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Summary
Human fetuses with trisomy 21 (T21) have atypical brain development that is apparent sonographically in the second trimester. We hy-

pothesize that by analyzing and integrating dysregulated gene expression and pathways common to humans with Down syndrome (DS)

and mouse models we can discover novel targets for prenatal therapy. Here, we tested the safety and efficacy of apigenin, identified with

this approach, in both human amniocytes from fetuses with T21 and in the Ts1Cje mouse model. In vitro, T21 cells cultured with api-

genin had significantly reduced oxidative stress and improved antioxidant defense response. In vivo, apigenin treatment mixed with

chow was administered prenatally to the dams and fed to the pups over their lifetimes. There was no significant increase in birth defects

or pup deaths resulting from prenatal apigenin treatment. Apigenin significantly improved several developmental milestones and

spatial olfactory memory in Ts1Cje neonates. In addition, we noted sex-specific effects on exploratory behavior and long-term hippo-

campal memory in adult mice, and males showed significantly more improvement than females. We demonstrated that the therapeutic

effects of apigenin are pleiotropic, resulting in decreased oxidative stress, activation of pro-proliferative and pro-neurogenic genes (KI67,

Nestin, Sox2, and PAX6), reduction of the pro-inflammatory cytokines INFG, IL1A, and IL12P70 through the inhibition of NFkB

signaling, increase of the anti-inflammatory cytokines IL10 and IL12P40, and increased expression of the angiogenic and neurotrophic

factors VEGFA and IL7. These studies provide proof of principle that apigenin has multiple therapeutic targets in preclinical models

of DS.
Introduction

Screening for trisomy 21 (T21) or Down syndrome (DS)

(MIM: 190685) is universally offered as part of routine ob-

stetric care in most developed countries. With the imple-

mentation of cell-free DNA sequencing of maternal

plasma, the positive predictive values are on the order of

80% in the general obstetric population and �92% in the

high-risk population.1 In continuing pregnancies, knowl-

edge that the future child will have DS may affect the par-

ents’ choice of where to deliver and provide opportunities

for both family education and to meet with pediatric sub-

specialists before the child’s birth.2 Our laboratory has sug-

gested consideration of prenatal diagnosis as a potential

opportunity to treat the fetus in utero.3,4 This concept,

however, has many unique challenges. Treatment cannot

harm the pregnant woman or her fetus, and any therapeu-

tic agent must cross both the placental and blood-brain

barriers and improve postnatal outcomes in the baby.

Prenatal sonographic and post-mortem studies demon-

strate that atypical brain growth is first detectable in sec-

ond-trimester fetuseswithT21, resulting in significant reduc-

tion of neurogenesis, synaptogenesis, axonal growth, and

myelination.5–9 One study has shown that during the third

trimester, fetuses with T21 have atypical patterns of habitua-
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tion to a repeated auditory stimulus, suggesting that func-

tional and sensory deficits are present prior to birth.10Wehy-

pothesize that a safeprenatal treatmentgiven to thepregnant

woman as soon as a diagnosis of T21 is made will result in

more typical fetal brain growth and development.

Until recently, almost all preclinical and clinical trials in

mousemodels and people with DS have been conducted in

adolescents and adults because of safety concerns. As of

summer 2020, 13 pharmacological interventions have

been tested with little evidence of success in humans

with DS.11–14 Potential reasons for this failure may be

related to the fact that these therapeutic interventions

were carried out too late and not during the prenatal and

early postnatal critical periods for brain develop-

ment.14–16 To date, no prenatal treatment studies have

been reported in pregnant women carrying fetuses with

T21. A limited number of prenatal treatment studies using

fluoxetine, maternal choline supplementation, and the

neuroprotective peptides NAP and SAL have been

described with the Ts65Dn mouse model of DS.17–19

In our previous studies, we integrated gene expression

data from nine different cellular and tissue sources in

both humans with DS and mouse models to identify com-

mon dysregulated signaling pathways and cellular pro-

cesses.20,21 We demonstrated that pathway abnormalities
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associated with DS were the result of gene-dosage-specific

effects and the consequence of a global stress response

with activation of compensatory mechanisms.20 To coun-

teract these genome-wide abnormalities, we used the Con-

nectivity Map database22 to discover molecules that could

be repurposed to rescue the transcriptome and promote

more typical brain development in individuals with

DS.21 One of the molecules that had the most consistent

negative scores (hence, negating the dysregulated gene

expression signatures in DS) across tissues and species

was apigenin (40,5,7-trihydroxyflavone). We hypothesized

that prenatal treatment with apigenin would partly rescue

the global gene expression dysregulation to improve neu-

rogenesis and postnatal cognitive outcomes in DS.

Apigenin is a molecule of interest because it has no

known toxicities. It is a naturally occurring compound

that is present in chamomile flowers, parsley, celery,

peppermint, and citrus fruits.23,24 In animal studies, apige-

nin has been shown to cross the blood-brain barrier. It has

potent antioxidant, anti-inflammatory, and anti-apoptotic

properties.24,25 In murine microglia that have been acti-

vated by interferon gamma, apigenin decreased the levels

of IL-6 and TNF-alpha via its effect on phosphorylation

of STAT1.26 This is notable because both humans with

DS and mouse models show consistent evidence of overac-

tivation of interferon signaling.27,28 In a double transgenic

mouse model for amyloid precursor protein and presenil-

lin 1 proteins, oral intake of apigenin for three months re-

sulted in reduction of fibrillar amyloid deposits and

improvement in learning and memory deficits.29

Here, we investigated the potential prenatal therapeutic

effects of apigenin in vitro on human amniocytes and

in vivo in the Ts1Cje mouse model of DS. Although we

have previously described the results of an extensive com-

parison of three major mouse models of DS,27 the experi-

ments reported here were initiated before the comparative

study reported in Aziz et al. was completed. Whereas

Ts1Cje mice are more mildly affected than Ts65Dn mice,

we did not select the latter model because affected males

are sterile. This requires the trisomic chromosome to be

passed through an affected mother, altering the intrauter-

ine environment in which the fetus develops. This can

confound the postnatal evaluation of pup development.

Furthermore, Ts65Dn mice harbor a large segmental tri-

somy of non-orthologous humanHsa21 genes frommouse

Mmu17 for which the impact on the phenotype is still

unclear.
Material and Methods

Additional description of the methods used can be found in the

Supplemental Material and Methods.

In Vitro Studies on Human Amniocytes
This study was approved by the institutional review boards (IRBs)

at Tufts Medical Center (protocol 5582) and Women and Infants’

Hospital (protocol 01-0028). The amniocytes were obtained after
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clinically indicated prenatal karyotyping. Because this was dis-

carded material that was de-identified, patient consent was

deemed unnecessary by the IRBs. Only fetal karyotype, gestational

age, and sex were known. Second-trimester amniocytes were pre-

pared as described previously.21 The initial sample set consisted

of 14 flasks of amniocytes with the following metaphase karyo-

types: 47, XX, þ21 (n ¼ 3); 47, XY, þ21 (n ¼ 4); 46, XX (n ¼ 3);

and 46, XY (n ¼ 4). Gestational ages ranged from 15 3/7 to 20 2/

7 weeks. Samples were matched for sex and gestational age (seven

pairs were analyzed) (Table S1).

Apigenin Dose Determination

To determine the range of non-toxic doses that would be used to

evaluate treatment efficacy, we either left cells untreated or treated

themwith five different concentrations of apigenin (1, 2, 3, 4, and

5 mM) for three consecutive days. Automatic cell counting was per-

formed with the Scepter 2.0 Cell Counter (EMD Millipore, Biller-

ica, MA) and CellTiter 96 cell proliferation assays (Promega, Mad-

ison, WI). We normalized cell proliferation in the untreated cells

to 100% and used this as a baseline to estimate the percent of

cell proliferation in apigenin-treated cells. Toxicity was defined

as doses that induced significant (p < 0.05) or more than 15%

(even if not statistically significant) reduction of cell proliferation

in both assays.

Oxidative Stress and Antioxidant Capacity

The level of oxidative stress damage and the effects of apigenin

treatment in amniocytes from fetuses with T21 and euploid fetuses

was quantifiedwith theComet Assay kit according to themanufac-

turer’s instructions (Trevigen, Gaithersburg, MD). The percent of

DNA in the ‘‘tail’’ versus ‘‘head’’ (nucleus) of the migrating cell,

resembling a comet, was determined in 300–500 cells per cell line

and compared in untreated and apigenin-treated cells.

The physiological response to oxidative stress before and after

apigenin treatment wasmeasured with the OxiSelect Total Antiox-

idant Capacity (TAC) kit. 5,000 mg of total protein was used to eval-

uate total antioxidant capacity (TAC), measured as absorbance at

490 nm and compared to a uric acid standard curve according to

the manufacturer’s instructions (Cell Biolabs, San Diego, CA).

Amniocyte Gene Expression Analysis

Gene expression analysis was performed on treated and untreated

cells via the GeneChip Human Transcriptome HT 2.0 array (Affy-

metrix, Santa Clara, CA). Only one apigenin dose (2 mM) was eval-

uated (see Supplemental Materials). Twenty-eight arrays were used

(seven T21 and seven euploid for both controls and treated). Data

were analyzed with a repeated-measures ANOVA that included ge-

notype, treatment, and sample pairings between T21 and control

samples. Probe sets for which either genotype or treatment was

significant (at p< 0.001 and a Benjamini-Hochberg false discovery

rate [BH-FDR] of 10%) were considered as differentially expressed

(DEX) genes.30

Pathway analyses were carried out with the Database for Anno-

tation, Visualization, and Integrated Discovery (DAVID) and Inge-

nuity Pathway Analysis (IPA) on the top 1% upregulated/downre-

gulated genes (hereafter referred to as marginally expressed (MEX)

genes) and gene set enrichment analysis (GSEA) on the whole

transcriptome as previously described21. We used ‘‘Ingenuity

Pathway Upstream Regulator Analysis’’ to identify potential up-

stream regulators that may be responsible for the gene expression

changes observed in T21 amniocytes and how these genes are

affected after apigenin treatment. This allows the prediction of

mechanism of action of apigenin andwhether identified upstream

regulators are inhibited or activated on the basis of a Z score algo-

rithm.31
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In Vivo Studies on the Ts1Cje Mouse Model
The effects of apigenin treatment were analyzed at the three

different stages of murine life: embryonic, neonatal, and adult.

Breeding, Prenatal Apigenin Treatment, and Genotyping

All murine experiments were approved by the Institutional Ani-

mal Care and Use Committee (IACUC) of Tufts University (proto-

col B2013-20). Ts1Cje males (B6 T(12;16)1Cje/CjeDnJ) were

crossed with C57BL/6J females (Jackson Laboratories, Bar Harbor,

ME). Breeding pairs received either purified powdered (Pow) chow

F3197 (Bioserv, Flemington, NJ) or 333–400 mg/kg/day of apige-

nin (Apig) (2 g of apigenin in 1 kg of purified powdered chow)

(SelleckChem, Houston, TX). These doses were obtained via the

SD ¼ (DD x FI)/BW formula in which SD is the single daily dose

to be delivered (mg/kg/day), DD is the drug dose in the diet

(2,000 mg/kg), FI is the daily food intake (5 g per mouse), and

BW is the average animal weight (25–30 g).32 Treatment was given

as powdered chow with apigenin starting at the time of mating

and continuing throughout pregnancy and lactation until all

behavioral and biochemical studies in adulthood were completed.

Mice that received apigenin are referred to throughout the study

with the subscript ‘‘Apig’’, and untreated mice are referred to with

the subscript ‘‘Pow,’’ indicating that they received only powdered

chow. Genotyping and sex determination were performed by

PCR with primers specific for the Ts1Cje mouse and Sry as

described previously.33

Embryonic Forebrain Gene Expression and Pathway Analyses

For gene expression studies, total RNAwas isolated from the devel-

oping forebrain via the RNA II kits following the manufacturer’s

instructions (Macherey-Nagel, Bethlehem, PA). RNAwas processed

and hybridized on the GeneChip Mouse Gene ST 1.0 array as

described previously.21 Twenty arrays were used (five wild-type

(WT)Pow, five Ts1CjePow, five WTApig, and five Ts1CjeApig; three

males and two females/group); each array corresponded to labeled

cDNA from one sample. Analyses were performed via unpaired t

tests. A gene with a p value < 0.001 and a BH-FDR of 10% was

considered to be DEX. Pathway analyses were performed as in

the in vitro studies.

Inflammatory, Angiogenesis, and Neurotrophic Protein Levels

Proteins were extracted from untreated and apigenin-treated

Ts1Cje and WT E15.5 embryonic brain and Ts1Cje and WT adult

cortex via the Cell Signaling lysis buffer supplemented with prote-

ase/phosphatase inhibitors according to the manufacturer’s in-

structions (Millipore-Sigma, Temecula, CA). We used 20 mg of pro-

teins to analyze the expression of NFkB, pro-inflammatory

cytokines IFNG, IL1A, IL12P70, anti-inflammatory cytokines

IL10 and Il12P40, and pro-angiogenic and neurotrophic proteins

VEGFA and IL7 by using the Luminex 200 system according to

the manufacturer’s instructions (Millipore-Sigma, Temecula, CA).

Data were acquired with the xPONENT 4.2 software (Luminex

Corporation, Austin, TX). Normalization and analysis were per-

formed with the MILLIPLEX Analyst 5.1 software (Millipore-

Sigma, Temecula, CA).

Neonatal Behavior

All neonatal behavioral tests were performed blindly between

postnatal (P) days P3 and P21 (weaning).34 The Fox scale is a gen-

eral screening test used to evaluate body righting and coordina-

tion, strength, sensory maturation, and extinction of rotatory

behavior. The criteria for successfully performing a test was under

30 s and over 2 consecutive days. The homing test was used to

investigate olfactory-dependent spatial memory at postnatal day

12.35 During the testing period, pups (WTPow ¼ 31, Ts1CjePow ¼
19, WTApig ¼ 25, and Ts1CjeApig ¼ 26) were separated from the
The American
dam and placed with nesting material in a small bowl positioned

on a heating pad at 37�C. The amount of time (latency) and pres-

ence/absence of a reflex was recorded and analyzed by a single

experimenter.

Adult Behavior

All adult behavioral testing paradigms were performed as previ-

ously described.35 Exploratory behavior and locomotor activity

were assessed with the open field test. Exploratory behavior was

tracked during a 60-min unique trial with the Ethovision 10.5 an-

imal tracking system (Noldus, Leesburg, VA). The total distance

traveled (cm) in the center versus periphery, as well as the average

velocity (cm/s), were analyzed for the treated and untreated

groups. Motor coordination was investigated with the rotarod

test (Med Associates, Fairfax, VT) with two different protocols

(fixed speed on day 1 and accelerating speed on day 2). The time

to fall was recorded in seconds and analyzed for each mouse. Hip-

pocampal-dependent memory was analyzed via the fear condi-

tioning test. On day 1 (training session), two mild foot shocks

(0.5 mA for 2 s) were administered at 180 s and 240 s. On day 2

(testing session), mice were placed in the same chambers and

the extent (or percent) of freezing, used as a measure of the ani-

mal’s memory, was analyzed as time bins of 60 s via the Freeze

View software (Med Associates, Fairfax, VT).

Statistical Analysis

Statistical analyses were performed with the parametric t test or

two-way repeated-measure ANOVA and Tukey’s multiple compar-

ison test for normal distributions. Non-parametricMann-Whitney

and Kruskal-Wallis tests were used if values did not follow a

normal distribution. For proportions (percentages) comparison

of the effects of apigenin treatment on the natural history and

the homing test, chi-square and Fisher’s exact tests were used. Sta-

tistical significance was reached with a p value < 0.05. All statisti-

cal analyses were performed with GraphPad Prism 7.03 software

package. Data are presented as Mean 5 SEM.
Results

Effects of Apigenin Treatment on Human Amniocytes

Optimal Apigenin Dose

Separate analyses of apigenin effects on euploid and T21

amniocytes showed similar trends. High doses of apigenin

(4 and 5 mM) negatively impacted cell proliferation; there

was �10% reduction in total cell number in euploid am-

niocytes (U ¼ 0 and 6, respectively, p < 0.05, Mann-Whit-

ney test) and between 15% to 30% reduction in T21 am-

niocytes (p ¼ 0.08 at 4 mM and p < 0.01 at 5 mM,

respectively) (Figure S1). On the basis of these data, we

selected doses between 0 and 4 mM for further evaluation

of oxidative stress and antioxidant capacity, global gene

expression in T21, and euploid amniocytes.

Oxidative Stress and Antioxidant Capacity

The average percent of DNA in the tail of the untreated T21

amniocytes (14.1 5 2.6%, sum of ranks ¼ 30, U ¼ 0, p ¼
0.016, Mann-Whitney test) was significantly higher than

in the euploid amniocytes (5.3 5 1.1%, sum of ranks ¼
15) (Figures 1A and 1B). In treated T21 amniocytes, apige-

nin significantly reduced the percent of DNA in the tail in a

dose-dependent manner (6.75 1.0%, p ¼ 0.06 for 1 mM of

apigenin; 5.1 5 0.8%, p ¼ 0.03 for 2 mM; 2.7 5 0.8%,
Journal of Human Genetics 107, 911–931, November 5, 2020 913



Figure 1. Effects of Apigenin Treatment on Oxidative Stress and
Antioxidant Capacity in Trisomy 21 (T21) and Euploid Amnio-
cytes
(A) COMET assay representative images in untreated and apige-
nin-treated (2 mM) T21 and euploid amniocytes.
(B) Percent of DNA in tail was analyzed in T21 (n ¼ 5) and euploid
(n ¼ 5) amniocyte cell lines untreated and treated with increasing
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p < 0.01 for apigenin 4 mM) (Figures 1A and 1B). Although

not statistically significant, apigenin treatment also

reduced the percentage of DNA in the tail of euploid am-

niocytes at 2 and 4 mM (2.8 5 0.8%, p ¼ 0.09 and 2.9 5

1.2%, p ¼ 0.11, respectively) (Figures 1A and 1B).

Two-way ANOVA analysis of the percent of DNA in the

tail of both euploid and T21 amniocytes highlighted a sig-

nificant effect of karyotype (F¼ 4.7, p¼ 0.04), treatment (F

¼ 7.6, p< 0.001), as well as treatment3 karyotype interac-

tion (F ¼ 3.9, p ¼ 0.02).

Untreated T21 amniocytes also exhibited significantly

lower antioxidant capacity (80.6 5 4.2%, p < 0.05)

compared to euploid amniocytes (100.0 5 7.4%) (Fig-

ure 1C). Treatment with 2 and 4 mM of apigenin signifi-

cantly increased the total antioxidant capacity in T21 am-

niocytes and restored it to levels that were close to euploid

amniocytes (99.8 5 3.7% and 98.1 5 1.3%, p > 0.05)

(Figure 1C).

Amniocyte Gene Expression Analysis

DEX Genes. For gene expression studies, we selected a dose

of 2 mM because it did not significantly change cell prolif-

eration and it rescued the oxidative stress/total antioxidant

capacity imbalance in T21 amniocytes. A total of 14 inde-

pendent samples was used to generate seven sex- and age-

matched pairs (Table S1). Using paired analysis after elim-

ination of redundant probes, we identified over 500 genes

that were DEX in T21 amniocytes compared to gestational

age- and sex-matched euploid amniocytes (Table S2A).

Fifty of these DEX genes mapped to chromosome 21.

Chromosome 21 gene expression changes in untreated

T21 versus euploid amniocytes demonstrated that only a

small subset (76/506) of genes was upregulated in a gene-

dosage-dependent fashion (Table S2A).

In T21 amniocytes, treatment did not have significant

effects on global gene expression as demonstrated by prin-

cipal-component analysis (PCA) (Figure 2A) or on the

expression of the DEX genes (Tables S2B and S2C). Even

though apigenin had no effect on T21 DEX genes, a closer

look at the lists of MEX genes (Table S3) identified many

candidate genes that have been previously reported to be

direct or indirect targets of apigenin, including CCL2

(MIM: 158105), IL1A (MIM: 147760), CYP1B (MIM:

601771), MMP1 (MIM: 120353), SERPINB2 (MIM:

173390), VDR (MIM: 601769), DUSP5 (MIM: 603069),

and AURKB (MIM: 604970) (Table 1), thus warranting a

second pathway analysis with the MEX gene lists.
doses of apigenin (1, 2, and 4 mM). A total of 300–500 cells were
analyzed for each cell line and drug dose. Apigenin significantly
reduces the percent of DNA in the tail in a dose-dependent
manner in T21 amniocytes.
(C) Total antioxidant capacity (TAC) measured as absorbance at
490 nmwas normalized to 100% in untreated euploid amniocytes.
The percent of TAC in untreated and apigenin-treated (2 and
4 mM) T21 and euploid amniocytes was analyzed. T21 amniocytes
exhibit reduced percent of TAC compared to euploid amniocytes.
Apigenin treatment normalized TAC in T21 amniocytes to the
level of euploid amniocytes. *p < 0.05, **p < 0.01.
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Figure 2. Effects of Apigenin Treatment on Global Gene Expression In Vitro and In Vivo
(A) Principal-component analysis (PCA) of DEX gene expression in untreated and apigenin-treated T21 (n¼ 7) and sex- and age-matched
euploid amniocytes (n¼ 7). Apigenin treatment induced subtle gene expression changes in T21 and euploid amniocytes. Solid lines link
each untreated cell line to its treated counterpart.
(B) PCA of DEX gene expression in untreated and apigenin-treated Ts1Cje (n¼ 5) and wild-type (WT) (n¼ 5) E15.5 embryonic forebrain.
Apigenin induced significant changes in gene expression in both Ts1Cje and WT embryos.
(C) Heatmap demonstrating the effect of apigenin on DEX genes in Ts1Cje versus WT embryos. WTPow, untreated WT; Ts1CjePow, un-
treated Ts1Cje; WTAPIG, apigenin-treated WT; Ts1CjeAPIG, apigenin-treated Ts1Cje.
(D) Apigenin partially rescues the expression of several Mmu16 trisomic genes, including Kcnje, Il10rb, Ets, Ifngr2, Pcp4, Dscam, Agtpbp1,
Dtna, and Cav1.
Amniocyte Pathway Dysregulation

In untreated amniocytes, T21 compared to euploid

showed a positive enrichment of gene sets associated

with immune response and JAK-STAT signaling, RNA-po-

lymerase-I-dependent transcription, G-protein signaling,

and proteolysis and G1/S mitotic cell-cycle transition.

In contrast, negative enrichment of gene sets was associ-

ated with G2/M mitotic cell-cycle transition, RNA-poly-

merase-II-dependent transcription, translation initiation,
The American
NOTCH signaling, and response to hypoxia (Tables 2

and S4–S6).

Apigenin treatment downregulated the pro-inflamma-

tory response and JAK-STAT signaling and upregulated

RNA-polymerase-II-dependent transcription in T21 am-

niocytes to the level of the euploid untreated amniocytes

(Table 2). Apigenin also inhibited NFkB signaling but did

not affect other dysregulated pathways in untreated T21

amniocytes (Tables 2 and S4–S6). Additionally, apigenin
Journal of Human Genetics 107, 911–931, November 5, 2020 915



Table 1. Known Apigenin Targets that Are Dysregulated in T21 and Euploid Amniocytes After Apigenin Treatment

Gene Symbol
T21 Untr/ Eup
Untr Ratio

T21Apig/
T21 Untr Ratio

T21 Apig/
Eup Untr Ratio Known Apigenin Effects References

CYP1B1 0.88 0.47 0.38 apigenin is a potent inhibitor of Cyp1B1;
inhibition occurs at nanomolar
concentrations following a mixed model;
Cyp1B1 plays an important role in the
regulation of cell proliferation and survival
through modulation of the intracellular
oxidative state and NFkB production and/or
activity

Androutsopoulos et al.36

MMP1 1.87 0.55 2.55 apigenin suppress the expression of MMP1.
MMP1 expression is induced by NFkB and
activated in inflamed and cancerous tissues

Juliusson et al.37

CCL2 1.71 0.62 0.74 apigenin suppresses the expression of both
CCL2 and IL1A through IKBKe; CCL2 and
IL1A expression are increased after TNFA

Gheghiani et al.38

IL1A 1.07 1.05 0.77

SERPINB2 1.41 0.82 0.77 apigenin reduces the expression of
plasminogen activator inhibitor 2 (PAI2 or
SERPINB2); SERPINB2 plays an important
role in the regulation of adaptive immunity,
is a direct downstream target of p53, and is
activated during DNA damage response;
SERPINB2 is used as marker of cell
senescence; SERPINB2 is activated in
response to various toxic stimuli and inhibits
self-renewal, migration, and differentiation
potential of human stem cells

Lee et al.39

VDR 1.44 0.78 1.12 apigenin treatment promoted cell survival
and decreased LPS-induced inflammation
and the production of NFkB, VDR, COX2,
and iNOS in mesenchymal stem cells and
human keratinocytes

Zhang et al.40

DUSP5 0.79 1.53 2.14 DUSP5 and DUSP6 are dual specificity
phosphatases that dephosphorylates and
inhibit Erk1 activity; apigenin inhibits Erk1,
increases AURKB levels, and promotes the
expression of DUSP5 and DUSP6

Boeckx et al.41

AURKB 1.02 1.90 1.88
treatment induced an overexpression of gene sets associ-

ated with G2/M cell-cycle transition and positive regula-

tion of cell proliferation, particularly through polo-like ki-

nase pathway when compared to untreated euploid and

T21 amniocytes.

Upstream Regulators in Untreated and Apigenin-Treated T21

Amniocytes

IPA upstream regulator analysis in untreated T21 amnio-

cytes predicted the activation of interferon gamma

(IFNG) (interferon signaling) and IKBKB and TLR4 (NFkB

signaling) and the inhibition of VEGFA (chemokine activ-

ity and regulation of angiogenesis), APP (neurite

outgrowth), TP53 (DNA damage-repair), PTGER 2 and

PTGER4 (regulation of inflammatory response), and

HIF1A (regulation of hypoxia) (Table S7A).

After apigenin treatment, IFNG and NFkB signaling were

inhibited in T21 to a level comparable to untreated euploid

amniocytes. In addition, apigenin induced an overexpres-

sion of G2/M cell transition markers through the activa-

tion of HGF and PTGER2 through E2F1 and E2F2 (tran-

scription activators and G1/S cell-cycle transition

regulators). In contrast, BNIP3L (response to hypoxia)

and IRGM1 (immune response) were predicted to be signif-

icantly inhibited (Tables S7B and S7C).
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Effects of Apigenin Treatment in the Ts1Cje Mouse

Natural History

When measured on embryonic days 10.5 and 15.5 (E10.5

and E15.5), WT dams fed powdered chow and powdered

chow plus apigenin gained similar amounts of weight. At

E15.5, they had an average of 7.2 (17 litters /123 embryos)

and 7.8 (8 litters /63 embryos) embryos per litter,

respectively.

At E15.5, in the untreated dams, the ratio of WT (49.6%)

and Ts1Cje (50.4%) embryos followed Mendelian inheri-

tance. In the apigenin-treated dams, 61.9% of embryos

were WT, whereas only 38.1% were Ts1Cje by genotyping

(Fisher’s exact test, p ¼ 0.06) (Figure S2A). These ratios did

not change postnatally (Figure S2B). Apigenin treatment

did not induce any significant effects in the weights or

crown-rump lengths of E15.5 embryonic mice (Figures

S2C and S2D). No increase in deaths or congenital anoma-

lies was observed after apigenin treatment in both Ts1Cje

and WT pups.

A two-way ANOVA showed a statistically significant ef-

fect of the genotype on body weight throughout the pre-

weaning period for both untreated and apigenin-treated

pups [F(3,1718) ¼ 378.7, p < 0.0001, h2 ¼ 237.6]. Similar

to what has previously been observed for body weight,
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Table 2. Summary of Dysregulated Signaling Pathways and Cellular Processes in Untreated and Apigenin-Treated Amniocytes

Signaling Pathway/Cellular Processes
T21 Untr/
Eup Untr

T21 Apig/
T21 Untr

T21 Apig/
Eup Untr

Ts1Cje Untr/
Eup Untr

Ts1Cje Apig/
Ts1Cje Untr

Ts1Cje Apig/
Eup Untr

Nucleosome/nucleoplasm [[ [[[ [[[[ unchanged [[[ [[[

RNA-polymerase-I-dependent transcription [[[ unchanged [[[ unchanged unchanged unchanged

Negative regulation of transcription YYY unchanged [[[ unchanged [ [

RNA-polymerase-II-dependent transcription YYY [[[ unchanged unchanged [ [

G1/S transition of mitotic cell-cycle
progression

[[[ unchanged [[[ unchanged [[[ [[[

G2/M transition of mitotic cell cycle YY [[[ [[[ YY [[[ [[[

Mitotic role of polo-like kinase Y [[[ [[[ unchanged [[[[ [[[[

G-protein signaling [[[ YYYY YYY [[[YYY YYY YYY

Proteolysis [[[ unchanged [[[ YYY unchanged YYY

Response to hypoxia YYY unchanged YYY [[ unchanged [[

Interferon signaling [[ YY unchanged [[[[ YY [[

Immune response [[ YY unchanged unchanged Y Y

NFkB signaling pathway unchanged Y YY YY unchanged YY

STAT signaling pathway [ YY unchanged [[ unchanged [[

Steroid hormone biosynthesis unchanged unchanged unchanged YYY unchanged YY

Synaptogenesis unchanged unchanged unchanged [[[ YYY unchanged

SLC-amino acid transport unchanged unchanged unchanged YY unchanged YY

Aryl hydrocarbon receptor signaling unchanged unchanged unchanged unchanged [[ [[

Opioid signaling pathway unchanged unchanged unchanged unchanged YYY YYY

Dopamine DARPP32 feedback in cAMP
signaling

unchanged unchanged unchanged unchanged YYY YYY

nNOS signaling in neurons unchanged unchanged unchanged unchanged YYY YYY

CREB signaling in neurons unchanged unchanged unchanged unchanged YYY YYY

Levels of upregulation and downregulation are represented by fold enrichment, normalized enrichment score (NES) in DAVID, IPA, and GSEA. Unchanged, p >
0.05; [, upregulation with p < 0.05; [[, upregulation with p < 0.01; [[[, upregulation with p < 0.001; Y, downregulation with p < 0.05; YY, downregulation
with p < 0.01; YYY, downregulation with p < 0.001. Eup Untr, untreated euploid amniocytes; T21 Untr, untreated trisomy 21 amniocytes; Eup Apig, apigenin-
treated euploid amniocytes; T21 Apig, apigenin-treated trisomy 21 amniocytes.
Ts1Cje untreated and apigenin-treated pups were smaller

in length compared to their WT littermates. Tukey’s multi-

ple comparison test showed that apigenin treatment did

not have a significant effect on Ts1Cje pup growth (p ¼
0.72) but caused a slight weight increase (p ¼ 0.04) in

WTApig versus WTPow (Figures S2E and S2F).

Embryonic Forebrain Global Gene Expression Analysis

DEXGenes. For gene expression analysis, three groups were

compared: (1) the pups of untreated dams compared by ge-

notype (Ts1CjePow versus WTPow), (2) Ts1Cje pups that

were treated (Apig) versus untreated (Pow), and (3) Ts1Cje

treated pups versus untreated WT. In some experiments,

WTApig and WTPow were also analyzed.

Overall, apigenin treatment induced similar expression

changes in both coding andnon-coding genes in Ts1CjeApig
(1,399 DEXs versus Ts1CjePow) and WTApig (906 DEXs

versus WTPow). Even though the number of DEX genes

was lower in theWTApig, PCAdemonstrated that the regula-

tion direction of genes affected by apigenin was similar
The American
between Ts1CjeApig and WTApig littermates (Figure 2B and

Table S8C).

In Ts1CjePow versus WTPow embryonic forebrain, 63 pro-

tein-coding genes were differentially regulated. Forty-two

of these genes mapped to the Ts1Cje aneuploid regions

(38 genes on Mmu16 and 4 on Mmu12) (Table S8A). Nine-

teen of the DEXs mapped to chromosomes other than

Hsa21 orthologs (Figure 2C).

In Ts1CjeApig versus Ts1CjePow embryonic forebrain

(Figure 2C, Tables S8A–S8B) the expression of seven

Mmu16 orthologous genes (Dscam, Kcnj6, Pcp4, Ets2,

Il10rb, Cav1, and Dtna) was partially corrected (expres-

sion decreased after treatment by >30%) (Figure 2D)

and four genes (Brwd1, Mis18a, Gart, and Hunk) were

amplified (expression increased after treatment by

R30%). These partially corrected and amplified genes

were not specifically affected in Ts1CjeApig but followed

similar regulation direction in the WTApig versus WTPow

(Table S8C).
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Importantly, apigenin-treated Ts1Cje embryonic fore-

brain showed a significant upregulation of genes impli-

cated in neural stem cell proliferation (Nestin, Sox2, Sox5,

Kif4, Prom1, Pax6, Mcm2, Ect2, Gli3, and Ccnd2) and pro-

neural genes (Neurog1, Neurog2, Nhlh1, and Nhlh2) impli-

cated in cell fate determination (Table S8C).

Embryonic Forebrain Pathway Dysregulation

Because of the low number of DEX genes in the Ts1CjePow/

WTPow comparison, we examined the MEX gene lists

(Table S9) for pathway analysis with the GSEA, DAVID,

and IPA databases (Table S10–S12).

Untreated Ts1Cje embryonic forebrain exhibited a sig-

nificant upregulation of immune response, interferon

signaling, Jak-Stat signaling, hypoxia through Hif1a and

synaptogenesis (Tables 2 and S10–S12). Dysregulation of

G-protein-coupled receptor activity (mainly olfactory re-

ceptor activity) and significant downregulation of gene

sets associated with cell proliferation (G2/M cell-cycle tran-

sition), SLC-mediated amino acid transport, and regulation

of translation were also found.

Apigenin treatment reduced the immune response over-

activation in Ts1Cje forebrain. It had a pleiotropic effect re-

sulting in a partial improvement of some of the above-

mentioned pathways, including Jak-Stat signaling, NFkB

signaling, and Slc-amino acid transport (Tables 2 and

S10–S12). Apigenin also induced a significant downregula-

tion of GPCR signaling but did not have any significant ef-

fects on regulation of hypoxia through Hif1a (Table 2).

Additionally, gene sets associated with cell-cycle progres-

sion (G2/M cell-cycle transition and polo-like kinase

signaling), DNA-damage repair, and kinetochore organiza-

tion were over-compensated by apigenin treatment.

Finally, apigenin significantly inhibited the p53 signaling,

opioid signaling, nNOS signaling, and Creb signaling path-

ways (Tables 2 and S10–S12).

Embryonic Forebrain Upstream Regulators. IPA upstream

regulator analysis revealed that untreated Ts1Cje embry-

onic brains exhibit an overactivation of Ago2 (transcrip-

tion repression). Treatment with apigenin was not pre-

dicted to affect Ago2 in Ts1Cje embryos. In untreated

Ts1Cje, NFkB signaling and Tp53 (DNA damage-repair)

were predicted to be overactivated, which apigenin was

predicted to inhibit (Table S13). Apigenin treatment was

also predicted to upregulate Vegfa (angiogenesis signaling).

Apigenin also promoted the expression of G/2Mmarkers

through the activation of Ptger2 and HGF receptors and

E2f1 transcription factor close to what has been observed

in apigenin-treated T21 amniocytes (Table S13).

Inflammatory, Angiogenesis, and Neurotrophic Protein Levels

To validate the gene expression and pathway analyses sug-

gesting that apigenin has potent anti-inflammatory and

VEGF stimulating effects, we measured the levels of several

pro-inflammatory (INFG, IL1A, IL12P70, and IL6) and anti-

inflammatory (IL10 and IL12P40) cytokines as well as the

angiogenic and neurotrophic factors VEGF and IL7 in api-

genin-treated versus untreated WT and Ts1Cje embryonic

and adult brains.
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In untreated E15.5 Ts1Cje embryonic forebrains

compared to those of WT littermates, Tukey’s multiple

comparison test showed higher levels of INFG, IL1A, and

IL10 (Figure 3). The expression of IL6, IL7, IL12P70,

IL12P40, and VEGFA was unaffected.

Treatment with apigenin significantly reduced the

levels of the pro-inflammatory cytokines IFNG, IL1A,

and IL12P70 (Figure 3). Additionally, apigenin induced a

significant increase in the levels of anti-inflammatory

IL12P40 and IL10 cytokines as well as the angiogenic

and neurotrophic factors IL7 and VEGFA (Figure 3). For

most cytokines, the effects of apigenin in WT E15.5 fore-

brain followed the same expression direction as for Ts1Cje

embryos.

In the untreated adult Ts1Cje cerebral cortex, there were

no changes in the levels of all the inflammatory and angio-

genesis markers when compared to their untreated WT lit-

termates. However, apigenin induced a statistically signifi-

cant decrease in NFkB and increase in IL10 levels in both

Ts1Cje and WT mice compared to powder-fed mice

(Figure S3).

Neonatal Behavior

Developmental Milestones. Ts1CjePow pups exhibited signifi-

cant delays versus WTPow littermates in acquiring early

developmental milestones and late coordination and sen-

sory maturation milestones (Table 3, Figures S4 and S5).

The percent of Ts1CjePow pups reaching criteria was signif-

icantly lower compared to WTPow littermates (Table 3, Fig-

ures S4 and S5).

Apigenin treatment partially improved several develop-

mental milestones in Ts1Cje pups, including surface right-

ing, cliff aversion, eye opening, and air righting. Addition-

ally, apigenin negatively affected strength (forelimb grasp)

and motor maturation (open field) but did not affect other

milestones (Table 3, Figures S4 and S5).

When Ts1Cje male and female pups were analyzed sepa-

rately, sex-specific differences were observed: untreated

Ts1Cje females had significant deficits in surface righting,

cliff aversion, and eye opening, whereas untreated Ts1Cje

males were not significantly delayed in these tasks,

although they followed similar trends (Figures S6 and

S7). Apigenin treatment significantly improved the

achievement of these milestones in Ts1Cje females and

negatively affected the Ts1Cje male pups’ performance in

the surface righting task.

In WT pups, apigenin negatively affected performances

in early developmental milestones, including surface right-

ing, cliff aversion, negative geotaxis, and forelimb grasp,

but it did not significantly alter late milestones (Table 3,

Figures S3 and S4).

Olfactory Spatial Memory. Ts1CjePow pups displayed sig-

nificant olfactory spatial memory deficits manifested by

significant increases in the amount of time needed to reach

the goal area in trial 1 (166.8 5 8.2 s) compared to

their WTPow littermates (134.1 5 11.4 s, p < 0.05)

(Figure 4A). Apigenin treatment significantly reduced the

time required for Ts1CjeApig mice to reach the goal area
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Figure 3. Effects of Apigenin Treatment on Inflammatory, Angiogenesis, and Neurotrophic Proteins in Ts1Cje E15.5 and WT Fore-
brain
(A–H) Luminex technology was used to analyze the expression of NFkB protein (A), pro-inflammatory cytokines IFNG (B) and IL12P70
(C), IL1A (E), anti-inflammatory cytokines Il12P40 (D) and IL10 (F), and pro-angiogenic and neurotrophic factors VEGF (G) and IL7 (H)
in E15.5 embryonic forebrain of WTPow ¼ 9, Ts1CjePow ¼ 10, WTApig ¼ 10, and Ts1CjeApig ¼ 8.
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Table 3. Effects of Apigenin Treatment on Developmental Milestones in Ts1Cje Pups

Milestone Parameter Measured WTPow (n ¼ 31) Ts1CjePow (n ¼ 19) Ts1CjeApig (n ¼ 26) WTApig (n ¼ 25)

Surface righting latency delay significant at postnatal day versus WT P6*, P7**, P8**, P9** P7*, P8**, P9* P7*, P8**, P9*

milestone day 7.03 5 1.47 8.29 5 1.45* 7.35 5 2.11 8.36 5 2.02*

Cliff aversion latency delay significant at postnatal day versus WT P5**, P6**, P7*, P8**, P9* P5*, P6*, P7*, P8* P5*, P6*, P7*, P8*

milestone day 5.71 5 1.62 7.12 5 2.20* 6.46 5 2.06 6.76 5 2.83*

Negative geotaxis latency delay significant at postnatal day versus WT P3*, P4**, P5*, P6*, P7** P4*, P5**, P6*, P7** P4*

milestone day 6.16 5 2.01 7.17 5 2.70* 7.20 5 2.27* 6.16 5 1.54

Forelimb grasp latency delay significant at postnatal day versus WT P5*, P6*, P7* P5*, P6*, P7***, P8* P6*, P7**, P8*

milestone day 7.03 5 1.30 8.12 5 1.17* 8.30 5 1.33** 8.00 5 1.15*

Open field latency delay significant at postnatal day versus WT P14*, P15**, P16*,
P17*, P18*

P14*, P15**, P16*, P17*,
P18*, P19*, P20*, P21*

ns

milestone day 13.54 5 1.84 13.82 5 1.42 14.68 5 1.83* 13.32 5 1.40

Air righting milestone day 16.48 5 1.39 18.88 5 1.67*** 18.10 5 2.02** 17.00 5 1.87

Eye opening milestone day 14.39 5 0.92 15.60 5 2.03* 14.79 5 1.36 14.36 5 0.76

Ear twitch milestone day 16.00 5 0.97 17.64 5 1.27*** 17.79 5 1.68*** 16.64 5 1.25

Auditory startle milestone day 17.12 5 1.36 18.00 5 2.00 17.58 5 1.89 16.28 5 1.62

Postnatal days at which significant delays weremeasured are indicated by the postnatal day (P) and the level of significance [* (p< 0.05), ** (p< 0.01) and *** (p<
0.001)] compared to WTPow. The average day at which each developmental milestone is reached (milestone day) is indicated. Significant differences are indicated
with the levels of significance. ns, not significant.
(139.0 5 10.3 s) versus Ts1CjePow mice (166.8 5 8.2 s, p <

0.01) (Figure 4A).When compared toWTPow (134.15 11.4

s), Ts1CjeApig mice exhibited similar performances (139.0

5 10.3 s, p¼ 0.96) in the homing test. In trial 2, Ts1CjePow
pups also took longer (152.65 9.9 s) to reach the goal area

compared to WTPow pups (113.8 5 12.3 s, p ¼ 0.02)

(Figure 4B). When compared to WTPow pups (113.8 5

12.3 s), Ts1CjeApig mice took slightly longer (132.9 5

13.6 s, p ¼ 0.32) to reach the goal area, but this difference

was not statistically significant.

Two-way ANOVA showed statistically significant effects

of apigenin treatment in trials 1 [F(3,79) ¼ 2.84, p ¼
0.043, h2 ¼ 6,561] and 2 [F(3,79) ¼ 4.34, p ¼ 0.007, h2 ¼
1,2148].

Additionally, only three Ts1CjePow (15.80%) and 11

WTPow (44%, chi-square test, p < 0.0001) pups were able

to reach the goal area in trial 1 (Figure 4C). On trial 2,

only six Ts1CjePow pups (31.58%) reached the goal area

whereas 16 WTPow (64%, chi-square test, p < 0.001) were

able to successfully perform the test (Figure 4D). Apigenin

treatment significantly improved performances of both

WTApig and Ts1CjeApig in trial 1 (61.9% of WTApig and

55.6% of Ts1CjeApig, respectively, chi-square test, p <

0.001) and trial 2 (85.7% of WTApig and 50% of Ts1CjeApig,

respectively) compared to Ts1CjePow (Figures 4C and 4D).

The performance of Ts1CjeApig neonates was not statisti-

cally different from WTPow pups.

When Ts1Cje male and female pups were analyzed sepa-

rately, trisomic males exhibited more significant deficits in

olfactory spatial memory than trisomic females. Although

apigenin treatment significantly improved olfactory
920 The American Journal of Human Genetics 107, 911–931, Novem
spatial memory in Ts1Cje males, its effects followed the

same trends in Ts1Cje females.

Adult Behavior

Locomotor Activity and Exploratory Behavior. Analysis of

adult behavior was conducted separately in males and fe-

males. In the open field test, the total distance traveled

by male Ts1CjePow mice was significantly higher (29,721

5 1,353 cm) than their WTPow littermates (23,296 5

1,019 cm, p < 0.001) (Figure 5A). Apigenin treatment

normalized locomotor behavior in Ts1Cje male mice (dis-

tance traveled ¼ 25,1175 1,443 cm) to the level of WTPow

compared to Ts1CjePow animals (p < 0.05) (Figure 5A).

Ts1CjePow females (18,871 5 1509 cm) did not show al-

terations in locomotor activity compared to WTPow (dis-

tance traveled ¼ 18,133 5 975 cm) (Figure 5B). Apigenin

treatment induced hyperactive behavior in both WTApig
(distance traveled ¼ 22,426 5 1,695 cm, p < 0.05) and

Ts1CjeApig females (distance traveled ¼ 23,266 5

1,105 cm, p < 0.01) (Figure 5B).

Hippocampal-Dependent Long-Term Memory. In the fear-

conditioning test, during the training phase, Ts1CjePow
male mice froze significantly less (18.67% 5 3.1%) after

receiving the second electrical shock compared to WTPow

(38.40% 5 3.98%, p < 0.001) (Figure 5C). Like their

male counterparts, Ts1CjePow female mice also showed a

significant decrease in percent freezing (23.21% 5

6.40%) after receiving the second electrical shock

compared to WTPow (48.10% 5 5.32%, p ¼ 0.013)

(Figure 5E).

In the testing phase, sex differences were observed. A

lower percent of freezing was exhibited by Ts1CjePow
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Figure 4. Effects of Apigenin Treatment on Spatial Olfactory Memory in Untreated and Apigenin-Treated Ts1Cje and WT Neonates
The homing test was used to investigate olfactory spatial memory in untreated and apigenin-treatedWTand Ts1Cje neonates (WTPow ¼
31, Ts1CjePow ¼ 19, WTApig ¼ 25, Ts1CjeApig ¼ 26) at postnatal day 12 in two independent trials.
(A and B) Latency to reach the goal area untreated and apigenin-treated Ts1Cje andWT neonates in trials 1 and 2. Ts1Cje neonates spent
significantly more time searching for the goal area compared to their WT littermates, suggesting spatial olfactory memory deficits in
trisomic mice. Apigenin significantly reduced latency to reach the goal area and improved spatial olfactory memory in Ts1Cje and
WT neonates.
(C and D) Percent of animals reaching the goal area during the entire testing period and 60 s time bins in trials 1 and 2. Almost 80% and
over 60% of the Ts1Cje neonates and less than 50% of apigenin-treated neonates did not reach the goal area within the 180 s trial period
in both trials 1 and 2. Apigenin treatment increased the percent of Ts1Cje and WT neonates reaching the goal area during the two first
minutes of the trials (0–60 and 61–120 s). *p < 0.05, **p < 0.01, ***p < 0.001.
male mice (21.35% 5 3.03%) versus their WTPow litter-

mates (14.13% 5 2.26%, p ¼ 0.07) during the first 60 s,

but this difference disappeared during the remaining four

minutes of the trial (Figure 5D). Apigenin treatment

induced a statistically significant increase in percent

freezing in the Ts1CjeApig male mice (28.03% 5 5.23% in

the first minute and 41.18% 5 6.54% in the second min-

ute) versus WTPow and Ts1CjePow males during the first

two minutes of testing (p < 0.05) (Figure 5D).

During the testing phase, Ts1CjePow females also ex-

hibited a slight non-significant decrease in percent freezing

(15.89% 5 2.98%) during the first minute compared to

WTPow female mice (21.65% 5 5.30%) (Figure 5F). Apige-

nin treatment did not affect percent freezing in Ts1CjeApig
The American
females (16.44% 5 3.44%) compared to untreated

Ts1CjePow females (15.89% 5 2.98%) (Figure 5F).

Motor Coordination. In Ts1Cje neonates, apigenin nega-

tively affected strength (forelimb grasp) andmotormatura-

tion (open field) but did not affect other milestones (Table

3, Figures S4 and S5).

In adults, Ts1CjePow male mice fell significantly faster at

the highest rotarod speed (86.40 5 7.81 s at 32 RPM) than

WTPow males (104.30 5 4.68 s at 32 RPM) in the static

speed trial (Figure S8A). However, Ts1CjePow females did

not show any abnormalities versus their WTPow littermates

(Figure S8B). After apigenin treatment, both male and fe-

male WTApig and Ts1CjeApig fell significantly faster from

the rotarod at 32 RPM compared to WTPow and Ts1CjePow
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Figure 5. Sex-Specific Effects of Apigenin on Exploratory Behavior and Hippocampal Memory in Untreated and Apigenin-Treated
Adult Ts1Cje and WT Males and Females
Exploratory behavior and hippocampal-dependentmemory were analyzed via the open field and fear conditioning tests, respectively, in
untreated and apigenin-treatedWTand Ts1Cje males (WTPow¼ 13, Ts1CjePow¼ 12,WTApig¼ 17, Ts1CjeApig¼ 16) and females (WTPow¼
8, Ts1CjePow ¼ 7, WTApig ¼ 14, Ts1CjeApig ¼ 12).
(A and B) Sex-specific effects in the open field test. Ts1Cje male but not female mice exhibit hyperactive behavior (higher distance trav-
eled during the 60 min trial) compared to WT littermates. Apigenin treatment rescued exploratory behavior in Ts1Cje male mice but
induced hyperactivity in WT and Ts1Cje female mice.

(legend continued on next page)
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untreated mice (p < 0.01) (Figures S8A and S8B). No nega-

tive effects of apigenin were observed at lower speeds (16

and 24 RPM). In the accelerating speed trial, Ts1CjePow
male mice also fell significantly faster (224 5 13.5 s)

than WTPow males (268.3 5 5.46 s, p < 0.01)

(Figure S8C). A similar trend, although statistically non-

significant, was observed in Ts1CjePow females (234 5

19.16 s) versus WTPow females (259.7 5 11.8 s)

(Figure S8D). Apigenin treatment did not induce any sig-

nificant adverse effects in both genotypes and genders in

the accelerating speed trial (Figures S8C and S8D).
Discussion

In this study, we provide proof of principle for the safety

and efficacy of apigenin both in vitro (T21 amniocytes)

and in vivo (Ts1Cjemousemodel). Apigenin reduced oxida-

tive stress and improved total antioxidant capacity in am-

niocytes derived from second-trimester fetuses with T21.

Apigenin also improved some aspects of postnatal behav-

ioral and cognitive outcomes in the Ts1Cje mouse model,

and sex differences were observed. Gene expression and

protein level analyses revealed that apigenin had a pleio-

tropic action and achieved its therapeutic effects partly

through repression of pro-inflammatory responses and

NFkB signaling and stimulation of anti-inflammatory,

angiogenic, and neurotrophic proteins.

Effects of Apigenin Treatment on Human Amniocytes

Improvement in Oxidative Stress/Antioxidant Capacity Imbal-

ance

There is significant transcriptomic, proteomic, and

biochemical evidence that individuals with DS exhibit an

imbalance between oxidative stress and antioxidant capac-

ity, the physiological response to oxidative stress.42–46 This

imbalance starts during fetal life, affects multiple organs,

and might contribute to the atypical brain and cognitive

phenotypes in DS.19,47–49 Here, we demonstrated that

cultured amniocytes derived from fetuses with DS exhibit

an oxidative stress (increased)/antioxidant capacity

(decreased) imbalance. Apigenin treatment reduced oxida-

tive stress and increased antioxidant capacity in T21 am-

niocytes, thus restoring normal redox homeostasis. Apige-

nin has been reported to have modulatory effects on

oxidative stress and inflammation in different cell models.

In cells exposed to reactive oxygen species and external

stressors, apigenin has pro-proliferative, anti-inflamma-

tory, antioxidant, and free radical scavenging effects.50–52

In healthy cells exposed to internal or external stressors,

apigenin exhibits cell-specific cytoprotective and neuro-

protective roles by reducing oxidative stress through its

direct free radical scavenging action, upregulation of intra-
(C–F) Contextual fear conditioning performances of untreated and a
training (C and E) and testing (D and F) trials. During the testing tr
(improved hippocampal memory) in Ts1Cje males but not in femal
**p < 0.01, ***p < 0.001.
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cellular antioxidant defenses, inhibition of endoplasmic

reticulum stress response, and activation of MAPK, Nrf2,

and UPR (unfolded protein response) signaling cas-

cades.53–56

Suppression of Chronic Inflammation and Promotion of G2/M

Cell-Cycle Progression

Untreated T21 amniocytes exhibited an upregulation of

multiple genes implicated in the pro-inflammatory process

and the activation of interferon and NFkB signaling path-

ways, including CCL2/MCP1, ICAM1 (MIM: 147840),

IL18 (MIM: 600953), MMP1, TNFRSF19 (MIM: 606122),

and TNFRSF21 (MIM: 605732). Although the role of

NFkB in the chronic inflammatory response in DS is poorly

studied, several reports have described increased plasma

levels of several pro-inflammatory cytokines, including

IL6 (MIM: 147620), IL10 (MIM: 124092), CCL2/MCP1,

TNFA (MIM: 191160), IFNG (MIM: 147570), and MMP1,

in children and both non-demented and demented adults

with DS, suggesting their use as potential biomarkers for

disease progression.57–59

Apigenin treatment significantly reduced the expression

of several pro-inflammatory genes, includingCCL2,MMP1,

IL1A, NFKBIZ (MIM: 608004), INHBA (MIM: 147290), and

VCAM1 (MIM: 192225), in T21 amniocytes. Multiple

in vitro studies reported significant reduction of pro-inflam-

matory molecules (TNFA [MIM: 191160], CCL2, IL1A, IL6

[MIM: 147620], IL1B [MIM: 147720], ICAM1, and VCAM1

[MIM: 192225]) after treatment with apigenin.60–62

Both in vitro and in vivo, gene expression analyses

showed that apigenin promoted the G2/M cell-cycle tran-

sition through the polo-like kinase cascade activation and

through polymerase-II-dependent transcription RNA,

significantly inhibited the pro-inflammatory response

and NFkB signaling pathway, and downregulated G-pro-

tein signaling. In T21 amniocytes, apigenin induced a sig-

nificant upregulation of multiple genes, including CDK1

(MIM: 116940), NEK2 (MIM: 604043), AURKA (MIM:

603072), AURKB (MIM: 604970), CCNB1 (MIM: 123836),

CCNB2 (MIM: 602755), CDC25A (MIM: 116947),

CDC25C (MIM: 157680), BIRC5 (MIM: 603352), and

CDC20 (MIM: 603618), that promote entry into M

phase.63,38

Effects of Apigenin Treatment in the Ts1Cje Mouse

Because of the complexity and high cost of lifespan studies

in treated mice, we only used a single (high) dose of apige-

nin to evaluate its effects. The high dose, however, ap-

peared to be safe because it did not increase pup loss or

congenital anomalies.

Changes in Hsa21 Orthologous Genes in the Embryonic Fore-

brain

Apigenin treatment induced significant gene expression

changes in the embryonic Ts1Cje forebrain. Several
pigenin-treated male and female Ts1Cje and WT mice during the
ial, apigenin treatment significantly increased percent of freezing
e Ts1Cje mice during the first two minutes of testing. *p < 0.05,
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Mmu16 genes were partially compensated by apigenin,

including Dscam, Kcnj6, Pcp4, Ets2, Il10rb, Cav1, and

Dtna. Although the contribution of some of these genes

(i.e., Il10rb,Cav1, andDtna) to the DS phenotype is still un-

known, the remaining genes (Dscam, Kcnj6, Pcp4, and Ets2)

have been reported to be highly expressed in the devel-

oping brain and overexpressed in brains from individuals

with DS. Their overexpression or deletion is associated

with cognitive and/or motor deficits in transgenic mouse

models.64–69

Apigenin Promotes G2/M Cell-Cycle Transition and Pro-

neurogenic Gene Expression

Although untreated Ts1Cje embryonic brain showed a less

marked cell-cycle gene dysregulation than amniocytes,

apigenin treatment targeted similar cell-cycle genes

in vitro and in vivo. Indeed, apigenin treatment resulted

in a significant upregulation of polo-like kinase signaling

and overexpression of Ccnb1, Ccnb2, Cdk1, Racgap1, and

Prc1, thus promoting G2/M cell-cycle transition in T21 am-

niocytes and Ts1Cje embryonic forebrains. Interestingly,

apigenin treatment induced significant upregulation of

pro-neurogenic genes (Nestin, Sox2, Sox5, Prom1, Pax6,

Mcm2, Ect2, and Gli3) and proneural genes (Neurog1, Neu-

rog2, Nhlh1, and Nhlh2).

Our study is the first to administer apigenin prenatally

and to demonstrate that it promotes the expression of

pro-neurogenic genes. A prior study investigated the pro-

neurogenic effect of apigenin in the adult mouse brain.70

Daily intraperitoneal injection of apigenin for 10 consecu-

tive days improved hippocampal-dependent memory in

the Morris water maze test and significantly promoted

neurogenesis in the dentate gyrus of adult mice. In a

more recent study, intraperitoneal injection of luteolin,

the major metabolite of apigenin, promoted hippocampal

neurogenesis, significantly increased the expression ofNes-

tin, and improved spatial memory deficits in adult Ts65Dn

mice.71

Anti-inflammatory Actions of Apigenin

Similar to our results in T21 amniocytes, Ts1Cje embryonic

forebrain exhibited increased neuroinflammation through

overactivationof interferon signaling and its regulated genes

(e.g., Ifitm3, Ifi6, andOas1) andoverproductionof thepro-in-

flammatory cytokine IL1A. Prenatal apigenin treatment

significantly reduced this neuroinflammation through

downregulation of IFNGproduction andNFkBprotein level.

In Ts1Cje mice, apigenin resulted in a significant upregula-

tion of Chuk/Ikka (a key kinase negative regulator of NFkB)

and downregulation of Irak1bp1 and Tbkbp1 (which plays a

role in activating NFkB signaling) gene expression.

Consistent with our findings, the anti-inflammatory ac-

tion of apigenin has been previously reported in the liter-

ature.72–75 Most in vivo studies have reported inhibition

of the NFkB signaling pathway and suppression of pro-in-

flammatory cytokines, including IFNG, TNFA, and IL6 in

rodent models of different CNS insults, including Parkin-

son disease (PD [MIM: 168600]) and Alzheimer disease

(AD [MIM: 104300]).
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Overactivation of interferon signaling has emerged in the

recent years as partly responsible for the chronic inflamma-

tion in individuals with DS.28,76 Analysis of gene expression

changes in multiple cell types, including skin fibroblasts,

lymphoblastoid cell lines, primary monocytes, and T cells

have highlighted significant activation of interferon

signaling and increased expression of interferon stimulated

genes (ISGs), including interferon activated transcription

factors or IRFs.28 When stimulated with interferons, cells

from individuals with DS showed higher sensitivity and

exacerbated overactivation of interferon signaling and

increased expression of ISGs.28,77 Zhang et al. performed a

meta-analysis of 19 studies that investigated inflammatory

cytokines in 957 individuals with DS and 541 euploid indi-

viduals.78 They demonstrated that the levels of the pro-in-

flammatory cytokines IFNG, IL1B, and TNFA were signifi-

cantly increased in individuals with DS.

In addition to the negative regulation of IFNG and NFkB,

our cytokine data demonstrated that apigenin treatment

normalized the ratio of IL12P70 (IL12)/IL12P40 by

lowering production of the pro-inflammatory cytokine

IL12P70 and increasing production of the anti-inflamma-

tory cytokine IL12P40 in Ts1Cje embryonic brain.

Multiple studies have shown that increased activation of

IL12R by IL12P70 is correlated with IFNG overproduction

as a result of an inflammatory insult via lipopolysaccharide

treatment, via brain infection with a scrapie agent, and in

mouse models of AD.79–81 The anti-inflammatory cytokine

IL12P40 acts as an antagonist of IL12P70 to inhibit IL12R

signaling by binding its b subunit, thus reducing IFNG pro-

duction.81,82 Several studies reported that apigenin treat-

ment significantly suppressed IL12 signaling activation

in lipopolysaccharide treated macrophages, dendritic cells,

and periodontal ligament cells.83,84

Apigenin treatment also increased the production of

IL10 in Ts1Cje embryonic brain above baseline. In adult

Ts1Cje brains, the anti-inflammatory actions of apigenin

were less pronounced than in the embryonic forebrain

and were only restricted to the overproduction of the

potent anti-inflammatory cytokine IL10 without affecting

the expression of IFNG, NFkB, and IL1A signaling. These

differences in apigenin action during the prenatal and

adult stages require further investigation.

Several studies have reported increased levels of the anti-

inflammatory cytokines IL10 and IL4 in blood samples ob-

tained from children with DS compared to typically devel-

oping children, suggesting that individuals with DS

develop an anti-inflammatory state at early stages as a

compensatory mechanism to modulate their immune sys-

tem.85–87 In adults with DS, however, the levels of IL10 are

significantly lower while levels of pro-inflammatory cyto-

kines remained significantly higher compared to euploid

individuals.88,89

In Ts1Cje mice, life-long treatment with apigenin contin-

uously promotes the production of IL10, suggesting that it

may prevent long-term inflammatory-induced damage to

promote brain development and cognitive outcomes.
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Zhang et al.90 used a mouse model of autoimmune myocar-

ditis to show that apigenin significantly increases the pro-

duction of anti-inflammatory IL10 and IL4 cytokines and

represses IFNG, TNFA, and IL2 pro-inflammatory cytokines.

In a second study, apigenin significantly increased the pro-

duction of the anti-inflammatory cytokines IL10 and TGFb

and reduced the production of the pro-inflammatory cyto-

kines TNFA, IL1b, and IL6 in a mouse model of sepsis.91

Dourado et al.92 reported that apigenin had neuroprotective

effects in IL1b, LPS, and Ab oligomer-treated fetal cortical

neurons through the modulation of microglial activation

and increased expression of IL10.

In summary, our in vitro and in vivo gene and protein

expression studies suggest that apigenin has significant

anti-inflammatory effects that might play a key role in

improving brain development and post-natal cognitive

outcome in DS. Although apigenin treatment improved

similar pathways in vitro and in vivo, the genome-wide ef-

fects of the treatment weremore pronounced in the Ts1Cje

mouse model. One potential reason for this might be

related to the high dose of apigenin that was administered

in vivo to ensure that it crossed the placenta and the blood

brain barrier to achieve therapeutic effects in the devel-

oping fetus. Another potential explanation might be that

the in vivometabolism of apigenin and its subsequent con-

version to luteolin could have amore potent effect on gene

expression and behavioral outcomes. As a cell type, amnio-

cytes only moderately respond to apigenin in vitro. Future

studies will investigate whether the effects of apigenin and

its major metabolite luteolin are stronger when evaluated

on neural stem cells differentiated from patient-derived

induced pluripotent stem cells (iPSCs).

Induction of Pro-angiogenic and Neurotrophic Factors by Api-

genin in the Ts1Cje Embryonic Brain

Prenatal apigenin treatment significantly increased the

levels of VEGFA in Ts1Cje embryonic forebrain compared

to untreatedWTand Ts1Cje embryos. VEGFA has neurotro-

phic, neuroprotective, and angiogenic properties and is

expressed in endothelial cells, perivascular macrophages,

neurons, and astrocytes.93,94 VEGFA is produced in neuroe-

pithelial cells in the subventricular zone and in the deeper

layers of the cortical plate at mid-gestation in humans and

rodents. Its levels correlate with the onset of brain angiogen-

esis and corticogenesis in those two species.95–97 In mice,

knockout of VEGFA or its receptor FLT1 results in defective

vascular development and embryonic lethality aroundmid-

gestation.98–100 Tetracycline-dependent overexpression of

VEGF in the mouse forebrain enhanced neurogenesis and

angiogenesis and improved hippocampal-dependent mem-

ory and long-term potentiation.101

Clinical studies have demonstrated that high levels of

VEGF in the cerebrospinal fluid correlate with a slower

age-dependent cognitive decline and a larger hippocampal

volume.102,103 Compared to euploid fetuses, second-

trimester fetuses with DS have low levels of VEGF and

high levels of NO in amniotic fluid and mesenchymal

stem cells.104,105
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In rodent models of transient ischemia/reperfusion and

hypoxia, gene therapy either by direct injection into the

brain via adenoviral vector or transplantation of neural

stem cells making human recombinant VEGF resulted in

a significant increase in angiogenesis, improved neurogen-

esis, reduction of the infarct volume, and improvement of

cognitive outcomes.106,107 In fetal growth-restricted

guinea pig and sheep models, maternal therapy with the

human recombinant VEGF increased fetal, brain, liver,

and lung weight along with an increase in the number of

newly formedmicrovessels producing VEGF in the subven-

tricular zone (SVZ), periventricular, white matter, corpus

callosum, and cerebral cortex.108,109

Finally, apigenin also induced a significant upregulation

of IL7 in the Ts1Cje embryonic brain compared to un-

treated WT and Ts1Cje. IL7 is a hematopoietic cytokine

that not only regulates B and T lymphocytes but also plays

a neurotrophic role and is expressed in human neuronal

progenitors and in the developing human brain.110 Treat-

ment of primary hippocampal neuron cultures with

increasing concentrations of IL7 significantly enhanced

short-term (DIV1) and long-term (DIV7) neuronal survival

in a dose-dependent manner.111 Michaelson et al.112

demonstrated that IL7 is expressed by astrocytes while

IL7 receptor (IL7R) is expressed at the surface of neural pro-

genitor cells of the subventricular zone during embryonic

brain development. They also showed that treatment of

embryonic cortical, hippocampal, and cerebellar neuronal

cultures with IL7 enhanced neuronal survival and pro-

moted neurite outgrowth in differentiating neurons.

Our in vitro and in vivo data suggest that apigenin might

improve Ts1Cje embryonic brain development through its

synergistic anti-inflammatory, pro-angiogenic, and neuro-

trophic actions.

Prenatal Apigenin Treatment and Behavioral Outcomes

Prenatal treatment with apigenin improved several aspects

of neonatal and adult behaviors. Although the effects of api-

genin on early neonatal behavior were unknown until the

present study, several studies have demonstrated that apige-

nin and its most abundant metabolite, luteolin, improve

behavioral deficits in rodent models of epilepsy and depres-

sion. Apigenin and luteolinhad significant anxiolytic effects

in the elevated plus maze, forced swim test, and tail suspen-

sion test.113,114 In other rodentmodels ofneurodegenerative

diseases (rotenone-induced PD and streptozotocin-induced

AD models), epilepsy, and cerebral ischemia, apigenin and

luteolin significantly improved hippocampal spatial mem-

ory in the Morris water maze test.29,72,115,116

Treatment with a high dose of apigenin improved

exploratory behavior and hippocampal learning, yet it

also had negative effects on motor coordination in both

Ts1Cje males and females, as well as in some WT animals.

Anusha et al.72 demonstrated beneficial effects of apigenin

treatment at low doses (10 and 20 mg/kg, intraperitoneally

[i.p.]) on motor coordination in a rotenone-induced rat

model of PD. Treatment with high doses of apigenin or lu-

teolin, however, inhibited motor function and induced
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Figure 6. Proposed Mechanisms of Action of Apigenin in the Brains of People with Trisomy 21
(A) Three copies of chromosome 21 are associated with increased oxidative stress, neuroinflammation, and reduced neurogenesis.
Combining gene and protein expression data from human T21 amniocytes and embryonic forebrain of the Ts1Cje mouse model, we
propose that the increased production of reactive oxygen species (ROSs) and pro-inflammatory cytokines (e.g., IFNG, IL1A, and
CCL2) by reactive astrocytes and active microglia as well as cell-cycle delays in neural stem cells (NSCs) result in reduced neurogenesis
and a lower number of mature neurons in the brain, which ultimately leads to microcephaly and intellectual disability.
(B) Apigenin treatment has pleiotropic actions by promoting anti-inflammatory IL10/IL10R signaling, reducing neuroinflammation
through inhibition of NFkB, IFNG/IFNGR, CCL2/CCR2, IL1A/IL1AR, and IL12R signaling, promoting the expression of proneural genes
in NSCs, and increasing angiogenesis through the activation of VEGF signaling. We propose that apigenin’s anti-inflammatory effects
are triggered via blocking the activation of astrocytes and promoting the M2 (anti-inflammatory and neuroprotective) microglia pheno-
type over the M1 (pro-inflammatory and neurotoxic) phenotype.
mild sedative effects in mice and rats.114 The negative ef-

fects of high apigenin doses on motor development and

coordination in neonatal and adult mice might be the

result of its off-target effects and previously reported seda-

tive effect. Further studies are needed to investigate specific

dose responses. Future experiments are planned to eval-

uate lower doses of apigenin; we will closely monitor mo-

tor development and coordination after treatment
926 The American Journal of Human Genetics 107, 911–931, Novem
throughout the lifespan. This applies to WT as well as the

trisomic mice. In human studies, however, a euploid fetus

would not be exposed to treatment.

Importantly, prenatal apigenin treatment had sex-spe-

cific effects in some adult behavioral tests, such as open

field and fear conditioning. To our knowledge, no other

studies have investigated the sex-specific effects of treat-

ment with polyphenols in rodent models of CNS
ber 5, 2020



diseases. Further studies are needed to validate this

finding. Gradoltto et al.117 studied sex- and age-specific

differences in apigenin metabolism in rats after a single

oral 10 mg dose. In mature males, glucuronated and

sulfated derivatives of apigenin were present, but they

were present in inverse proportions when compared to

females and immature males and females, suggesting

that sex-specific differences in behavioral outcomes after

treatment might be the results of sex-specific differences

in metabolism. Our studies stress the importance of

evaluating the effects of treatment with polyphenols

in both males and females because of their estrogenic

potential.118

Proposed Apigenin Mechanisms of Action to Improve Brain

Development and Cognition in DS

The results of the in vitro and in vivo treatment experiments

described here suggest that apigenin’s mechanism of ac-

tion (Figure 6) might be the result of the synergetic effects

of the following qualities of apigenin.

(1) ROS scavenger properties, which reduce oxidative

stress and increase antioxidant responses in neural

stem cells and neurons, thus reducing oxidative

damage and neuronal death.

(2) Increased production of the potent anti-inflamma-

tory cytokines IL10 and IL12P40 and decreased

pro-inflammatory cytokines (IL1A, IFNG, and

IL12P70) and NO production through NFkB and

iNOS inhibition in microglia and astrocytes. We pro-

pose that apigenin’s anti-inflammatory effects are

triggered via blocking the activation of astrocytes

and promoting the M2 (anti-inflammatory and neu-

roprotective) microglia phenotype over the M1 (pro-

inflammatory and neurotoxic) phenotype.

(3) Promotion of angiogenesis and neural progenitors

and neuronal survival via VEGF and IL7 signaling

pathways.

(4) Pro-proliferative actions mediated via increased

expression of many G2/M cell-cycle phase and

neurogenic markers, including PRC1, PLK1,

CCNB1, CCNB2, RACGAP, KI67, Nestin, SOX2, and

PAX6, to cite only a few.

In summary, our in vitro and in vivo experiments depicted

a complex pleiotropic mechanism of action of apigenin on

several pathways that might improve brain development

and postnatal cognitive outcome in DS.

Conclusions

Combining an integrated human/murine approach and

the Connectivity Map database, we identified apigenin as

a candidate prenatal treatment for DS. We demonstrated

that apigenin is a safe treatment that can rescue oxidative

stress and total antioxidant capacity imbalance in human

amniocytes from fetuses with T21. It also improved several

postnatal behavioral deficits in the Ts1Cje mouse model.

We also showed that apigenin achieves its therapeutic ac-
The American
tion by triggering the expression of neurogenic genes, sup-

pressing inflammation via inhibiting NFkB, and reducing

the production of pro-inflammatory cytokines while pro-

moting the production of anti-inflammatory cytokines

and angiogenic and neurotrophic factors. These in vitro

and in vivo studies provide proof of principle that apigenin

has therapeutic effects in preclinical models of DS.
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É., Kovács, G.G., and Seress, L. (2012). Impaired myelination

of the human hippocampal formation in Down syndrome.

Int. J. Dev. Neurosci. 30, 147–158.

10. Hepper, P.G., and Shahidullah, S. (1992). Habituation in

normal and Down’s syndrome fetuses. Q. J. Exp. Psychol. B

44, 305–317.

11. Guedj, F., Bianchi, D.W., and Delabar, J.M. (2014). Prenatal

treatment of Down syndrome: a reality? Curr. Opin. Obstet.

Gynecol. 26, 92–103.

12. Stagni, F., Giacomini, A., Guidi, S., Ciani, E., and Bartesaghi,

R. (2015). Timing of therapies for Down syndrome: the

sooner, the better. Front. Behav. Neurosci. 9, 265.

13. Gardiner, K.J. (2014). Pharmacological approaches to

improving cognitive function in Down syndrome: current

status and considerations. Drug Des. Devel. Ther. 9, 103–

125.

14. Lee, S.E., Duran-Martinez, M., Khantsis, S., Bianchi, D.W.,

and Guedj, F. (2020). Challenges and Opportunities for

Translation of Therapies to Improve Cognition in Down Syn-

drome. Trends Mol. Med. 26, 150–169.

15. Rice, D., and Barone, S., Jr. (2000). Critical periods of vulner-

ability for the developing nervous system: evidence from hu-

mans and animal models. Environ. Health Perspect. 108

(Suppl 3 ), 511–533.

16. Meredith, R.M. (2015). Sensitive and critical periods during

neurotypical and aberrant neurodevelopment: a framework

for neurodevelopmental disorders. Neurosci. Biobehav. Rev.

50, 180–188.

17. Guidi, S., Stagni, F., Bianchi, P., Ciani, E., Giacomini, A., De

Franceschi, M., Moldrich, R., Kurniawan, N., Mardon, K.,

Giuliani, A., et al. (2014). Prenatal pharmacotherapy rescues

brain development in a Down’s syndrome mouse model.

Brain 137, 380–401.

18. Incerti, M., Horowitz, K., Roberson, R., Abebe, D., Toso, L.,

Caballero, M., and Spong, C.Y. (2012). Prenatal treatment

prevents learning deficit in Down syndrome model. PLoS

ONE 7, e50724.

19. Ash, J.A., Velazquez, R., Kelley, C.M., Powers, B.E., Ginsberg,

S.D., Mufson, E.J., and Strupp, B.J. (2014). Maternal choline

supplementation improves spatial mapping and increases

basal forebrain cholinergic neuron number and size in aged

Ts65Dn mice. Neurobiol. Dis. 70, 32–42.
928 The American Journal of Human Genetics 107, 911–931, Novem
20. Slonim, D.K., Koide, K., Johnson, K.L., Tantravahi, U.,

Cowan, J.M., Jarrah, Z., and Bianchi, D.W. (2009). Functional

genomic analysis of amniotic fluid cell-free mRNA suggests

that oxidative stress is significant in Down syndrome fetuses.

Proc. Natl. Acad. Sci. USA 106, 9425–9429.

21. Guedj, F., Pennings, J.L., Massingham, L.J., Wick, H.C., Sie-

gel, A.E., Tantravahi, U., and Bianchi, D.W. (2016). An inte-

grated human/murine transcriptome and pathway approach

to identify prenatal treatments for Down syndrome. Sci. Rep.

6, 32353.

22. Lamb, J., Crawford, E.D., Peck, D., Modell, J.W., Blat, I.C.,

Wrobel, M.J., Lerner, J., Brunet, J.P., Subramanian, A., Ross,

K.N., et al. (2006). The ConnectivityMap: using gene-expres-

sion signatures to connect small molecules, genes, and dis-

ease. Science 313, 1929–1935.

23. Venigalla, M., Gyengesi, E., and Münch, G. (2015). Curcu-

min and Apigenin - novel and promising therapeutics

against chronic neuroinflammation in Alzheimer’s disease.

Neural Regen. Res. 10, 1181–1185.

24. Venigalla, M., Sonego, S., Gyengesi, E., Sharman, M.J., and

Münch, G. (2016). Novel promising therapeutics against

chronic neuroinflammation and neurodegeneration in Alz-

heimer’s disease. Neurochem. Int. 95, 63–74.

25. Kalivarathan, J., Chandrasekaran, S.P., Kalaivanan, K., Rama-

chandran, V., and Carani Venkatraman, A. (2017). Apigenin

attenuates hippocampal oxidative events, inflammation and

pathological alterations in rats fed high fat, fructose diet. Bio-

med. Pharmacother. 89, 323–331.

26. Rezai-Zadeh, K., Ehrhart, J., Bai, Y., Sanberg, P.R., Bickford, P.,

Tan, J., and Shytle, R.D. (2008). Apigenin and luteolinmodu-

late microglial activation via inhibition of STAT1-induced

CD40 expression. J. Neuroinflammation 5, 41.

27. Aziz, N.M., Guedj, F., Pennings, J.L.A., Olmos-Serrano, J.L., Sie-

gel, A.,Haydar, T.F., andBianchi,D.W. (2018). Lifespananalysis

of brain development, gene expression and behavioral pheno-

types in theTs1Cje, Ts65DnandDp(16)1/Yeymousemodels of

Down syndrome. Dis. Model Mech. 11, dmm031013.

28. Sullivan,K.D., Lewis,H.C.,Hill, A.A., Pandey,A., Jackson, L.P.,

Cabral, J.M., Smith, K.P., Liggett, L.A., Gomez, E.B.,Galbraith,

M.D., DeGregori, J., and Espinosa, J.M. (2016). Trisomy 21

consistently activates the interferon response. Elife5, e16220.

29. Zhao, L., Wang, J.L., Liu, R., Li, X.X., Li, J.F., and Zhang, L.

(2013). Neuroprotective, anti-amyloidogenic and neurotro-

phic effects of apigenin in an Alzheimer’s disease mouse

model. Molecules 18, 9949–9965.

30. Benjamini, Y., and Hochberg, Y. (1995). Controlling the false

discovery rate: a practical and powerful approach to multiple

testing. J. R. Stat. Soc. B. 57, 289–300.
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N., Ceccatelli, S., Seyfert-Margolies, V., Fritsche, E., and

Maeurer, M.J. (2010). Interleukin-7 (IL-7) and IL-7 splice var-

iants affect differentiation of human neural progenitor cells.

Genes Immun. 11, 11–20.

111. Araujo, D.M., and Cotman, C.W. (1993). Trophic effects of

interleukin-4, -7 and -8 on hippocampal neuronal cultures:

potential involvement of glial-derived factors. Brain Res.

600, 49–55.

112. Michaelson, M.D., Mehler, M.F., Xu, H., Gross, R.E., and

Kessler, J.A. (1996). Interleukin-7 is trophic for embryonic

neurons and is expressed in developing brain. Dev. Biol.

179, 251–263.

113. Sharma, P., Sharma, S., and Damanpreet, S. (2020). Apigenin

reverses behavioral impairments and cognitive decline in

kindled mice via CREB-BDNF upregulation in the hippocam-

pus. Nutr. Neurosci. 23, 118–127.

114. Crupi, R., Paterniti, I., Ahmad, A., Campolo, M., Esposito, E.,

and Cuzzocrea, S. (2013). Effects of palmitoylethanolamide

and luteolin in an animal model of anxiety/depression.

CNS Neurol. Disord. Drug Targets 12, 989–1001.

115. Tsai, F.S., Cheng, H.Y., Hsieh, M.T., Wu, C.R., Lin, Y.C., and

Peng, W.H. (2010). The ameliorating effects of luteolin on

beta-amyloid-induced impairment ofwatermazeperformance

and passive avoidance in rats. Am. J. Chin. Med. 38, 279–291.

116. Tu, F., Pang, Q., Huang, T., Zhao, Y., Liu, M., and Chen, X.

(2017). Apigenin Ameliorates Post-Stroke Cognitive Deficits

in Rats Through Histone Acetylation-Mediated Neurochem-

ical Alterations. Med. Sci. Monit. 23, 4004–4013.

117. Gradolatto, A., Basly, J.P., Berges, R., Teyssier, C., Chagnon,

M.C., Siess, M.H., and Canivenc-Lavier, M.C. (2005). Phar-

macokinetics and metabolism of apigenin in female and

male rats after a single oral administration. Drug Metab. Dis-

pos. 33, 49–54.
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Figure S 1: Effects of apigenin on cell proliferation in T21 and euploid amniocytes. Cell 

proliferation was measured using two different assays and normalized to 100 % in untreated cells. 

Effect of apigenin were analyzed on all the cell lines together (A) or separated by genotype (B). 

High doses of apigenin induced significantly reduced cell proliferation in euploid (4-5 µM) and 

T21 (5 µM) amniocytes. * (p<0.05), ** (p<0.01), *** (p<0.001). 





Figure S 2: Effects of apigenin on natural history and growth in Ts1Cje and WT littermates. 

(A-B) Embryonic and postnatal genotype distribution in untreated and apigenin-treated mice. 

Genotype distribution in the untreated group followed mendelian inheritance while only 32.8% of 

the neonates were Ts1Cje postnatally. In the apigenin-treated group, 38% of embryos were Ts1Cje 

and 62% were WT. Postnatally, the genotype distribution was similar in the untreated and 

apigenin-treated. (C-F) Embryonic and postnatal growth in untreated and apigenin-treated mice. 

Apigenin treatment did not result in significant changes in the growth profiles in Ts1Cje and WT 

mice. 





Figure S 3: Effects of apigenin treatment on inflammatory, angiogenesis and neurotrophic 

proteins in Ts1Cje and WT adult cerebral cortex. Luminex technology was used to analyze the 

expression of inflammatory proteins NFκB (A), IFNG (B), IL12P40 (C), IL1A (D), IL10 (E), and 

pro-angiogenic VEGF (F) in the adult cerebral cortex of (WTPow=10, Ts1CjePow=11, WTApig=9, 

Ts1CjeApig=9).       

 





Figure S 4: Effects of apigenin on early developmental milestones in Ts1Cje and WT 

littermates. Untreated Ts1Cje neonates exhibit significant delays in early milestones, including 

surface righting (A-B), cliff aversion (C-D), negative geotaxis (E-F) and forelimb grasp (G-H). 

Apigenin treatment partially improved Ts1Cje performance in surface righting and cliff aversion 

but did not affect performance in negative geotaxis and forelimb grasp tests. 

 





Figure S 5: Effects of apigenin on late developmental milestones in Ts1Cje and WT 

littermates. Ts1Cje neonates exhibit significant delays in late milestones, including air righting 

(C), eye opening (D), ear twitch (E). Apigenin treatment partially improved air righting and eye 

opening, but negatively affected motor development (open field). 

 





Figure S 6: Sex-Specific Effects of apigenin on early developmental milestones in Ts1Cje and 

WT littermates. 

 





Figure S 7: Sex-Specific Effects of apigenin on late developmental milestones in Ts1Cje and 

WT littermates. 

 





Figure S 8: Adverse effects of apigenin on motor coordination in untreated and apigenin-

treated adult Ts1Cje and WT males and females. Motor coordination was analyzed using the 

rotarod test in untreated and apigenin-treated WT and Ts1Cje males (WTPow=13, Ts1CjePow=12, 

WTApig=17, Ts1CjeApig=16) and females (WTPow=8, Ts1CjePow=7, WTApig=14, Ts1CjeApig=12). 

(A-B) Performance of untreated and apigenin-treated Ts1Cje and WT male and female mice in 

the static speed trial at 32 RPM. (C-D) Performance of untreated and apigenin-treated Ts1Cje 

and WT male and female mice in the accelerating speed trial (4-40 RPM). Ts1Cje males 

exhibited significant motor coordination deficits (fell off the rotarod faster) compared to their 

WT littermates, however, motor coordination was not significantly affected in Ts1Cje female 

mice. Apigenin treatment had negative effects on motor coordination in both WT and Ts1Cje 

male and female mice. * (p<0.05), ** (p<0.01), *** (p<0.001). 

 



SUPPLEMENTARY TABLES 

 

Table S 1: Karyotype and gestational age information of the human trisomy 21 (T21) and 

euploid amniocytes pairs used in this study. This table is included in the Supplementary 

Materials Word document. 

Table S 2: Effects of apigenin on differentially expressed (DEX) genes in age and sex-

matched T21 and euploid amniocytes. (2A) List of DEX genes in T21 versus euploid 

amniocytes. (2B) Regulatory effects of apigenin treatment on chromosome 21 genes in T21 

amniocytes. (2C) List of DEX genes induced by apigenin treatment in T21 amniocytes. 

Table S 3: Marginally expressed (MEX) genes (Top 1% up-and down-regulated genes) in 

untreated and apigenin-treated T21 and euploid amniocytes. (3A) List of MEX genes 

specifically up- and down-regulated after apigenin treatment. (3B) List of MEX genes in untreated 

human T21 versus euploid amniocytes. (3C) List of MEX genes in apigenin-treated T21 compared 

to untreated T21 amniocytes. (3D) List of MEX genes in apigenin-treated T21 amniocytes 

compared to untreated euploid amniocytes. (3E) List of MEX genes in apigenin-treated euploid 

compared to untreated euploid amniocytes. Up-regulated genes are highlighted in “Red” and 

down-regulated genes in “Blue” and the percent of gene expression change is indicated for each 

comparison. 

Table S 4: Summary of DAVID dysregulated pathways in untreated and apigenin-treated 

T21 and euploid amniocytes. (4A) DAVID dysregulated pathways in untreated human T21 

versus euploid amniocytes. (4B) DAVID dysregulated pathways in apigenin-treated T21 

compared to untreated T21 amniocytes. (4C) DAVID dysregulated pathways in apigenin-treated 



T21 amniocytes compared to untreated euploid amniocytes. (4D) DAVID dysregulated pathways 

in apigenin-treated euploid compared to untreated euploid amniocytes. 

Table S 5: Summary of GSEA dysregulated pathways in untreated and apigenin-treated T21 

and euploid amniocytes. (5A) GSEA dysregulated pathways in untreated human T21 versus 

euploid amniocytes. (5B) GSEA dysregulated pathways in apigenin-treated T21 compared to 

untreated T21 amniocytes. (5C) GSEA dysregulated pathways in apigenin-treated T21 amniocytes 

compared to untreated euploid amniocytes. (5D) GSEA dysregulated pathways in apigenin-treated 

euploid compared to untreated euploid amniocytes. 

Table S 6: Summary of IPA dysregulated pathways in untreated and apigenin-treated T21 

and euploid amniocytes. (6A) IPA dysregulated pathways in untreated human T21 versus euploid 

amniocytes. (6B) IPA dysregulated pathways in apigenin-treated T21 compared to untreated T21 

amniocytes. (6C) IPA dysregulated pathways in apigenin-treated T21 amniocytes compared to 

untreated euploid amniocytes. (6D) IPA dysregulated pathways in apigenin-treated euploid 

compared to untreated euploid amniocytes. 

Table S 7: Summary of IPA predicted upstream regulators in untreated and apigenin-

treated T21 amniocytes. (7A) IPA predicted upstream regulators in untreated human T21 versus 

euploid amniocytes. (7B) in apigenin-treated T21 compared to untreated T21 amniocytes. (7C) 

IPA predicted upstream regulators in apigenin-treated T21 amniocytes compared to untreated 

euploid amniocytes. (7D) IPA predicted upstream regulators in apigenin-treated euploid compared 

to untreated euploid amniocytes. 

Table S 8: Effects of apigenin on DEX genes in Ts1Cje and WT E15.5 forebrain. (8A) 

Regulatory effects of apigenin treatment on the DEX genes in untreated Ts1Cje E15.5 forebrain. 



(8B) DEX Genes in apigenin-treated Ts1Cje compared to apigenin-treated E15.5 forebrain. (8C) 

DEX genes in apigenin-treated Ts1Cje and WT E15.5 forebrain compared to their untreated 

counterparts. 

Table S 9: MEX genes in untreated and apigenin-treated Ts1Cje and WT E15.5 forebrain. 

(9A) MEX genes in untreated Ts1Cje compared to untreated WT embryonic forebrain. (9B) MEX 

genes in apigenin-treated WT compared to untreated WT embryonic forebrain. (9C) MEX genes 

in apigenin-treated Ts1Cje compared to untreated WT embryonic forebrain. (9D) MEX genes in 

apigenin-treated Ts1Cje compared to apigenin-treated WT embryonic forebrain. (9E) MEX genes 

in apigenin-treated Ts1Cje compared to untreated Ts1Cje embryonic forebrain. Up-regulated 

genes are highlighted in “Red” and down-regulated genes in “Blue” and the percent of expression 

change is indicated for each comparison. 

Table S 10: Summary of DAVID dysregulated pathways in untreated and apigenin-treated 

Ts1Cje and WT E15.5 forebrain. (10A) DAVID dysregulated pathways in Ts1Cje compared to 

untreated WT embryonic forebrain. (10B) DAVID dysregulated pathways in apigenin-treated 

Ts1Cje compared to untreated Ts1Cje embryonic forebrain. (10C) DAVID dysregulated pathways 

in apigenin-treated Ts1Cje compared to untreated WT embryonic forebrain. (10D) DAVID 

dysregulated pathways in apigenin-treated WT compared to untreated WT embryonic forebrain. 

Table S 11: Summary of GSEA dysregulated pathways in untreated and apigenin-treated 

Ts1Cje and WT E15.5 forebrain. (11A) GSEA dysregulated pathways in Ts1Cje compared to 

untreated WT embryonic forebrain. (11B) GSEA dysregulated pathways in apigenin-treated 

Ts1Cje compared to untreated Ts1Cje embryonic forebrain. (11C) GSEA dysregulated pathways 

in apigenin-treated Ts1Cje compared to untreated WT embryonic forebrain. (11D) GSEA 



dysregulated pathways in apigenin-treated WT compared to untreated WT embryonic forebrain. 

Table S 12: Summary of IPA dysregulated pathways in untreated and apigenin-treated 

Ts1Cje and WT E15.5 forebrain. (12A) IPA dysregulated pathways in Ts1Cje compared to 

untreated WT embryonic forebrain. (12B) IPA dysregulated pathways in apigenin-treated Ts1Cje 

compared to untreated Ts1Cje embryonic forebrain. (12C) IPA dysregulated pathways in 

apigenin-treated Ts1Cje compared to untreated WT embryonic forebrain. (12D) IPA dysregulated 

pathways in apigenin-treated WT compared to untreated WT embryonic forebrain. 

Table S 13: Summary of IPA predicted upstream regulators in untreated and apigenin-

treated Ts1Cje and WT E15.5 forebrain. (13A) IPA predicted upstream regulators in Ts1Cje 

compared to untreated WT embryonic forebrain. (13B) IPA predicted upstream regulators in 

apigenin-treated Ts1Cje compared to untreated Ts1Cje embryonic forebrain. (13C) IPA predicted 

upstream regulators in apigenin-treated Ts1Cje compared to untreated WT embryonic forebrain. 

(13D) IPA predicted upstream regulators in apigenin-treated WT compared to untreated WT 

embryonic forebrain. 

 

 



I- Supplementary Methods: 

1. In Vitro Studies: 

Human Amniocytes  

The amniocytes were obtained after clinically indicated prenatal karyotyping. As this was discarded 

material that was de-identified, patient consent was deemed unnecessary. Only fetal karyotype and sex were 

known. Second trimester amniocytes were prepared as described previously (21). All trisomy 21 samples 

used in this study have full T21 and no mosaic or partial trisomy samples were used. Samples were matched 

for sex and gestational age according to the following table:  

Table S 1: Karyotype and Gestational Age Information of the Human Trisomy 21 and Euploid 

Amniocytes Pairs Used in this Study. 

Pair Sample ID Gestational Age Karyotype Sex 

Pair 1 
JJ1298 16 + 1/7 46XX, 2N 

Female Pair 
CG16-467 16 + 5/7 47XX, T21 

Pair 2 
JT1275 16 + 2/7 46XX, 2N 

Female Pair 
JG16-213 16 + 1/7 47XX, T21 

Pair 3 
KM1170 19 + 5/7 46XX, 2N 

Female Pair 
BB16-225 19 + 6/7 47XX, T21 

Pair 4 
CV1166 15 + 4/7 46XY, 2N 

Male Pair 
SZ16-201 15 + 3/7 47XY, T21 

Pair 5 
ER48 19 + 6/7 46XY, 2N 

Male Pair 
JL779 19 + 4/7 47XY, T21 



Pair 6 
ML181 18 + 3/7 46XY, 2N 

Male Pair 
BB1174 18 + 3/7 47XY, T21 

Pair 7 
LC847 17 + 3/7 46XY, 2N 

Male Pair 
SG01 18 + 4/7 47XY, T21 

 

Apigenin Optimal Dose Selection Using Cell Proliferation Assays 

Amniocytes (10+5 cells) from fetuses with DS and euploid controls were plated in duplicate in 24-

well plate culture dishes and incubated overnight at 37°C (20% O2, 5% CO2). The following day, cells were 

either left untreated or treated with five different concentrations of apigenin (1, 2, 3, 4 and 5 µM). Cell culture 

media (AmnioMax C-100 Complete, Thermo Fisher Scientific, Waltham, MA) and apigenin-containing 

AmnioMax C-100 Complete media were freshly prepared and changed daily during the treatment periods. 

Cell proliferation was evaluated using the CellTiter 96® Aqueous cell proliferation assay according 

to the manufacturer’s instructions (Promega, Madison, WI). Absorbance at 490 nm was measured using the 

Synergy 2 well plate reader (BioTek®, Winooski, VT). Results were normalized to 100 % for untreated cells 

for further comparison with apigenin-treated cells. Automatic cell counts were performed using the Scepter™ 

2.0 Handheld Automated Cell Counter and the 60 µM sensors (EMD Millipore, Billerica, MA).  

Oxidative Stress and Antioxidant Capacity 

Amniocytes were incubated with media alone or apigenin for three consecutive days, with media and 

drug prepared freshly and changed daily. At the end of the treatment, efficacy was evaluated using cell 

proliferation, antioxidant capacity, oxidative stress and global gene expression as the endpoints. 

The Comet assay or Single Cell Gel Electrophoresis (SCGE) uses a DNA-binding fluorescent dye. 



Because of oxidative stress, damaged DNA extrudes from the nucleus making a “tail”. The assay calculates 

the relative amount of DNA in the “tail” versus the nucleus “head”. The Comet assay was performed using 

the CometAssay® kit according to the manufacturer’s instructions (Trevigen, Gaithersburg, MD). 

To measure the physiological responses to oxidative stress before and after apigenin treatment, cells 

were centrifuged (1,100 g for 5 min), rinsed with ice cold 1X PBS and centrifuged again at 1,100 g for 5 

min. The cell pellet was used for protein extraction using the NucleoSpin RNA/Protein extraction kit 

(Macherey-Nagel, Bethlehem, PA), and protein concentration was determined using the Pierce™ BCA 

protein assay kit (Thermo Fisher Scientific, Cambridge, MA). 5,000 µg of total protein was used to measure 

the total antioxidant capacity using the OxiSelect™ Total Antioxidant Capacity (TAC) assay kit according 

to the manufacturer’s instructions (CellBiolabs, San Diego, CA). 

RNA Extraction and Microarray Hybridization 

 For gene expression studies, amniocytes were incubated with media alone or 2 µM apigenin for three 

consecutive days. Cells were then rinsed with ice cold PBS 1X (-Ca2+, -Mg2+) and centrifuges at 1000 RPM 

for 5 min. The cell pellet was used for RNA extraction using NucleoSpin RNA/Protein extraction (Macherey-

Nagel, Bethlehem, PA). RNA was processed and hybridized on the GeneChip® Human Transcriptome HT 

2.0 array according to the manufacturer’s instructions (Affymetrix, Santa Clara, CA). Each array 

corresponded to labeled cDNA from one amniocyte culture.  

Array data were normalized using the oligo R package. Of the 70492 probe sets on the array, only 

the 42935 gene-coding probe sets were used in further analyses. Results were further visualized using a 

Principal Component Analysis (PCA) as well as heatmap combined with hierarchical clustering. For pathway 

analyses, the 42935 probe sets were first collapsed to 33721 unique genes to remove gene-level redundancy. 



After that pathway analyses were carried out using the Database of Annotation, Visualization, and Integrated 

Discovery (DAVID), Ingenuity Pathway Analysis (IPA) and Gene Set Enrichment Analysis (GSEA). 

 

2. In Vivo Studies: 

Exploratory Behavior and Spontaneous Locomotor Activity 

 Exploratory behavior and locomotor activity were assessed using the open field test as described 

previously (36). Briefly, the mouse was placed in an open field arena consisting of a white opaque plastic 

box 40 cm (L) X 40 cm (W) X 40 cm (H) divided into a central zone that measured 20 cm (L) X 20 cm (W) 

X 20 cm (H) and a periphery. Exploratory behavior was tracked during a 60 min unique trial using the 

Ethovision 10.5 animal tracking system (Noldus, Leesburg, VA). The total distance travelled (cm) in the 

center versus periphery as well as the average velocity (cm/s) were analyzed for treated and untreated groups. 

Data were collected as time bins of 10 minutes and as a total over the course of the experiment. 

Motor Coordination 

 Motor coordination was investigated using the rotarod test (Med Associates, Fairfax, VT) using two 

different protocols (fixed speed on day 1 and accelerating speed on day 2). Prior to testing with the fixed 

speed protocol on day 1, each mouse was given 2 x 120 s practice sessions at 16 RPM. After practice, mice 

were tested at three different fixed speeds (16 RPM, 24 RPM then 32 RPM) for two 120 s trials at each speed 

and with an inter-trial interval of 15 min. On day 2, mice were tested in two trials under conditions of 

increasing difficulty in which the speed of the rotation gradually increased from 4 to 40 RPM over a 5-minute 

period. The time to fall was recorded in seconds and analyzed for each mouse. 

Hippocampal-Dependent Memory 



Hippocampal-dependant memory was analyzed using the fear conditioning test in a conditioning 

chamber with stainless-steel grid floor, equipped with an electric aversive stimulator, and house light, 

enclosed within a sound attenuating cubicle with exhaust fan (Med Associates, Fairfax, VT). On day one 

(training session), each mouse was individually placed for 5 min into the conditioning chamber and allowed 

to explore freely (habituate) for 180 seconds. Following exploration/habituation, two mild foot shocks (0.5 

mA for 2 s) were administered at 180 s and 240 s. On day two (testing session), the mice were placed into 

the identical conditioning chamber for 5 min with no foot shocks. Each mouse was monitored for freezing 

(fear) behavior. The extent (or percent) of freezing was used as a measure of the animal’s memory and 

analyzed as time bins of 60 s and as a total over the course of the experiment using the Freeze View software 

(Med Associates, Fairfax, VT). 
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