 0.063 2.33 ± 0.04 23.18 ± 3.45 0.52 ± 0.03 0.21 ± 0.03

E2 0.01 9.1 31.8%
(7)

0.0% (0) 0.39 ± 0.001 2.18 ± 0.01 20.24 ± 3.53 0.54 ± 0.01 0.18 ± 0.03

0.1 91 33.3%
(6)

0.0% (0) 0.38 ± 0.021 2.06 ± 0.38 22.89 ± 0.87 0.47 ± 0.07 0.18 ± 0.01

luteolin 0.05 47.7 12.5%
(2)

21.43% (3) 0.33 ± 0.012* 2.14 ± 0.30 19.75 ± 0.75 0.44 ± 0.05 0.19 ± 0.05

0.5 477 43.75%
(7)

11.11% (1) 0.35 ± 0.017 2.19 ± 0.18 20.70 ± 0.00 0.49 ± 0.05 0.18 ± 0.05

apigenin 0.05 45 10.0%
(1)

11.11% (1) 0.37 ± 0.007 1.81 ± 0.23* 24.29 ± 0.03 0.44 ± 0.02 0.18 ± 0.02

0.5 450 10.0%
(1)

0.0% (0) 0.41 ± 0.021 1.94 ± 0.24 21.49 ± 1.44 0.41 ± 0.02* 0.17 ± 0.02

quercetin 0.05 50 25.0%
(2)

0.0% (0) 0.41 ± 0.035 2.52 ± 0.34 22.11 ± 2.26 0.56 ± 0.13 0.20 ± 0.02

0.5 500 12.5%
(1)

25.0% (1) 0.43 ± 0.057 1.85 ± 0.21 24.06 ± 2.35 0.44 ± 0.01 0.21 ± 0.05

genistein 0.05 45 40.0%
(4)

0.0% (0) 0.41 ± 0.049 2.05 ± 0.44 21.96 ± 0.73 0.46 ± 0.10 0.17 ± 0.01

0.5 450 50.0%
(5)

0.0% (0) 0.45 ± 0.085* 2.12 ± 0.14 23.88 ± 2.02 0.50 ± 0.09 0.20 ± 0.03

aREEW: Ratio of embryo to egg weight, LSI: liver somatic index. The chemical solution (0.1 and 0.01 mM for E2, 0.5 and 0.05 mM for four
flavonoids) was injected at 0.2 mL into the egg (average weight, 60 g) yielding a final dose in egg: 91 μg E2/kg, 9.1 μg E2/kg, 47.7 μg luteolin/kg,
477 μg luteolin/kg, 45 μg apigenin/kg, 450 μg apigenin/kg, 50 μg quercetin/kg, 500 μg quercetin/kg, 45 μg genistein/kg, and 450 μg genistein/kg
(VC: 1% DMSO dissolved in PBS). The number in parentheses represents the number of dead chicken embryo or malformation chicken embryo.
All values are expressed as mean ± standard deviation (SD) from two independent trials. Differences were evaluated using ANOVA followed by
Turkey’s test, and statistical significance was indicated by p < 0.05 (*p < 0.05). *Statistically significant difference compared to VC.
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(from 19 to 48% RME2, Figure 2) among test flavonoids
except for 10−8 M, with the highest EA at 10−12 M (48%, no
statistical significance). Apigenin had the second nonstatisti-
cally higher EA value (from 15 to 27%) than the findings of
luteolin and quercetin except for 10−11 M (p > 0.05).
Compared with quercetin, luteolin had a higher % RME2
level at four out six test concentrations (10−11 to 10−8 M)
without statistical significance. Quercetin showed significantly
less EA values than E2 at three concentrations (10−11, 10−10,
and 10−9 M) (p < 0.05). Quercetin had no detectable EA
(<18%) at all test concentrations except at 10−11 M.
2.3. Four Flavonoids Affected Chicken Embryonic

Development Differently. In this test, 1% DMSO in
phosphate-buffered solution (PBS) served as VC and two
doses of E2 were used as positive controls. A higher dose (450
μg/kg) of genistein had the highest mortality rate (50%),
which was followed by the higher dose (477 μg/kg) of luteolin
with 43.8% mortality (Table 1). The two doses of E2 (9.1 and
91 μg/kg) and the lower dose (45 μg/kg) of genistein had
mortality rate ∼30%. Apigenin and quercetin groups showed
lower mortality rates (<25.0%) than the findings of the other
two flavonoids, which agreed with the developmental toxicity
and rat acute toxicity data from T.E.S.T. The highest
malformation rate was found in the 47.7 μg/kg luteolin
group at 18.8% with three stunting embryos. The deformed
embryo (deformed claw or stunting) was also observed in a
high dose of luteolin and quercetin and a low dose of apigenin
groups (Figure S1). The lowest value of REEW (0.33) was
detected in the low dose (47.7 μg/kg) of the luteolin group,
which was significantly lower than the value of the VC group
(Table 1, p < 0.05). Interestingly, the higher dose (450 μg/kg)
of genistein had a significantly increased REEW at 0.45 (p <
0.05) than the value of the VC group. These results reflect that
the exposure to the luteolin impacted mostly the chicken

embryonic development; in contrast, the genistein treatment
might cause other problems in chicken embryo growth, such as
edema. Except for the quercetin 50 μg/kg treatment, the VC
group showed the highest LSI value at 2.33%. The LSI values
of two apigenin treatments were <2.00%, with a significant
decrease at the lower dosage (p < 0.05). Compared with the
VC, the higher-dose apigenin treatment had a significantly
lower (∼20%) fetal liver weight (p < 0.05). The embryonic
heart weight for treatments and controls was similar at
approximately 0.19 g.
The thiobarbituric acid-reactive substance (TBAR) level

reflected the lipid peroxidation in chicken fetal liver. As shown
in Figure 3, the VC group had the second lowest value of
TBARs at 67.87 nmol/g and the higher dose of the quercetin
group had the lowest value at 62.48 nmol/g. Significantly
increased TBAR values were observed in two doses of apigenin
(45 and 450 μg/kg) groups and the lower dose of luteolin
(47.7 μg/kg) group than the values of VC, with values of
103.73, 112.31, and 142.56 nmol/g, respectively (p < 0.01).
Within the two doses, a significantly higher TBARs level was
detected in the luteolin treatment at the lower dose (p < 0.05).
Generally, the quercetin and genistein groups had lower
TBARs levels than the findings for apigenin and luteolin.

2.4. Different Mutagenic Index (MI) Revealed for Four
Flavonoids Using the Ames Test. Table 2 shows that the
positive control of each bacterial strain with or without S9
produced a statistically significant increase in the number of
revertant colonies, and the VC of each test compound (0.1%
DMSO in PBS) had a number within our historical ranges,
which confirmed the sensitivity and accuracy of the test
system. Because these four compounds were conducted in two
separated periods, two different sets of negative and positive
controls were included for comparison. A significant increase
in the number of revertants was observed for all three strains

Figure 3. Impacts of E2, luteolin, apigenin, quercetin, and genistein on indications of TBARs value for each treatment group (each compound
included two inject concentrations). Values are expressed as mean ± SD from two independent trials performed in triplicate (N = 6). The 0.1 and
0.01 mM for E2, while 0.5 and 0.05 mM for luteolin, apigenin, quercetin, and genistein resulted in the following final concentrations in egg (average
of 60 g per egg, each injection at 0.2 mL): 91 μg E2/kg, 9.1 μg E2/kg, 47.7 μg luteolin/kg, 477 μg luteolin/kg, 45 μg apigenin/kg, 450 μg apigenin/
kg, 50 μg quercetin/kg, 500 μg quercetin/kg, 45 μg genistein/kg, and 450 μg genistein/kg. Differences were evaluated using one-way ANOVA and
followed by Tukey’s test, and statistical significance was indicated by p < 0.05 or p < 0.01; ** indicates statistically significant difference at p < 0.01
compared to VC (1% DMSO dissolved in PBS), and # indicates difference between two doses within one treatment p < 0.05.
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(TA98, TA100, and TA102) after exposure to luteolin. For
TA98 strain, without S9 mixture, luteolin increased the
number of revertants at 50, 5, and 0.5 pmol/plate with MI
at 1.9, 1.9, and 1.8, which were very close to the critical MI
value of 2.0. A significant increase of revertants was also
observed in TA100 and TA102 strains after exposure to
luteolin at 0.05−50 pmol/plate with MI up to 1.4. After
exposure to the apigenin, the significant increase in the
revertants was only observed at TA100 (+S9) and TA102
strains (−S9) at 0.5−50 pmol/plate, with the MI up to 1.4.
Exposure to quercetin leads to the significantly increased
number of revertants of TA100 and TA102 strains at four
concentrations (5 × 10−3, 0.5, 5, and 50 pmol/plate) (p <

0.05) compared with VC, with MI up to 1.4. Interestingly,
genistein did not significantly increase numbers at any strains
and test concentrations. Compared with the T.E.S.T. data, only
discrepancy was determined in apigenin. It was classified as
mutagenicity-negative in T.E.S.T. but showed signs of
mutagenic activity in the Ames test.

2.5. Structure−Activity Relationships (SARs) of Four
Flavonoids. The four flavonoids possessed a similar structure
backbone with different number of phenolic hydroxyl groups
and different locations of the hydroxybenzene ring B (Table 3
and Figure 1). Compared to the structure of the other three
flavonoids, genistein had the hydroxybenzene ring B at
position R2 rather than R1, as the characteristic structure for

Table 2. Impacts of Luteolin, Apigenin, Quercetin, and Genistein on Mutagenicity Using the Ames Testa

number of revertants/plate in S. typhimurium strains (M ± SD) and (MI)

treatments TA98 (±) TA100 (±) TA102 (±)

Luteolin (pmol/plate)
0b 10 ± 1 74 ± 10 93 ± 6 306 ± 7 110±11 302±21
50 19 ± 4** (1.9) 88 ± 14 (1.2) 83 ± 6 (0.9) 427 ± 7** (1.4) 150 ± 7** (1.4) 409 ± 7** (1.4)
5 19 ± 2** (1.9) 80 ± 3 (1.1) 97 ± 4 (1.0) 371 ± 21 (1.2) 135 ± 9 (1.2) 422 ± 13** (1.4)
0.5 18 ± 4** (1.8) 85 ± 6 (1.1) 95 ± 6 (1.0) 387 ± 15* (1.3) 144 ± 8* (1.3) 394 ± 10* (1.3)
5 × 10−2 13 ± 5 (1.3) 75 ± 8 (1.0) 90 ± 4 (1.0) 357 ± 15 (1.2) 126 ± 8 (1.1) 388 ± 14* (1.3)
5 × 10−3 12 ± 1 (1.2) 79 ± 1 (1.1) 76 ± 13 (0.8) 338 ± 8 (1.1) 129 ± 13 (1.2) 377 ± 15 (1.2)
5 × 10−4 11 ± 5 (1.1) 75 ± 13 (1.0) 86 ± 11 (0.9) 349 ± 6 (1.1) 126 ± 6 (1.1) 372 ± 37 (1.2)
5 × 10−5 7 ± 1 (0.7) 64 ± 4 (0.9) 86 ± 4 (0.9) 371 ± 8 (1.2) 113 ± 14 (1.0) 361 ± 25 (1.2)
positive control 723 ± 64c** 846 ± 47e** 860 ± 52d** 941 ± 56e** 854 ± 32f** 997 ± 35e**

Apigenin (pmol/plate)
0b 10 ± 1 74 ± 10 93 ± 6 306 ± 7 110 ± 11 302 ± 21
50 11 ± 4 (1.1) 75 ± 20 (1.0) 96 ± 8 (1.0) 400 ± 2* (1.3) 147 ± 8* (1.3) 360 ± 13 (1.1)
5 13 ± 1 (1.3) 80 ± 10 (1.1) 96 ± 4 (1.0) 390 ± 4* (1.3) 154 ± 11** (1.4) 364 ± 4 (1.1)
0.5 9 ± 1 (0.9) 85 ± 6 (1.1) 94 ± 4 (1.0) 415 ± 4** (1.4) 142 ± 15 (1.3) 308 ± 19 (1.0)
5 × 10−2 10 ± 4 (1.0) 87 ± 6 (1.2) 85 ± 6 (0.9) 377 ± 15 (1.2) 131 ± 11 (1.2) 303 ± 19 (1.0)
5 × 10−3 10 ± 3 (1.0) 80 ± 18 (1.1) 75 ± 13 (0.8) 349 ± 10 (1.1) 124 ± 12 (1.1) 290 ± 20 (0.9)
5 × 10−4 7 ± 3 (0.7) 83 ± 9 (1.1) 83 ± 6 (0.9) 342 ± 14 (1.1) 114 ± 13 (1.0) 288 ± 14 (0.9)
5 × 10−5 10 ± 3 (1.0) 68 ± 2 (0.9) 87 ± 6 (0.9) 358 ± 6 (1.2) 126 ± 8 (1.1) 316 ± 19 (1.0)
positive control 723 ± 64c** 846 ± 47e** 860 ± 52d** 941 ± 56e** 854 ± 32f** 997 ± 35e**

Quercetin (pmol/plate)
0b 22 ± 5 23 ± 13 101 ± 3 322 ± 14 264 ± 28 306 ± 8
50 30 ± 2 (1.3) 18 ± 13 (0.8) 88 ± 8 (0.9) 369 ± 12 (1.1) 347 ± 10* (1.4) 310 ± 31 (1.0)
5 27 ± 11 (1.2) 19 ± 10 (0.8) 104 ± 8 (1.0) 386 ± 12* (1.2) 312 ± 13 (1.2) 279 ± 21 (0.9)
0.5 28 ± 1 (1.3) 25 ± 13 (1.1) 105 ± 11 (1.0) 398 ± 8* (1.2) 267 ± 23 (1.0) 326 ± 19 (1.1)
5 × 10−2 19 ± 6 (0.8) 23 ± 17 (1.0) 113 ± 6 (1.1) 366 ± 14 (1.1) 202 ± 14 (1.2) 337 ± 7 (1.1)
5 × 10−3 31 ± 6 (1.4) 27 ± 16 (1.2) 103 ± 7 (1.0) 367 ± 5 (1.1) 325 ± 10* (1.3) 369 ± 13* (1.2)
5 × 10−4 27 ± 3 (1.2) 18 ± 13 (0.8) 98 ± 7 (1.0) 349 ± 8 (1.1) 301 ± 16 (1.2) 312 ± 16 (1.0)
5 × 10−5 25 ± 2 (1.1) 17 ± 8 (0.7) 97 ± 4 (1.0) 358 ± 14 (1.1) 284 ± 15 (1.1) 291 ± 11 (0.9)
positive control 634 ± 16c** 806 ± 25e** 743 ± 28d** 845 ± 45e** 740 ± 23f** 757 ± 35e**

Genistein (pmol/plate)
0b 22 ± 5 23 ± 13 101 ± 3 322 ± 14 264 ± 28 306 ± 8
50 13 ± 4 (0.6) 28 ± 16 (1.2) 80 ± 12 (0.8) 296 ± 11 (0.9) 215 ± 27 (0.8) 324 ± 28 (1.1)
5 18 ± 6 (0.8) 23 ± 14 (1.0) 96 ± 4 (0.9) 301 ± 13 (0.9) 240 ± 8 (0.9) 299 ± 4 (1.0)
0.5 15 ± 1 (0.7) 26 ± 13 (1.1) 103 ± 10 (1.0) 307 ± 7 (1.0) 247 ± 18 (1.0) 336 ± 17 (1.1)
5 × 10−2 16 ± 2 (0.7) 28 ± 5 (1.2) 97 ± 11 (0.9) 308 ± 8 (1.0) 222 ± 30 (0.9) 311 ± 18 (1.0)
5 × 10−3 11 ± 1 (0.5) 28 ± 10 (1.2) 100 ± 11 (1.0) 313 ± 11 (1.0) 198 ± 8 (0.8) 312 ± 13 (1.0)
5 × 10−4 13 ± 6 (0.6) 24 ± 8 (1.0) 94 ± 8 (0.9) 301 ± 4 (0.9) 196 ± 20 (0.8) 285 ± 10 (0.9)
5 × 10−5 15 ± 4 (0.7) 19 ± 6 (0.8) 98 ± 6 (1.0) 294 ± 6 (0.9) 207 ± 5 (0.8) 290 ± 4 (0.9)
positive control 634 ± 16c** 806 ± 25e** 743 ± 28d** 845 ± 45e** 740 ± 23f** 757 ± 35e**

a10−12 to 10−6 M at 0.05 mL to yield final concentrations from 5 × 10−5 to 50 pmol/plate. The 0.1% DMSO in PBS was used as a negative control
and was the solvent for dissolving test chemicals (VC). Differences were evaluated using one-way ANOVA followed by Tukey’s test, and statistical
significance was indicated by p < 0.05 and p < 0.01 compared to the negative control, VC. Data were shown as mean ± SD revertants/plate from
two independent trials performed in triplicate (N = 6). bVC (0.1% DMSO in PBS); positive controls. c2-NF (1 μg/plate). dNaN3 (1 μg/plate). e2-
AA (5 μg/plate). fMitomycin C (1 μg/plate).
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isoflavones. Apigenin and luteolin belonged to the flavone
subgroup, and luteolin had one more hydroxyl group at the R3
position in ring B. In this study, the EA results showed that
genistein had the highest % RME2 value than other three
flavonoids at five test concentrations. From 10−12 to 10−7 M,
the highest % RME2 value of luteolin and quercetin was
observed at 10−11 M (10 pM), while the values of apigenin and
genistein were reported at 10−8 M (10 nM) and 10−12 M (1
pM), respectively. The ranking of max % RME2 values was
consistent with the findings of the docking results to two ERs,
with genistein showing the highest max % RME2, followed by
apigenin and luteolin, while apigenin and luteolin had similar
values. The high EA for genistein indicates the significant
impacts from the hydroxybenzene ring B at position R2. When
comparing the EC50 and estradiol equivalent factor (EEF)
values, apigenin had the highest values, followed by genistein.
The EC50 values of apigenin, genistein, and luteolin were 6.2
× 10−11, 1.2 × 10−10, and 8.4 × 10−9 M, respectively (Table 3).
Apigenin and genistein had the top two highest EEF values at
0.16 and 0.08, respectively. The EC50 value was not available
for quercetin since it only had EA at one test concentration
10−11 M. Besides the potential effects of the B ring’s location,
the numbers of hydroxyl substitution also play a role in EA
potency (from EC50 and EEF values) following the order:
apigenin (three hydroxyl groups) > genistein (three hydroxyl
groups) > luteolin (four hydroxyl groups) > quercetin (five
hydroxyl groups).

The presence of hydroxyl group at 3′ position in B ring (e.g.,
luteolin) increased the developmental toxicity in the chicken
embryo model and the MI value in the Ames test, compared to
findings of apigenin, which were also consistent with the
T.E.S.T. results. Quercetin belonged to the flavonol group with
an extra hydroxyl group at position R2. This 2-hydroxyl
substitution in the C ring deceased the developmental toxicity
in the chicken embryo model and T.E.S.T. simulation.
Compared to apigenin, quercetin had two additional hydroxyl
groups at 3-position in C ring and 3′-position in B ring (R2
and R3), resulting in comparable developmental toxicity but
higher mutagenic activity in T.E.S.T. (Table 3). Genistein had
a B ring at 3-position in C ring (R2), which increased the
developmental toxicity and decreased MI level, compared to
the findings of apigenin.

3. DISCUSSION
3.1. Binding Affinities to EDCs’ Targeting Receptors

and EA Results from MCF-7 Cell Proliferation Assay
Indicated Endocrine Disruption Potentials of the Test
Flavonoids. In this study, we applied for the first time a
multitiered platform consisting of in silico, in vitro, and in vivo
tests and compared the in vitro or in vivo results to the in silico
data on three toxicity endpoints (EA, developmental toxicity,
and mutagenicity) for understanding the impacts of flavonoid
structure on toxicities. A few studies investigated the potential
toxicity of flavonoids systematically, especially at the low
exposure range. Our study is the first to investigate EA,

Table 3. Estrogenic, Developmental, and Mutagenic SARs of Four Flavonoids

Flavonoids luteolin apigenin quercetin genistein

Subgroup flavone flavone flavonol isoflavone
Structure R1 ring B ring B ring B H

R2 H H OH ring B
R3 OH H OH H

Experimental tests MCF-7 cell proliferation max % RME2a 26% 27% 22% 48%
EC50 (M)b 8.4 × 10−9 6.2 × 10−11 NA 1.2 × 10−10

EEFc 0.0012 0.16 NA 0.08
Chicken embryonic assay maximum mortality rated 43.8% 10.0% 25.0% 50.0%

maximum TBARs valuee (nmol/g) 142.56 112.31 84.37 92.73
Ames test max MI valuef 1.9 1.4 1.4 1.2

In silico simulation Docking to ERs ER α −8.6 −8.8 −8.2 −9.2
binding class medium medium low good
ER β −7.6 −8.2 −7.1 −8.7
binding class low medium low medium

T.E.S.T. results oral rat LD50 (mg/kg) 2175.63 1707.99 2782.81 1172.86
development value 0.88 0.65 0.77 0.76
mutagenicity value 0.53 0.29 0.55 0.23

aThe highest % RME2 from a test range at 10−12−10−7 M measured by MCF-7 cell proliferation assay. bEC50 of test compounds was calculated
using GraphPad Prism. “NA” means unavailable data since detectable EA of quercetin was only observed in one test dose. cEEF was calculated as
the EC50 of E2 divided by that of the test compounds. NA means unavailable data since detectable EA of quercetin is only observed in one test
dose. dThe highest mortality rate detected in chicken embryonic assay (detected at a higher injection concentration (0.5 mM) for luteolin,
apigenin, and genistein; at a lower injection concentration (0.05 mM) for quercetin). eThe highest TBARs value detected in chicken embryonic
assay (detected at a lower injection concentration (0.05 mM) for luteolin, quercetin, and genistein; at a higher injection concentration (0.5 mM)
for apigenin). fThe highest MI value from the test range 5 × 10−5 to 50 pmol/plate measured by Ames test.
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mutagenicity, and developmental toxicity at low and human
exposure-related concentrations for different flavonoids sub-
groups. Our results demonstrated that the EA effect, the sign of
mutagenicity, and chicken developmental toxicity were
detected at concentrations <1 μM for different flavonoids.
Flavonoids have high potentials to disrupt hormone pathways
in the endocrine system, even in low exposure levels and these
are not well studied. Considering the binding to the different
targeted receptors and the further alternation of the tran-
scription levels as a crucial underlying mechanism of ED, we
first used the molecular docking of four flavonoids to 14
nuclear receptors to reveal the potential ED of these
flavonoids. The ARs, ERs, and TRs with vital roles in the
development, growth, and function of reproductive and
nonreproductive tissues were the major targets for EDCs.
Our results indicated that the four test flavonoids showed high
binding affinities to the two conformational AR structures,
which was similar to the findings of E2. Compared with the
finding of E2, four test flavonoids showed higher binding
affinity levels to MR and similar levels to the GR, which are
members of the steroid receptor subfamily and regarded as
potential targets for EDCs.22 Both are the receptors to adrenal
cortical steroid hormones (e.g., aldosterone) and play essential
roles in the immune, metabolic, endocrine, and nervous
systems. Therefore, in addition to AR, ERs, and TRs, it is
highly possible for the flavonoids to exert endocrine disruption
effects through other steroid receptors.
Because of the similar structure to 17β-estradiol, some

flavonoids (e.g., genistein) are named phytoestrogens, which
can bind to ERα and ERβ and exert estrogenic or/and
antiestrogenic effects in mammals. Genistein was reported to
compete with E2 for the ERs with a higher binding affinity for
ERβ (87%) and lower binding affinity for ERα (4%).23

Apigenin is also a weak phytoestrogen with binding affinities of
0.3 and 6% for ERα and ERβ, respectively.24 Genistein can
induce proliferative activity in MCF-7 cells at 10−7 to 10−5 M
with the maximum value at 10−6 M.25 Apigenin also
demonstrated strong activating ability for ERα or ERβ than
luteolin in ERα or ERβ SK-NBE-derived cells, while luteolin
only had a slight activating effect on ERβ.26 The EA of
quercetin in the previous MCF-7 proliferation assay was
contradictory. Quercetin dramatically inhibited MCF-7 cell
growth at concentration > 2.5 μM, while the stimulation effect
was not detected at low concentration ranges (0.5−2.5 μM).27

In another study,28 quercetin only slightly increased cell
proliferation in the MCF-7 cells (<120%) at 0.001−1 μM
when tested from 0.001 to 50 μM. In our study, quercetin had
a weak EA of 22% only at one concentration, 10−11 M. Most of
these previous findings were obtained at higher concentrations
than the levels used in our work, yet the highest % RME2 of
48% at 10−12 M was still detected for genistein. In addition, it
had EA at a wider range from 10−12 to 10−7 M, compared with
findings of apigenin, luteolin, and quercetin.
It is noteworthy that several flavonoids such as genistein and

apigenin were reported to have biphasic effects on the
proliferation of estrogen-dependent MCF-7 cells in a
concentration-dependent manner.29,30 High concentrations of
genistein (>10 μM) were associated with tumor suppression,
whereas a low concentration range (0.01−1 μM) had a
proliferation effect in estrogen receptor-positive cells.30,31

Apigenin is able to stimulate ER-positive breast cancer cell
lines (e.g., MCF-7 and T47D cells) with less potent activities
than that of genistein from 10 nM to 10 μM.32 Similarly,

luteolin also acts as a partial agonist that stimulates the MCF-7
cell’s proliferation at 1 nM to 10 μM.33

In our study, the four flavonoids all showed weak EA (max
% RME2 from 22 to 48%; Figure 2 and Table 3) in MCF-7
cells from 10−12 to 10−7 M. The highest EA results from the
MCF-7 cell proliferation assay were consistent with the
molecular docking results to two ERs, following the order
genistein > apigenin > luteolin > quercetin, which confirmed
that binding to the ERs was one critical pathway in EA.
Interestingly, genistein had a bigger max % RME2, 21% more
than the value of apigenin, but it had half values of EEF or
EC50 of apigenin (Table 3). Even though apigenin and
luteolin had similar max % RME2 values, EEF or EC50 values
for both chemicals varied by 100 times. This indicated that
EEF or EC50 used in previous publications for ranking the EA
effects might not be sufficient as they did not consider the
different patterns of response curves.34,35 It was noteworthy
that genistein had different dose−response curve patterns in
the calculation of EC50 and EEF, compared with the response
curves for apigenin and luteolin using the MCF-7 cell
proliferation from 10−12 to 10−7 M. The highest EA (48%)
of genistein was determined at the lowest concentration, while
apigenin showed the highest effect (27%) at 10−8 M. For
luteolin and quercetin, the highest EA values existed in 10−11

M at 26 and 22%, respectively. The maximum EA of E2 (94%)
was obtained at 10−10 M. The nonmonotonic dose−response
(NMDR) effect, which has been widely proved in endocrine-
disrupting chemicals, was detected for E2, apigenin, luteolin,
and quercetin, with the highest EA detected at the middle
concentrations.

3.2. Four Flavonoids Showed Developmental Tox-
icity by In Silico Simulation T.E.S.T. and Chicken
Embryonic Assay. Another in silico simulation T.E.S.T.
result showed that E2, apigenin, and genistein had a stronger
acute toxicity class (class 4) than the classification for luteolin
and quercetin (class 5, less toxicity).20 Furthermore, E2 and
four test flavonoids were classified as developmental toxicants
with the order E2 > luteolin > quercetin > genistein >
apigenin. To validate the in silico simulation in the T.E.S.T., we
assessed the developmental toxicity of four flavonoids using
comparable dosages with human daily exposure levels in a
chicken embryo model. To derive human equivalent dose
(mg/kg/day) from chicken, a conversion factor of 18.5 and a
safety factor were used based on the recommendation by the
Agency for Toxic Substances and Disease Registry
(ATSDR).36,37 Thus, the dosages (45−500 μg/kg) used in
this study can be converted to 83.25 to 925 μg/kg (human
equivalent dose = (chemical dose in chicken embryo × 18.5)/
10), which agreed well with the published human estimated
daily intake level of flavonoids at 20−3000 μg/kg.8 Genistein
at 45 and 450 μg/kg, along with luteolin at 477 μg/kg, exerted
detrimental effects on chicken embryo development, with
mortality rates higher than 40%. Low-dose luteolin treatment
(47.7 μg/kg) induced a 12.5% death rate but a relatively high
malformation rate at 18.8% of stunting. On the other hand, the
mortality rates and deformation rates were lower after exposure
to apigenin and quercetin. Furthermore, other developmental
indexes, including the REEW, LSI, and organs weight, were
impacted by luteolin, apigenin, and genistein treatments. Our
findings on the developmental toxicity of flavonoids confirmed
the previously reported results on zebrafish embryo-larval
developmental toxicity of apigenin and genistein.14 Consistent
with T.E.S.T. results on the classification of developmental
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toxicants for the four flavonoids, all of them showed adverse
effects on the chicken embryogenesis. Luteolin, which had the
highest developmental toxicity in T.E.S.T., showed a higher
mortality rate than apigenin and quercetin.
Significantly increased TBAR values were detected after

exposure to apigenin and luteolin (p < 0.05) in our study. As
the primary final product of lipid peroxidation, the TBAR level
was commonly used as a biomarker to evaluate oxidative
damage and has been reported as an important contributor to
DNA damage and mutation.38 Our results agreed with the
previous finding that apigenin at 100 and 200 mg/kg led to
hepatotoxicity in the Swiss mice model, even though our
dosages were 1000 times lower. The mouse toxicity included
increased levels of MDA and ROS, along with altered gene
expression levels related to oxidative stress and apoptosis.39

High TBAR values in the apigenin treatment might be one
mechanism to impact the developmental toxicity related to the
LSI and liver weight.
Luteolin and genistein showed a high and similar death rate

(43.75 and 50%) on chicken embryos especially at the higher
dosage groups while the TBARs levels in these two groups
were not statistically different (p > 0.05). Oxidative stress
might not be the only pathway to induce toxicity. In previous
studies, luteolin (at 10 and 20 μM) and genistein showed
antiangiogenic activity by inhibiting the Gas6/Axl signaling
pathway or targeting at angiostatin,40,41 and the relationship
between the antiangiogenic activity and teratogenic effects in
the development of chicken embryos included the primary
types of twisting in the spinal cord, which caused a delay in
chicken development.42 Additionally, exposure to genistein at
0.025 to 0.1 mM significantly decreased the survival rate for
zebrafish embryos, which might be related to the inhibition of
tyrosine kinase and the disruption of several ionic channels in
the organism.43 Interestingly, the lowest TBAR level was found
in the quercetin group at 62.48 nmol/g, even lower than the
finding of VC (67.87 nmol/g), which might attribute to the
reported potent antioxidant effects of quercetin with decreased
levels of oxidative stress markers and increased antioxidant
enzyme activities in mice and rat models.44,45 Quercetin
demonstrated lower chicken embryonic mortality and
deformation rate in our study compared with the findings of
luteolin and genistein, which could be associated with the
lowest TBARs levels. In the chicken embryonic assay, even
though the high mortality rates of E2 and flavonoids (except
quercetin) were detected in higher-dose treatments, NMDR
was revealed for luteolin and apigenin in developmental
indexes and TBAR levels. A significantly decreased REEW level
was detected in the 47.7 μg/kg luteolin group but not for the
477 μg/kg group. Only 45 μg/kg (but not 450 μg/kg) apigenin
treatment had a significantly lower LSI%.
3.3. Luteolin, Apigenin, and Quercetin Had the Sign

of Mutagenicity by Ames Test at a Low Concentration
Range. We determined the mutagenicity in the low exposure
range from 5 × 10−5 to 50 pmol/plate of these four flavonoids
as a few studies evaluated the mutagenic activity of the
flavonoids at these exposures. The exposures were easily
overlooked, but they were possible exposure levels for humans
due to the low bioavailability of these flavonoids. The revertant
number of VC and positive controls in our study were similar
to the previous findings,46 showing the reliability of our study.
In our Ames test, luteolin, apigenin, and quercetin showed
signs of mutagenicity in two or three test strains, but genistein
did not demonstrate such a sign. This result partly agreed with

the QSRA simulation results, in which luteolin and quercetin
were classified as mutagenicity-positive while apigenin and
genistein were mutagenicity-negative. Our results were also in
good agreement with the previous research that luteolin
showed signs of mutagenicity in the TA102 strain at 116.4 and
174.7 nmol/plate, and quercetin showed mutagenicity for
three strains TA98, TA100, and TA102 at 12.1 to 147.8 nmol/
plate,15 even though our test levels are much lower. The
potential mutagenicity of flavonoids is mainly due to their pro-
oxidant activity, which will produce free radicals, cause DNA
damage, and lead to mutagenesis.47 No mutagenic activity was
reported for genistein by others when using the incorporation
or the preincubation Ames assays at concentrations 10−3333
μg/plate.48 Interestingly, the NMDR effect was still found in
the Ames test for some flavonoids because the highest MI level
was observed at 5 × 10−3 pmol/plate for quercetin in TA102
strain (with S9) among levels ranging from 5 × 10−5 to 50
pmol/plate.

3.4. SARs of Four Flavonoids on Three Toxicity
Endpoints Revealed Some Small Structural Differences
with Big Toxicity Impacts of the Test Flavonoids. In
general, these four phenolic compounds had similar structures
with only a difference in the number of hydroxyl groups or
location of the B ring; however, they showed different toxicity
responses in several endpoints. Quercetin, belonging to the
flavonols with the hydroxyl group at position 3 in ring C,
showed low developmental toxicity, low binding affinity to
major hormone receptors (such as ERs and TRs), and high
mutagenic activity even at low concentrations. As an essential
compound in the isoflavones group, genistein showed high
binding ability to estrogen receptors and other hormone-
related receptors, high acute toxicity and developmental
toxicity, and low mutagenicity. For the compounds in the
flavone group, apigenin and luteolin showed a moderate
binding affinity in EDC target receptors, a high developmental
toxicity, and a high risk of mutagenicity. Our findings generally
showed a similar pattern to that reported in previous findings
on the correlation between their structures and cytotoxicity. In
a previous study, the 3′- hydroxyl substitution in the B ring
(R3 position) played an important role in inhibiting the
growth of HL-60 cells, which made luteolin the most cytotoxic
flavone among 14 tested flavonoids.49 A SAR study of the
effects of flavonoids on the apoptosis of HL-60 cells indicated
that apigenin had a higher potency than quercetin in inducing
cellular DNA fragmentation and ROS generation.50 In our
study, apigenin showed the highest lipid peroxidation
(TBARs) level in fetal chicken livers, and the TBAR values
decreased as the number of hydroxyl groups increased in
luteolin (B-3′) at the higher dosage group or in quercetin (B-3′
and C-3) at both dosage groups. Compared to apigenin,
luteolin and quercetin have an ortho-dihydroxy structure in the
B ring. The number and position of hydroxy groups in
polyphenol structures have been reported to play a critical role
in the antioxidant activity of flavonoids.51−53 Thus, the lower
TBAR value for quercetin group might be associated with its
higher antioxidant capacity. The additional hydroxyl group at
C-3 for quercetin showed an effect in reducing oxidative stress
in chicken fetal liver. Several studies reported that the presence
of a C-2,3 double bond increased the cytotoxic effects, while
the presence of a 3-hydroxyl group in the C ring lowered the
cytotoxicity.54,55 In our study, all four flavonoids had the C-2,3
double bond and quercetin had a 3-hydroxyl group in the C
ring. Indeed, quercetin with the C-3 hydroxyl group was
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attributed to the lower developmental toxicity in chicken
embryos and the lower acute rat toxicity from the T.E.S.T.
simulation. Our work demonstrated that a small structural
difference could have big impacts on different toxicity
endpoints, and further studies are still needed to have a
more comprehensive understanding of the impacts of different
structural changes on various toxicities. The absorption and
metabolism of flavonoids after human consumption also need
to be considered to understand the contribution of
bioavailability to their underlying toxicology mechanisms.
These four flavonoids (luteolin, apigenin, quercetin, and
genistein) possessed similar pharmacokinetics in both animals
and humans, and they were extensively metabolized. Different
phase II metabolites have been detected in plasma and urine
samples in human, among which glucuronides and sulfates
were two primary types.56−58 It is important in the future to
evaluate the toxicities of these glucuronides and sulfates.

4. CONCLUSIONS

Our study applied a new multitiered method consisting of in
silico, in vitro, and in vivo tests to estimate the potential toxicity
of four common flavonoids (luteolin, apigenin, quercetin, and
genistein) effectively. The results indicated that except for their
therapeutic potential and chemoprotective ability, they
demonstrated toxicity concerns, including developmental
toxicity, endocrine disruption, and mutagenicity. The toxic
concerns are especially big when young population are exposed
to the chemicals. In addition, the two in silico simulations,
molecular docking and T.E.S.T., could provide insightful
information in assessing endocrine-disrupting activity, acute
toxicity, developmental toxicity, and mutagenicity of phenolic
compounds. The high binding affinity was observed of these
four compounds to AR, ER, GR, MR, and TR in the molecular
docking. The order of binding affinity to ERs was consistent
with the EA results found in the MCF-7 cell proliferation assay.
The T.E.S.T. simulation results agreed well with the findings
from the chicken embryo model and bacterial reverse mutation
test. The SAR results showed that genistein (isoflavone)
possessed high developmental toxicity and EA, along with low
TBARs and MI levels. For two flavones, luteolin showed higher
developmental toxicity and signs of genotoxicity than apigenin.
Quercetin (flavonol) with 2-hydroxyl substitution in the C ring
had lower developmental toxicity and EA among the test
flavonoids. Our approach can be used as a valuable alternative
toxicity assessment platform for natural compounds, following
the guiding principles published by the Society of Toxicology
to use alternative ways to reduce animal number and refine or
replace whole animals.

5. EXPERIMENTAL SECTION

5.1. Chemicals and Cell Lines. Luteolin, apigenin,
quercetin, genistein, E2, DMSO (D1391), and PBS (Gibco,
20-012-027) were purchased from Fisher Scientific (Waltham,
MA). The three Salmonella typhimurium tester strains (TA98,
TA100, and TA102), top agar, Oxoid Nutrient Broth No.2,
and S9 mixture solutions were purchased from Molecular
Toxicology, Inc. (Boone, NC). MCF-7 cells were purchased
from American Type Culture Collection (ATCC No. HTB-
22). Dulbecco’s modified Eagle’s medium (DMEM) (Gibco,
Cat. No.: 12-430-054), phenol red-free DMEM (Gibco, 21-
063-029), fetal bovine serum (FBS) (Gibco, 16-140-071),
charcoal-stripped FBS (Gibco, 12-676-029), and penicillin−

streptomycin (Gibco, 15-140-148) were purchased from Fisher
Scientific, along with the cell culture 96-Well clear poly-
propylene microplates (Corning, 05-539-200) and polystyrene
T-25 flasks (Corning, 08-772-45).

5.2. In Silico Simulations. 5.2.1. Molecular Docking. The
endocrine-disrupting potential of four common flavonoids
(luteolin, apigenin, quercetin, and genistein) was estimated by
the docking Interface for Target Systems (DoTS) platform
(named endocrine disruptome tool) via AutoDock Vina.17,59

The SMILES (Simplified Molecular-Input Line Entry-System)
files for each test chemicals (ligands) were used for simulating
the binding affinity to 14 nuclear receptors described in our
previous study60 and are listed in Table S1.

5.2.2. Toxicity Estimation Software Tool (T.E.S.T.). T.E.S.T.
has been developed by the United States Environmental
Protection Agency (U.S. EPA) to allow users to easily estimate
toxicity and physical properties using a variety of QSAR
methodologies. The predicted toxicity data presented in this
study was generated from the Consensus method, which was
estimated by an average of the predicted toxicities of five
QSAR methods, including hierarchical, FDA, single model,
group contribution, and nearest-neighbor method. The
endpoints included: 96 h fathead minnow LC50, 48 h Daphnia
magna LC50, Tetrahymena pyriformis IGC 50, oral rat LD50,
bioaccumulation factor, developmental toxicity, and mutage-
nicity.

5.3. MCF-7 Cell Proliferation Assay. The MCF-7 cell
proliferation assay was performed as previously described.60,61

The cells were treated with five chemicals (luteolin, apigenin,
quercetin, genistein, and E2) at six different concentrations
ranging from 10−12 to 10−7 M in EA-free culture medium. The
proliferation rate was quantified by measuring the absorbance
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) products at 570 nm using a microplate reader
(BioTek Synergy2). Each test was repeated in three
independent trials and in triplicate for each trial. The EA of
test chemicals was shown as the relative maximum %E2 (%
RME2) calculated from the following equation: 100 × (OD of
test − OD of VC)/(MAX OD of E2 − OD of VC). The half-
maximal effective concentration (EC50, by Prism 8) value and
the estradiol equivalent factor (EEF) (EC50 of E2 divided by
EC50 of the sample) were calculated for each compound.

5.4. Chicken Embryonic Assay. 5.4.1. Egg Treatment. In
total, 144 fertilized Leghorn eggs were obtained from the
University of Delaware research farm. The eggs were weighed
and divided into 11 groups: VC and two dosages of each of five
compounds. On day 7, the eggs were candled and a hole was
drilled for injection of each chemical solution or VC at 0.2 mL.
The chemical solution concentrations were 0.1 and 0.01 mM
for E2, and 0.5 and 0.05 mM for luteolin, apigenin, quercetin,
and genistein respectively. The final doses in egg (average of
60 g per egg) included 91 μg E2/kg, 9.1 μg E2/kg, 476.5 μg
luteolin/kg, 47.7 μg luteolin/kg, 450 μg apigenin/kg, 45 μg
apigenin/kg, 500 μg quercetin/kg, 50 μg quercetin/kg, 450 μg
genistein/kg, and 45 μg genistein/kg. The eggs were randomly
assigned on day 0 to each treatment and control group, with 16
eggs for each of control and two luteolin groups, 22 eggs for
each of two E2 groups, and 10 eggs for each of apigenin,
quercetin, and genistein groups. More eggs were used in
luteolin groups to validate the findings. On the injection day
(day 7), the four unfertilized eggs were removed from E2 91
μg/kg and two from each quercetin group (50 and 500 μg/kg),
and not recorded, resulting in different total numbers of
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embryos in Table 1. The hole was sealed with Duco Cement,
and the eggs were placed back in the egg incubator at 38 °C
and 60% relative humidity. Each test was repeated at least in
two independent trials. All of the experiments on the chicken
embryos were performed in accordance with all national or
local guidelines and regulations.
5.4.2. General Toxicity. The number of dead and deformed

embryos was recorded during the tests. The incubation was
terminated on day 18 by placing the embryos in the
refrigerator overnight. All embryos were dissected and
evaluated for deformation, embryo mass, liver mass, heart
mass, ratio of embryo to egg weight (RREW), and liver
somatic index (LSI). The TBAR level was evaluated using the
TBARS assay kit (from Cayman Chemical, Item No. 700870)
following the manufacturer’s instructions. Each test was
repeated in two independent trials and in duplicate for each
trial.
5.5. Ames Test. The Ames test using three S. typhimurium

tester strains (TA98, TA100, and TA102) was conducted by
the preincubation method as previously described.60 Briefly,
0.05 mL of tested compounds, 0.5 mL of S9 metabolic
activation mixture (or 0.5 mL PBS), and 0.1 mL of bacterial
culture were mixed. After 30 min incubation at 37 °C, 2 mL of
top agar was added and the mixture was poured onto a plate
containing minimal agar. The His+ revertant colonies on plates
were counted manually after 48 h incubation. The chemical
concentrations from 10−12 to 10−6 M at 0.05 mL in each plate
yielded the final concentration of 5 × 10−5 to 50 pmol/plate.
Each test was repeated in two independent trials and in
duplicate for each trial.
5.6. Data Analysis. The results were analyzed with the

statistical software package JMP (JMP PRO 13). In the MCF-7
cell proliferation assay, the cell proliferation rates were
analyzed by one-way ANOVA followed by Dunnett’s test to
compare to the E2 group at each concentration (JMP PRO
13).
In the chicken embryonic assay, the morphological,

developmental endpoints among groups, and TBARs levels
were all determined using a one-way ANOVA followed by
Tukey’s test for multiple comparisons versus the vehicle
control (JMP PRO 13). Changes were considered statistically
significant if p < 0.05 or p < 0.01. In the Ames test, the data
(revertants/plate) were assessed by ANOVA, followed by
Tukey’s test. The MI was also calculated for each
concentration using the mean number of revertants per plate
with the test compound divided by the mean number of
revertants per plate with the negative control (VC). A tested
compound was considered mutagenic if a 2-fold increase in the
number of mutants (MI ≥ 2) was observed in at least one
concentration.15 Signs of mutagenicity means that the
compound that did not reach the 2-fold increase but showed
statistical significance (p < 0.05) of revertant number
compared to the VC.
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