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Abstract

Rationale

Aspartame (L-aspartyl phenylalanine methyl ester) is a non-nutritive sweetener (NNS)

approved for use in more than 6000 dietary products and pharmaceuticals consumed by the

general public including adults and children, pregnant and nursing mothers. However a

recent prospective study reported a doubling of the risk of being overweight amongst 1-year

old children whose mothers consumed NNS-sweetened beverages daily during pregnancy.

We have previously shown that chronic aspartame (ASP) exposure commencing in utero

may detrimentally affect adulthood adiposity status, glucose metabolism and aspects of

behavior and spatial cognition, and that this can be modulated by developmental N-methyl-

D-aspartate receptor (NMDAR) blockade with the competitive antagonist CGP 39551

(CGP). Since glucose homeostasis and certain aspects of behavior and locomotion are reg-

ulated in part by the NMDAR-rich hypothalamus, which is part of the hypothalamic-pituitary-

adrenal- (HPA) axis, we have elected to examine changes in hypothalamic and adrenal

gene expression in response to ASP exposure in the presence or absence of developmental

NMDAR antagonism with CGP, using Affymetrix microarray analysis.

Results

Using 2-factor ANOVA we identified 189 ASP-responsive differentially expressed genes

(DEGs) in the adult male hypothalamus and 2188 in the adrenals, and a further 23 hypotha-

lamic and 232 adrenal genes significantly regulated by developmental treatment with CGP

alone. ASP exposure robustly elevated the expression of a network of genes involved in

hypothalamic neurosteroidogenesis, together with cell stress and inflammatory genes, con-

sistent with previous reports of aspartame-induced CNS stress and oxidative damage.

These genes were not differentially expressed in ASP mice with CGP antagonism. In the

adrenal glands of ASP-exposed mice, GABA and Glutamate receptor subunit genes were

amongst those most highly upregulated. Developmental NMDAR antagonism alone had

less effect on adulthood gene expression and affected mainly hypothalamic neurogenesis
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and adrenal steroid metabolism. Combined ASP + CGP treatment mainly upregulated

genes involved in adrenal drug and cholesterol metabolism.

Conclusion

ASP exposure increased the expression of functional networks of genes involved in hypo-

thalamic neurosteroidogenesis and adrenal catecholamine synthesis, patterns of expres-

sion which were not present in ASP-exposed mice with developmental NMDAR

antagonism.

Introduction

Aspartame (L-aspartyl phenylalanine methyl ester) is a non-nutritive sweetener (NNS)

approved for use in more than 6000 dietary products and pharmaceuticals consumed by the

general public including adults and children, pregnant and nursing mothers [1,2]. Despite its

widespread use, little is known about the rate of consumption of NNS during pregnancy, or

the long-term metabolic and behavioral outcomes for the offspring [3]. However a recent pro-

spective study of more than 3000 mothers and their children reported a doubling of the risk of

being overweight amongst 1-year olds whose mothers consumed NNS-sweetened beverages

daily during pregnancy [4]. In a rodent study designed to reflect patterns of aspartame con-

sumption in the human population, we have previously shown that aspartame exposure, com-

mencing in utero via the mothers diet may adversely affect adulthood glucose homeostasis

and spatial cognition [5]. The role of the central nervous system (CNS) in regulating glucose

homeostasis has been highlighted by the recent delineation of the gut-brain axis [6], in which

N-methyl-D-aspartate receptors (NMDARs) play an important role in maintaining glucose

homeostasis in addition to regulating a number of aspects of cognition and behavior [7, 8].

Overactivation of the sympathetic nervous system is an emerging hallmark of diabesity,

although the complexity of the mechanisms linking diabetes with heightened sympathoexcita-

tory activity is an ongoing investigation. Within the CNS, considerable interest has focused

on the role of the NMDAR-rich hypothalamus in the control of glucose homeostasis [9–11]

behavioral patterns [12–14] and locomotor activity [15]. The hypothalamus links the nervous

system to the endocrine system via the hypothalamic pituitary adrenal (HPA) axis, which regu-

lates many systems including energy balance, temperature regulation and the activity of the

autonomic nervous system.

NMDARs, one of the fundamental neurotransmitter receptors in the CNS, are glutamate-

gated cation channels characterized by their high affinity for glutamate, high calcium perme-

ability and relatively slow activation and deactivation kinetics [16, 17]. Receptor activation

requires the binding of glutamate and a co-activator glycine (or serine), together with mem-

brane depolarization; whereas at rest NMDARs are blocked by magnesium ions in a voltage-

dependent manner [18], which makes them unique in being both ligand-gated and voltage-

sensitive. Additionally, due to their high calcium permeability NMDARs are able to effect last-

ing modifications in neurochemistry by initiating downstream calcium-dependent effects

including long-term potentiation which underpins learning and memory [19]. The expression

of NMDA receptor subunits is developmentally regulated, and changes in expression patterns

have been shown to correlate with critical periods of CNS development [20] which is vulnera-

ble to fetal programming. Neonatal treatment with the competitive NMDAR antagonist CGP

39551 has been shown to result in long-lasting structural, neurochemical and behavioral
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alterations in adulthood [21]. It is therefore apparent that NMDARs are critically involved in

the regulation of both glucose and energy metabolism as well as many aspects of behavior,

learning and memory, which can be modulated by aspartame exposure either during early life

or in adulthood [22–24]. Equally of interest is the finding that in addition to their major role

in neuronal transmission in the central and autonomic nervous systems, NMDARs are

expressed in a variety of non-neuronal tissues, including the pancreas and adrenal glands [25,

26]. A recent study has also demonstrated the presence of NMDARs in fetal pancreatic tissue

[27], suggesting the possibility that glucose metabolism may be modulated by NMDARs in
utero.

Aspartame (ASP), which upon ingestion is rapidly hydrolyzed into its metabolites phenylal-

anine, aspartate and methanol, has the potential to interact with NMDARs in a number of

ways, and has also been shown to increase hippocampal NMDAR subunit expression in

rodents chronically exposed to dietary ASP [28]. Firstly, aspartate is a high-affinity NMDAR

agonist [29], however some studies have shown that although plasma aspartate levels do rise

significantly after ASP consumption [30], the amount of aspartate ingested as ASP is unlikely

to promote neurotoxicity [31]. The main effect of ASP consumption in humans is to increase

levels of plasma phenylalanine [32]. In rodents, levels of plasma phenylalanine and its metabo-

lite tyrosine also increase following ASP ingestion [33, 34] although to a lesser extent [35]. Phe-

nylalanine competes with tyrosine, the precursor of dopamine for binding sites on the large

neutral amino acid transporter (NAAT) at the blood brain barrier (BBB), with the result that

brain tyrosine levels are affected and dopamine synthesis may be compromised [36, 37]. Phe-

nylalanine also has the potential to directly interact with NMDARs by competing at the glycine

binding site to modulate NMDAR activity [38, 39]. Additionally phenylalanine may modulate

glutamatergic signaling by altering CNS regional catecholamine levels, for example dopamine

[40,41], which can in turn regulate NMDAR surface expression and activity [42]. Since phenyl-

alanine has the potential to cross both the BBB and the placenta [43] and to preferentially accu-

mulate in the fetus [44], this could affect glutamatergic signaling particularly in mice where the

activity of phenylalanine hydroxylase, the enzyme necessary to convert phenylalanine to tyro-

sine, is not active until the last stages of gestation [45, 46]. High levels of phenylalanine in utero
have been shown to result in reduced brain and body weight [44] and to incur long-lasting

neuronal impairment [47]. Cellular mechanisms which ameliorate neuronal damage include

the endogenous production of neurosteroids [48], which in turn are able to allosterically mod-

ulate NMDAR activity [49].

In view of the above, and because metabolic and behavioral phenotypes are influenced by

environmental variables during perinatal development, we hypothesized that NMDARs may

play a role in the ASP-induced perturbations in glucose homeostasis and behavior previously

reported by us [5] and others [22–24, 50, 51]. Accordingly we found that early-life treatment

with the NMDAR antagonist CGP 39551 [52] normalized the ASP-induced insulin intolerance

seen in adult mice exposed to ASP from conception onwards, whilst not altering glucose

homeostasis in control diet mice to any significant degree [53]. A second finding from our

study was that the behavior of ASP-fed mice with early-life NMDAR antagonism differed from

control-diet mice receiving NMDAR antagonism under identical experimental conditions,

suggesting a drug/diet interaction occurring early in life with long term consequences. Specifi-

cally, whereas control diet mice with NMDAR antagonism exhibited hyperlocomotor behavior

consistent with previous reports [21, 54], ASP-diet mice with NMDAR antagonism were hypo-

locomotive, more immobile, and showed less exploratory behavior than aspartame-diet mice

without NMDAR modulation [53]. Markers of anxiety-based behavior were also differentially

affected by diet and drug treatment. Spatial cognition, as assessed using the Morris Water

Maze (MWM) paradigm was equally affected by ASP diet either in the absence or presence of
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NMDAR antagonism; and to a lesser extent by the NMDAR antagonist in control diet mice,

again consistent with previous studies [55]. Interestingly, Aya-Ramos et al [56] recently

reported that early maternal separation stress augments ASP-induced hyperglycemia and

hyperactive behavior in rats, and further suggested that stress may negatively impact glycemic

control and behavior through modulation of the HPA axis.

The aims of the present study were to further elucidate the mechanism(s) behind NMDAR

modulation of ASP effects on physiology and behavior. Accordingly, global changes in adult-

hood hypothalamic and adrenal gene expression, together with serum markers of the HPA

axis were examined in response to ASP exposure and/or developmental NMDAR antagonism

with CGP 39551.

Materials and methods

Animals and treatments

C57BL/6J mice of both sexes were obtained from the Jackson Laboratory (Maine, USA) and

housed 3/cage in a controlled environment (pathogen-free conditions of 12 h light/dark cycle,

22 ± 2˚C) with standard chow and water available ad libitum. The breeding and care of the ani-

mals were in accordance with the protocols approved by the Animal Care and Use Committee

of the King Faisal Specialist Hospital & Research Centre as previously described [5]. In order

to obtain F1 study offspring following developmental NMDAR antagonism with CGP 39551,

female breeders were randomly divided into four groups: Control diet (CON), Control diet

+ developmental NMDAR antagonism with CGP 39551 (CGP), chronic aspartame exposure

(ASP), and chronic aspartame exposure + developmental NMDAR antagonism (ASP + CGP).

Aspartame (0.25g/L, Sigma Aldrich, MO, USA) was administered in the drinking water as pre-

viously described [5]. The dose of the water-soluble anticonvulsant compound CGP 39551

(CGP: Tocris Bioscience, MI, USA) was selected on the basis of previous experiments demon-

strating potent biological activity following oral administration [57]. CGP was reconstituted to

a stock solution of 8.43 mM by the addition of sterile distilled H2O. Tolerance to the separate

and combined ASP and CGP treatments were ascertained in pilot studies which monitored

the general health, body weight, food and fluid consumption before and during 3 weeks of

treatment. Daily fluid intake was estimated in pre-weighed mice by subtracting the initial

weight of the filled water bottle from the weight after 4 days of consumption. This value was

then divided by the number of days of consumption and the number of mice per cage. Daily

food intake was also calculated by the subtraction method. For administration of CGP, 9

week-old females were weighed, and the volume of CGP stock solution required to achieve 5

mg/Kg bw was determined based on the average body weight of the dams per cage, and calcu-

lated on the basis of a daily fluid intake of 5 mls/mouse. Breeder females were housed 2 to a

cage with an experimentally-naïve male in order to mate. Dams were subsequently monitored

and approximately 11 days prior to delivery sires were removed, dams reweighed and the day

of parturition was defined as postnatal day 0 (P0). Dams continued to receive the treatment

interventions until weaning was completed at P28, whereupon male F1 offspring (no more

than 3 animals per litter) in the CON and CGP group were given ad lib plain drinking water

and standard chow, and the offspring in the ASP and the ASP+CGP groups were given ad lib

drinking water containing ASP (0.25g/L) together with standard chow for the duration of the

study. Thus, developmental NMDAR antagonism of offspring mice with CGP 39551 encom-

passed the period commencing from conception and continued only until weaning, whereas

chronic exposure to ASP commenced in utero via the mother’s diet and continued throughout

the length of the study. Food and fluid intake in the male offspring were measured at 7 weeks

of age as previously described [5]. Between weeks 14 and 18 of age, experimental offspring
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mice took part in behavioral testing, the results of which have been presented in a prior publi-

cation [53]. The behavioral testing commenced at 14 weeks of age and comprised of Open

Field, Object recognition, Light-Dark transition, and the Morris Water Maze for spatial cogni-

tion. A schematic indicating an overview of the experimental design and interventions is pre-

sented in Fig 1. At the conclusion of the study (21 weeks of age), overnight fasted animals were

humanely euthanized with a mixture of xylazine and ketamine (10 mg/kg and 100 mg/kg

respectively) and blood was collected from the inferior vena cava for further analysis of serum

components. Male offspring brains were rapidly removed, weighed, rinsed in PBS and posi-

tioned to obtain a ventral view. Using the optic tracts and mammillary bodies as visual land-

marks, two cuts were made anteriorly at the level of the optic chiasm and posteriorly at the

level of the mammillary bodies. The hypothalamus was dissected out as a rectangle to a depth

of approximately 2 mm [58], and immediately snap frozen for RNA extraction. Both adrenal

glands, located above the kidneys, were excised and snap frozen.

Evaluation of selective serum components

ELISAs were used to assess the effect of the treatments on changes in overnight fasting serum

ACTH, growth hormone (Milliplex Mouse Pituitary Magnetic Bead panel, Millipore USA),

corticosterone (Enzo Life Sciences cat# ADI-900-097) and adrenaline (Adrenaline ELISA; Ref:

BA E-5100, LDN, Nordhorn, Germany), according to manufacturers’ instructions. For ACTH

and growth hormone analysis, samples and standards were processed using the Luminex 100/

200 system with related xPONENT software (version 3.1; Luminex Corporation, Austin, TX

USSA). A five-parameter logistic regression model with weighting was used to create standard

Fig 1. Schematic of experimental design and analysis.

https://doi.org/10.1371/journal.pone.0194416.g001
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curves (pg/ml) and to calculate the mean of sample concentration from each triplicate. For

adrenaline detection, serum adrenaline was first extracted using a cis-diol–specific affinity gel,

acetylated to N-acyladrenaline, and then derivatized enzymatically to N-acylmetanephrine.

Acylated adrenaline from the standards and samples then competed for a fixed number of

antiserum binding sites, later detected by ultrasensitive competitive ELISA. For both cortico-

sterone and adrenaline quantitation, a Varioscan Flash Spectral Scanning multimode micro-

plate reader was used to detect changes in absorbance at 450nm.

RNA isolation

Total RNA was prepared from snap-frozen hypothalamic and adrenal tissue using Qiagen

RNeasy Lipid Tissue Mini Kit Cat # 74804 (Qiagen, CA, USA) according to the manufacturer’s

instructions, and stored at -80 o C. RNA integrity was measured using a 2100 Bioanalyzer

instrument and an RNA 6000 Nano LabChip assay (Agilent Technologies, CA, USA). RNA

concentrations were determined by absorption at 260-nm wavelength with an ND-1000 spec-

trometer (Nanodrop Technologies, DE, USA).

Microarray gene expression analysis

Gene expression was analyzed using 12 GeneChip (R) Mouse Gene 1.0 ST arrays representing

28,853 genes. To minimize the differences of individual variability and increase the statistical

power for the identification of potential biomarkers, microarray analysis was performed using

equal amounts of purified RNA pooled from all of the study subjects (N = 18 per treatment

group), and applied in triplicate. Targets were prepared from male adrenal and hypothalamic

tissues and microarrays were processed as described in the Affymetrix GeneChip Whole Tran-

script Expression Analysis manual using the Ambion WT expression kit and Affymetrix WT

Terminal Labeling Kit as per manufacturers’ instructions. Briefly, approximately 100ng adre-

nal and 500ng hypothalamus total RNA was used to synthesize double-stranded DNA with

random hexamers tagged with a T7 promoter sequence. The cDNA was used as a template for

in vitro transcription. In the second cycle cDNA synthesis, random primers were used in

reverse transcription to convert the cRNA into single-stranded DNA, which was fragmented,

labeled, and hybridized to the arrays in triplicate for 17 hours, then washed and stained using

the Fluidics 450 station (Affymetrix, Santa Clara, CA). Arrays were scanned using the Affyme-

trix 3000 7G scanner and GeneChip Operating Software version 1.4 to produce.CEL intensity

files. This software also provided summary reports by which array QA metrics were evaluated

including average background, average signal, and 30/50 expression ratios for spike-in controls,

β-actin, and GAPDH. Microarray data was deposited at the MIAME compliant NCBI gene

expression hybridization array data repository (GEO: http://ncbi.nlm.nih.gov/geo) under

accession # GSE100325 and GSE100324 (expression data from hypothalamus and adrenal tis-

sue respectively).

Taqman real-time PCR

Confirmation of microarray results was performed by TaqMan real-time PCR using 96-well

microtiter plate in the CFX96 real-time detection system (BioRad Laboratories, Hercules, CA).

DEGs that differed significantly (P<0.05) in their regulation between the diet groups’ microar-

ray analysis were selected, based on their biological relevance, and validated with the same

pooled RNA (n = 18) for qPCR analysis. Each run of TaqMan real-time PCR contained three

replicates. 2μg of total hypothalamic and adrenal RNA was reverse transcribed using Super-

Script II First strand cDNA synthesis kit with random primers (Life Technologies, Rockville,

MD) according to manufacturer’s instructions. The TaqMan primers and probes were
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synthesized and labeled by Applied Biosystems, USA. S1 Table contains a list of the TaqMan

assay ID# and Affymetrix Probeset ID#s for each of the genes. Each TaqMan probe was labeled

with 6-carboxy-fluorescein reporter dye at the 5’ end and 6-carboxytetramethylrhodamine

fluorescent quencher at the 3’ end to prevent extension by AmlipTaq Gold DNA polymerase.

Internal control probe was labeled with a 5’ reporter VIC dye. Primers were designed to span

an exon junction, where possible. TaqMan reactions for genes that were assayed consisted of

1X Universal Master Mix, 0.8 μmol/l forward and reverse primers, 0.2 μmol/l probe and 2 μl

diluted cDNA in a final reaction volume of 10 μl. The real-time PCR thermal profile consisted

of 50 oC for 2 min, followed by 95 oC for 10 min and 40 cycles of 95 oC for 15 min and 60 oC

for 1 min. Fluorescence was measured once per cycle at the end of the 60 0c segment. The Bio-

Rad CFX96 Manager software (version 1.6) was used to collect and analyze amplification and

melting data from the CFX96 Real Time PCR detection system. The relative amount of each

transcript was determined on the basis of the threshold cycle (Ct value). Threshold cycle (Ct)

data for all target genes and mouse housekeeping gene were used to calculate ΔCt values

[ΔCt = Ct (target gene) − Ct (GAPDH)]. The ΔΔCt values were calculated by subtracting the

GAPDH from the ΔCt values of each target. Expression changes between the diet comparisons

were calculated for both data. Pearson correlation analysis between the qPCR and microarray

data were then displayed as a scatter plot. Statistical significance was assessed using a two-

tailed t test assuming unequal variance of the biological replicates.

Data analysis

Statistical analyses were performed using IBM SPSS statistics software version 20 (SPSS Inc.,

Chicago, IL). Differential hypothalamic and adrenal gene expression analysis was performed

using the Partek Genomic suite software version 6.15 (Partek Incorporated, USA) as previ-

ously described [59, 60]. Quality controls data were examined for outliers with respect to other

highly related samples by means of Hybridization (Spike Controls) and internal control genes

(housekeeping). A histogram was generated using quality controls probe set and Pearson´s

correlation helped determine the relationship between arrays. The data were categorized and

grouped by means of Principal Component Analysis (PCA). Probe set data were summarized

and Robust Multi-Array Average (RMA) algorithm was used for background correction [61]

as implemented in the microarray analysis software (MAS). The standard RMA algorithm

used the log 2 transformed perfect match (PM) values followed by quantile normalization. The

transformed PM values were then summarized by median polish method. The RMA model

performs a background correction by fitting a two component model to the PM intensities.

The normal-exponential linear model assumes that M = α+β, where α has a normal distribu-

tion with parameters μ (the mean) and σ (the standard deviation); β has an exponential distri-

bution with parameter λ(the reciprocal of the mean) [62]. The parameters α, μ and σ are then

estimated and the expected value of the signal is estimated, given the observed value of the

intensity using the following equation: E [ε I PM] = PM - μ - λσ2 + σ{1/
p

2π exp(-1/2(PM/σ)2/φ
(PM/σ)}. An advantage of this method over the other normalization methods available is that

normalization occurs at the probe level (rather than at the probeset level) across all of the

selected hybridizations (rather than for each array individually). Quantile Normalization, a

non-linear transformation method was used to normalize data which uses the formula xnorm =
Fi

-1(Fref(x)), where Fi is the distribution function of chip i, and Fref is the distribution function

of the reference chip. This improves the linearity, normality & homoscedasticity of the data by

eliminating noise and extreme expression values. Probesets without unique Entrez gene identi-

fiers were removed from further analysis and values below log 6 were filtered out. For identifi-

cation of ASP and CGP-induced differentially expressed genes (DEGs) we considered the
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comparison of four conditions (ASP versus CON; CGP versus CON; ASP+CGP versus CON,

and ASP versus ASP+CGP). Significance value of p<0.05 indicated that the gene was differen-

tially regulated by drug or diet. Genes that were regulated in response to the treatments were

identified using False Discovery Rate (FDR) method [63] in which p-values were adjusted

simultaneously across multiple subgroup comparisons. Contrasts were included in the model

based on the comparison of interest. The significant and differentially expressed genes were

selected by means of cut-off fold change (>±1.4) and FDR-adjusted ANOVA p-value.

Ingenuity Pathway Analysis (IPA) software (Ingenuity Systems, Redwood City, CA) was

performed on genes identified by the microarray analysis as being differentially expressed.

Genes with known gene symbols (HUGO) and their corresponding expression values were

uploaded into the IPA software, where gene symbols were mapped to their corresponding

gene object in the Ingenuity Pathways Knowledge Base (IPKB). The significance of the associa-

tion between the data set and the canonical pathway was assessed by (1) a ratio of the DEG

that mapped to the pathway divided by the total number of genes that mapped to the canonical

pathway; and (2) applying an FDR� 0.05 to calculate a P-value. Networks of potentially inter-

acting DEGs were identified and placed into node-edge diagrams comprised of focus mole-

cules (DEGs identified by the microarray analysis) and other interacting molecules. Partek was

also used to create a gene heatmap of DEGs common to both hypothalamic and adrenal

tissues.

Results

Fig 1 indicates treatments and experimental design. Mean aspartame intake was estimated as

45.44 ± 1.16 mg/Kg bw and 46.59 ± 0.68 mg/Kg bw in the ASP diet mice and the ASP diet

mice with developmental NMDAR antagonism group (ASP+CGP) respectively. Food and

fluid intake in the offspring were not significantly affected by either diet or drug (Table 1).

Detailed analysis of the effects of chronic ASP exposure and NMDAR antagonism on the phys-

iological and behavioral characteristics of adult mice were reported in a previous publication

[53], which indicated that the effects of ASP may impact on components of the Hypothalamic

Pituitary Adrenal (HPA) axis. Table 1 summarizes the effect of chronic ASP exposure and/or

CGP 39551 on overnight fasting serum adrenocorticotropic hormone (ACTH), growth hor-

mone (GH), corticosterone and epinephrine. Levels of ACTH and epinephrine were not sig-

nificantly affected by the treatments, whereas serum GH, a stress hormone secreted by the

anterior pituitary was elevated by 45% in aspartame-exposed mice. Developmental NMDAR

antagonism of ASP-exposed mice also lowered levels of corticosterone by 32% but was unaf-

fected by either treatment separately (Table 1, p�0.05).

Table 1. Food and fluid intake data along with serum markers.

CON CGP ASP ASP + CGP Sig.

Adrenocorticotropic hormone (pg/ml) 143.78 ± 14.63 134.88 ± 13.90 153.43 ± 18.23 172.68 ± 19.29 0.45

Growth hormone (ng/ml) 5.56 ± 0.67 5.04 ± 0.63 8.14� ± 1.32 4.39 ± 0.80 0.02

Corticosterone (ng/ml) 156.18 ± 10.48 158.34 ± 7.41 149.05�� ± 7.40 105.78 ± 5.98 0.00

Epinephrine (nM) 5.41 ± 0.35 5.67 ± 0.48 4.55 ± 0.43 4.79 ± 0.37 0.20

Food intake (gm/25gm BW) 4.33 ± 0.16 5.12 ± 0.35 4.84 ± 0.28 5.38 ± 0.36 0.09

Fluid intake (ml/25gm BW) 4.73 ± 0.07 4.70 ± 0.18 4.63 ± 0.09 4.81 ± 0.11 0.78

Data are presented as Mean ± SEM (n = 18). A significance of P-value <0.05 and <0.01 based on t-tests are indicated by � and �� for drug effect within each diet group.

BW: body weight; CON: Control; CGP: developmental NMDAR antagonism with CGP 39551; ASP: chronic aspartame exposure; ASP+CGP: developmental NMDAR

antagonism and aspartame exposure.

https://doi.org/10.1371/journal.pone.0194416.t001
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Microarray analysis: Hypothalamic gene expression

To determine the mechanism of action of each treatment, Affymetrix Mouse Gene 1.0 ST

expression arrays were used with a False Discovery Rate and a significance level set at 0.05 to

identifying 29,149 hypothalamic and 26,533 adrenal gene probesets for further analysis. To

identify the impact of chronic ASP consumption and developmental NMDAR antagonism

with CGP 39551 (CGP) on adrenal and hypothalamic gene expression, we used ANOVA to

compare differences in adulthood gene expression between the 2 tissues. Using a stringency

of ± 1.4-fold cut-off in differential expression, we identified a subset of 189 ASP-responsive dif-

ferentially expressed genes (DEGs) in the adult hypothalamus, and 23 genes which were signif-

icantly regulated by CGP (Fig 2A, P�0.05). Developmental NMDAR antagonism combined

with ASP exposure resulted in a further 33 hypothalamic DEGs, 4 of which were common to

all treatments. Chronic ASP exposure resulted in the highest number of upregulated hypotha-

lamic DEGs (182 compared to 7 downregulated); whereas antagonism with CGP upregulated

19 genes compared to only 4 which were downregulated, and combined treatment (ASP

+CGP) resulted in 24 downregulated and 9 upregulated hypothalamic DEGs (Fig 2A). When

we analyzed differential hypothalamic gene expression between groups using a cut-off of

±1.4-fold, we observed that the expression of 225 genes was significantly different between the

ASP+CGP and ASP groups (S2 Table).

In order to understand the nature of the hypothalamic transcriptional response to the treat-

ments, Ingenuity Pathway Analysis (IPA) was used to identify the most significant biological

processes differentially regulated by chronic aspartame exposure. Fig 2B indicates the 12 most

significantly enriched canonical pathways which were significantly overrepresented in the

aspartame-treated mice following Fisher’s exact test in IPA. Interestingly, hypothalamic genes

associated with mineralocorticoid and glucocorticoid synthesis pathways were upregulated,

together with catecholamine synthesis and triacylglycerol degradation. Next, IPA software was

used to construct a functional interaction network of DEGs induced by chronic ASP exposure

based on fold change relative to Control (Fig 3A). Amongst the DEGs with the highest fold

increase in expression in the ASP group only, neurosteroidogenic Cyp11a1, Cyp11b1 (11 β-

hydroxylase), 3βHSD, Srd5a2 and StAR were robustly increased by 29, 66, 31, 9 and 21-fold

respectively. Neurosteroidogenesis is required for the physiological response to cellular stress

[48, 64]; which is known to be affected by chronic ASP exposure [65]. Of interest, several

genes involved in catecholamine synthesis were upregulated such as dopamine beta hydroxy-

lase which converts L-DOPA into norepinephrine (Dbh, 6.6-fold), and phenylethanolamine-

N-methyltransferase which converts norepinephrine to epinephrine, amongst other reactions

(Pnmt, 6.8-fold; Fig 3). In the CNS, norepinephrine acts as the main adrenergic neurotransmit-

ter in the sympathetic nervous system [66], and it was interesting to note that expression of

these neurosteroidogenic genes were not upregulated in aspartame-exposed mice with devel-

opmental NMDAR antagonism (S2 Table). Top stress-associated hypothalamic DEGs

included upregulation of resistin (Rst 7-fold), Cyp2e1 (14-fold), Tspo (1.7-fold) and Ly6D
(10-fold, Fig 3A, P�0.05). Neuroinflammatory DEGs upregulated by ASP exposure included

adiponectin (Adipoq, 5-fold), Fabp4 (10-fold), Scarb1 (5-fold) and Cd36 (7-fold). Additionally,

expression of alcohol dehydrogenase 1, the enzyme which converts methanol to formic acid

and formaldehyde was also increased in ASP-exposed mice (Fig 3A). Importantly, all of the

aforementioned genes forming the functional network in Fig 3A were not deregulated in ASP-

exposed mice with developmental NMDAR antagonism.

We next created a network of hypothalamic genes which were differentially modulated in

response to CGP 39551 (Fig 3B). These included a number of upregulated genes involved in

neurogenesis including Gpr151, Chrnb4, Scube1 and Lhx9, whereas expression of glycine
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Fig 2. (A) Venn diagram representation of hypothalamic DEGs in ASP, CGP and ASP+CGP groups relative to

Control. The numbers marked in the diagram indicate the number of genes significantly up regulated (upward arrows)

and down regulated (downward arrows). (B) Top 12 canonical pathways derived from Ingenuity Pathway Analysis in
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hypothalamus of ASP-exposed mice. The stacked bar chart displays the percentage of genes that were upregulated

(red), downregulated (green) and genes not overlapping in dataset (white) in each canonical pathway. Significance

level is scored as–log(p-value) from Fischers exact test. The numerical value at the ends of each bar represents the total

number of genes in the canonical pathway. CGP denotes developmental NMDAR antagonism with CGP 39551; ASP

denotes chronic exposure to aspartame; ASP+CGP denotes chronic aspartame exposure and developmental NMDAR

antagonism with CGP 39551.

https://doi.org/10.1371/journal.pone.0194416.g002

Fig 3. Functional relationship gene networks representing hypothalamic DEGs in response to (A) ASP exposure (B)

developmental antagonism with CGP and (C) ASP + CGP. Red-colored and green-colored gene(s) are up-regulated and

down-regulated in the dataset. The intensity of red color reflects the extent of differential expression. Only DEGs with

�±1.4-fold change relative to CON are depicted, P�0.05).

https://doi.org/10.1371/journal.pone.0194416.g003
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transporter Slc6a5, also known as GlyT2, was reduced by 4-fold relative to control. Combined

NMDAR antagonism and chronic ASP exposure upregulated several neuronal genes including

cerebellin 3 precursor protein (Cbln3) and Neurod1. Key down-regulated neuronal DEGs

included Lipocalin2 (Lcn2), proteoglycan4 (Prg4), Fibromodulin (Fmod), Per -hexamer repeat

gene 4 (Phrx4) and death associated protein like 1 (Dapl1: Fig 3C, P�0.05).

Partek software was also used to create a sublist of 13 genes which were deregulated in the

hypothalamus of aspartame-exposed mice, and also in ASP-exposed mice with developmental

NMDAR antagonism (Table 2, P�0.05). Of these, 1 gene was upregulated in both groups, 5

genes were downregulated, and 7 genes were upregulated by ASP exposure and down regu-

lated by a combination of ASP+CGP. One of the most important DEG in this category from a

biological point of view was hypothalamic proopiomelanocortin (Pomc), which is known to be

important in the control of energy balance and glucose homeostasis.

In summary, adulthood hypothalamic gene expression was primarily affected by chronic

aspartame exposure and to a lesser extent by developmental NMDAR antagonism. ASP expo-

sure robustly elevated the expression of a network of genes involved in hypothalamic neuro-

steroidogenesis, together with cell stress and inflammatory genes consistent with previous

reports of ASP-induced CNS stress and oxidative damage [67].

Microarray analysis: Adrenal gene expression

The adrenal tissue from these adult mice showed a far greater degree of responsiveness to the

treatments (Fig 4A, P�0.05); resulting in 2188 DEGs after chronic ASP exposure, and 232

adrenal DEGs in mice with developmental NMDAR antagonism with CGP, most of which

were upregulated. Combined ASP+CGP treatment resulted in the regulation of 1509 genes.

Unlike the hypothalamus, roughly equal numbers of adrenal genes were upregulated and

downregulated by ASP exposure (1132 and 1056 DEGs respectively). Developmental NMDAR

antagonism with CGP upregulated a subset of 230 DEGs and interestingly, combined ASP

+CGP treatment resulted in the up- and downregulation of>1500 adrenal DEGs which were

not common to either treatment alone (Fig 4A). Analysis of differential adrenal gene expres-

sion between groups using a cut-off of ±1.8-fold, revealed a subset of 1098 genes that were

Table 2. Hypothalamic DEGs induced in the ASP group and also in the ASP+CGP group, relative to control.

Entrez Gene Name Gene Symbol ASP ASP+CGP p-value

Solute carrier family 6 member 5 Slc6a5 -2.70 -3.76 8.44E-08
BPI fold containing family A member 1 Bpifa1 -2.06 -1.97 5.29E-06
Lysosomal associated membrane protein family member 5 Lamp5 -1.46 -1.44 3.28E-05
microRNA 376c mir376c -1.42 -1.53 0.047
Arginine vasopressin Avp -1.41 -1.46 1.02E-06
Cytochrome P450 family 2 subfamily F member 1 Cyp2f1 1.54 -1.62 5.06E-08
Transthyretin Ttr 1.67 1.42 4.55E-05
Growth Hormone Gh 1.68 -4.96 5.62E-14
Follicle stimulating hormone beta subunit Fshb 1.82 -1.77 1.79E-08
Proopiomelanocortin Pomc 1.88 -3.18 3.71E-12
Glycoprotein hormones, alpha polypeptide Cga 2.41 -4.04 1.43E-08
Luteinizing hormone beta polypeptide Lhb 2.96 -1.84 2.55E-07
Prolactin Prl 3.20 -9.33 1.39E-08

DEG: Differentially Expressed Gene; ASP: chronic aspartame exposure; ASP+CGP: chronic aspartame exposure and developmental NMDAR antagonism with

CGP39551

https://doi.org/10.1371/journal.pone.0194416.t002
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Fig 4. (A) Venn diagram representation of adrenal DEGs in ASP, CGP and ASP+CGP groups relative to Control. The numbers marked in the diagram indicate the

number of genes significantly up regulated (upward arrows) and down regulated (downward arrows). CGP denotes developmental NMDAR antagonism with CGP

39551; ASP denotes chronic exposure to aspartame; ASP+CGP denotes chronic aspartame exposure and developmental NMDAR antagonism with CGP 39551. Top

12 canonical pathways derived from Ingenuity Pathway Analysis in adrenal glands when exposed to (B) Aspartame (C) developmental antagonism with CGP and

(D) ASP + CGP. The stacked bar chart displays the percentage of genes that were upregulated (red), downregulated (green) and genes not overlapping in dataset

(white) in each canonical pathway. Significance level is scored as–log(p-value) from Fischers exact test. The numerical value at the ends of each bar represents the

total number of genes in the canonical pathway.

https://doi.org/10.1371/journal.pone.0194416.g004
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significantly different between the ASP+CGP and ASP groups (S3 Table). Top ASP-induced

canonical pathways generated in IPA revealed a highly significant upregulation of adrenal

genes involved in glutamate and GABAergic signaling, together with a downregulation in

FXR/RXR pathway genes (Fig 4B). The analysis also showed that of the 435 DEGs involved in

axonal guidance, approximately 45% were significantly upregulated in response to ASP expo-

sure, whereas equal numbers of the 265 DEGs relating to G protein receptor signaling were

up- and down-regulated. Developmental antagonism with CGP 39551 revealed a different pat-

tern of canonical pathways which centered upon genes involved in FXR/RXR and LXR/RXR

activation, the acute phase response and nicotine degradation III pathways (Fig 4C); whilst the

combination of ASP+CGP promoted the activation of DEGs involved in FXR/RXR and LXR/

RXR activation, the acute phase response, coagulation systems and the superpathway of citrul-

line metabolism (Fig 4D, P�0.05).

We next created subsets of adrenal DEGs for network analysis based on fold change relative

to Control and using a cut-off of ±� 1.8-fold in expression. Fig 5A shows a network created in

IPA involving glutamatergic and GABAergic DEGs which were both highly upregulated in

response to aspartame exposure. In adrenal chromaffin cells, GABA functions as a paracrine

and autocrine modulator of catecholamine synthesis via GABAA receptors [68]; and ASP treat-

ment upregulated the expression of Gabra1, Gabra3, Gabrb2, Gabrg2 and Gabra5 by 47, 1.9,

13.5, 6 and 12-fold respectively (P�0.05). GABA exhibits dual actions in adrenal cells, enhanc-

ing catecholamine secretion at low levels whilst attenuating the release of catecholamines

elicited by hyperstimulation of nerve impulses. GABA is produced in endocrine cells by 2 iso-

forms of glutamic acid decarboxylase (GAD): GAD65 (also known as Gad1) and GAD67

(Gad2), both of which were upregulated in the adrenals of aspartame-exposed mice by 3 and

14-fold compared to Control. GABA transporters Slc6a1 and Slc6a11 were also upregulated 36

and 45-fold together with increases in Slc1a2 (high-affinity glutamate transporter) and Slc6a3
(dopamine transporter) of 12 and 7-fold respectively. Various ionotropic glutamate receptor

subunits including Grin1 (NR1), Grin2a (NR2A) and Grin2b (NR2B), and a number of meta-

botropic glutamate receptors (Grm2, Grm3 and Grm5) were upregulated in ASP-exposed

mice, but not in ASP mice with developmental NMDAR antagonism. Interestingly, ASP ex-

posure upregulated prostaglandin D2 synthase (PTGDS) expression, whilst reducing the

expression of genes related to the acute phase response and inflammation including Adamts9,

fibrinogen α,β and γ chains (Fga, Fgb and Fgg), plasminogen (Plg), hemopexin (Hpx), Itih4,

Ptgs2/cox2, tryptophan 2,3-dioxygenase (Tdo2) and Kynureninase (Kynu) of between 2- and

3-fold (Fig 5A, P�0.05). Also downregulated by 2-fold was the expression of adrenal phenylal-

anine hydroxylase (PAH), the enzyme which converts phenylalanine into tyrosine, the precur-

sor of L-DOPA and the catecholamines. Partek software was next used to create a sublist of 99

genes which were deregulated in the adrenals of ASP-exposed mice and also in ASP-exposed

mice with developmental NMDAR antagonism (Table 3, P�0.05).

Of these, 98 were downregulated in both groups and 1 gene was upregulated by ASP expo-

sure and downregulated by a combination ASP+CGP. Top ASP-induced downregulated adre-

nal DEGs based on fold change included secretory proteins apolipoprotein A4 (ApoA4), ApoN
and ApoB, ADAM metallopeptidase with thrombospondin type 1 motif 9 (Adamts9), fibrino-

gen gamma chain (Fgg), inter-alpha-trypsin inhibitor heavy chain family member 4 (Itih4) and

Murinoglobin1 (Mug1)

As stated above, developmental NMDAR antagonism with CGP led to the differential regu-

lation of 232 adrenal genes, and a further 1509 DEGs which were affected by both CGP and

ASP combined (Fig 4A). Fig 5B shows the network of adrenal genes most affected by develop-

mental NMDAR antagonism (based on fold-change relative to Control). Functionally, these

genes related to steroid and drug metabolism [69], androgen inactivation [70] and Farnesoid
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X receptor (FXR) activation [71], and included increases in Cyp7a1, Cyp3a25, Cyp3a11 and

Cyp2c44 of 3.3, 2.8, 2.6 and 2.0-fold respectively; together with elevated expression of 6 mem-

bers of the UDP glycosyltransferase superfamily Ugt2a3, Ugt2b1, Ugt2b34, Ugt2b36, Ugt3a1
and Ugt3a2 (by between 2 and 3-fold; Fig 5B, P�0.05). The nuclear hormone receptor LXR is

important in the regulation of adrenal gland cholesterol homeostasis [72], and a number of

LXR-responsive and cholesterol/lipid-related genes were upregulated by developmental

NMDAR antagonism including obesity-associated Angptl3 (2.8-fold), arylacetamide deacety-

lase (Aadac: 2.8-fold); carboxylesterases 1γ, 3α and 3β (Ces1g: 2.6-fold; Ces3a: 2.0-fold; Ces3b:

2.0-fold), paraoxonase 1 (Pon1: 2.3-fold) and 3-beta-HSD (Hsd3b3: 2.6-fold). Interestingly, the

first and rate-limiting enzyme in the Tryptophan-Kynurenine pathway, which is active in neu-

ronal tissues and understood to modulate aspects of inflammation and depression [73] is

made by tryptophan 2,3-dioxygenase (Tdo2), which was upregulated by 2.5-fold in mice with

developmental NMDAR antagonism, together with a doubling in the expression of kynureni-

nase (Kynu), a key enzyme in the tryptophan to NAD conversion pathway. Additionally,

kynurenine 3-monooxygenase (Kmo), which is necessary for the synthesis of NMDAR antago-

nist quinolinic acid, was upregulated 1.8-fold.

A number of transcripts without assigned gene names were upregulated in ASP-exposed

mice with developmental NMDAR antagonism (ASP+CGP group) and were excluded from

the analysis, however notable DEGs upregulated in this group included transmembrane pro-

tein 38B (Tmem38B: 3.6-fold), phospholipase B1 (PLB1: 2.1-fold), keratin-associated protein

5–1 (Krtap5-1: 2-fold), Krtap5-4 (1.8-fold), and Krtap3-1 (1.6-fold); together with a 2-fold

increase in triadin (Trdn) and pancreatic polypeptide Y (Ppy). Downregulated adrenal DEGs

affected by the combined treatment included morphological organizational protein vitronectin

(Vtn: 3.2-fold), DEGs involved in glucocorticoid and mineralocorticoid synthesis (Lcat:
2.6-fold) and angiotensinogen (Agt: 2-fold), a 2-fold reduction in transthyretin (Ttr), arginino-

succinate synthase 1 (Ass1) and drug-metabolizing Cyp3a11. Fig 5C is an IPA generated net-

work featuring molecular interactions between 14 upregulated and 36 downregulated adrenal

DEGs modulated by NMDAR antagonism in ASP-exposed mice (P�0.05). In summary,

adrenal gene expression was affected by the treatments to a far greater extent than the hypo-

thalamus. Whereas chronic ASP exposure upregulated hypothalamic genes involved in neuro-

steroidogenesis, inflammation and lipid metabolism, adrenal pathways most affected by

aspartame included GABAergic and glutamatergic signaling, and catecholamine biosynthesis.

Developmental NMDAR antagonism with CGP affected hypothalamic genes involved in

gonadotropin-releasing hormone signaling and adrenal drug and cholesterol metabolism.

Commonalities in differential gene expression between the hypothalamus

and adrenal tissues

A number of genes were affected by chronic exposure to ASP in both the hypothalamus and

the adrenal gland. Fig 6A is a gene heatmap of DEGs common to both tissues with a cut-off

value of>±1.4-fold change. Interestingly almost all of the DEGs which were upregulated by

ASP in the hypothalamus, were downregulated in the adrenal gland with the exception of

three: POMC and GH which were upregulated in both, and Slc6a5 which was downregulated

in both. Interestingly, glycine transporter gene Slc6a5 (GlyT2) was downregulated by chronic

ASP exposure regardless of NMDAR antagonism in both tissues, suggesting a central

Fig 5. Functional relationship gene networks representing adrenal DEGs in response to (A) ASP exposure (B) developmental antagonism

with CGP and (C) ASP + CGP. Red and green color indicates upregulation and downregulation of the genes, respectively and intensity of

the color reflects the extent of its differential expression. Only DEGs with�±1.8-fold change relative to CON are depicted, P�0.05).

https://doi.org/10.1371/journal.pone.0194416.g005
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Table 3. Adrenal DEGs induced in the ASP group and also in the ASP+CGP group, relative to control.

Entrez Gene Name Gene Symbol ASP ASP+CGP p-value

Apolipoprotein A4 Apoa4 -3.06 -4.63 3.06E-10

ADAM metallopeptidase with thrombospondin type 1 motif 9 Adamts9 -2.99 -2.43 5.99E-07

Fibrinogen gamma chain Fgg -2.86 -3.89 3.07E-10

Inter-alpha-trypsin inhibitor heavy chain family member 4 Itih4 -2.77 -3.06 2.16E-09

Murinoglobulin 1 Mug1 -2.66 -3.14 2.43E-09

Methionine adenosyltransferase 1A Mat1a -2.65 -3.41 3.89E-12

Cytochrome P450, family 2, subfamily c, polypeptide 40 Cyp2c40 -2.59 -2.56 3.13E-07

Apolipoprotein N Apon -2.58 -3.21 2.83E-07

Prostaglandin-endoperoxide synthase 2 Ptgs2 -2.57 -2.33 5.41E-08

Homogentisate 1,2-dioxygenase Hgd -2.51 -2.84 6.87E-11

Fatty acid binding protein 1 Fabp1 -2.48 -3.83 7.92E-08

Prolactin family 8, subfamily a, member 2 Prl8a2 -2.44 -2.40 3.39E-07

Urate oxidase Uox -2.44 -2.73 1.47E-07

Apolipoprotein B Apob -2.44 -2.90 5.55E-10

Tryptophan 2,3-dioxygenase Tdo2 -2.43 -3.23 2.33E-08

Cytochrome P450 family 4 subfamily A member 22 Cyp4a22 -2.41 -3.92 1.33E-09

Histidine-rich glycoprotein Hrg -2.41 -3.66 2.49E-08

Hemopexin Hpx -2.38 -2.66 7.63E-10

N-acetyltransferase 8 (GCN5-related) family member 2 Nat8f2 -2.37 -2.97 3.05E-11

Cytochrome P450 family 8 subfamily B member 1 Cyp8b1 -2.34 -2.78 3.81E-09

Fibrinogen beta chain Fgb -2.33 -3.12 2.58E-08

Betaine—homocysteine S-methyltransferase Bhmt -2.32 -3.06 2.38E-09

4-hydroxyphenylpyruvate dioxygenase Hpd -2.32 -2.91 8.68E-12

C-reactive protein Crp -2.31 -2.27 1.31E-07

Cytochrome P450 family 1 subfamily A member 2 Cyp1a2 -2.30 -3.22 5.00E-10

Serpin family A member 3 Serpina3 -2.28 -2.71 1.88E-09

Alpha-2-glycoprotein 1, zinc-binding Azgp1 -2.27 -3.04 2.66E-09

Carboxypeptidase N subunit 1 Cpn1 -2.26 -2.86 3.60E-08

Kynureninase Kynu -2.25 -2.39 1.62E-07

Fibrinogen like 1 Fgl1 -2.24 -1.90 4.68E-05

Tyrosine aminotransferase Tat -2.24 -3.20 1.38E-09

Carboxylesterase 3 Ces3 -2.23 -3.09 7.92E-10

Solute carrier family 38 member 4 Slc38a4 -2.22 -2.69 3.65E-10

Cytochrome P450, family 4, subfamily a, polypeptide 14 Cyp4a14 -2.21 -3.40 7.15E-10

Glutamyl-prolyl-tRNA synthetase Gprs -2.20 -1.99 1.34E-08

Leucine rich alpha-2-glycoprotein 1 Lrg1 -2.19 -2.19 3.03E-06

Carbamoyl-phosphate synthase 1 Cps1 -2.18 -2.80 1.30E-11

Alpha 2-HS glycoprotein Ahsg -2.18 -2.44 2.67E-12

Apolipoprotein C2 Apoc2 -2.18 -2.10 1.39E-07

Aldehyde dehydrogenase 8 family member A1 Aldh8a1 -2.17 -1.83 6.77E-08

Plasminogen Plg -2.16 -2.79 1.36E-10

Glucose-6-phosphatase catalytic subunit G6pc -2.16 -3.36 9.45E-10

Cytochrome P450 family 4 subfamily A member 11 Cyp4a11 -2.13 -3.06 1.64E-08

Fructose-bisphosphatase 1 Fbp1 -2.12 -2.93 2.30E-10

Hepatocyte nuclear factor 4 alpha Hnf4a -2.11 -2.07 3.32E-07

Carboxypeptidase B2 Cpb2 -2.10 -2.31 2.78E-08

Aldolase, fructose-bisphosphate B Aldob -2.1 -3.06 5.36E-11

(Continued)
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Table 3. (Continued)

Entrez Gene Name Gene Symbol ASP ASP+CGP p-value

Kynurenine 3-monooxygenase Kmo -2.09 -2.02 6.08E-08

Serpin family F member 2 Serpinf2 -2.09 -2.26 2.19E-09

Fibrinogen alpha chain Fga -2.09 -1.91 2.68E-09

Mannan binding lectin serine peptidase 2 Masp2 -2.07 -2.13 1.28E-08

Fatty acid binding protein 2 Fabp2 -2.07 -2.02 5.25E-07

SAA2-SAA4 Saa2-Saa4 -2.06 -2.03 1.74E-06

DOT1 like histone lysine methyltransferase Dot1l -2.06 -2.00 1.02E-09

Cytochrome P450, family 2, subfamily a, polypeptide 12 Cyp2a12 -2.05 -2.40 6.31E-07

Cytochrome P450 family 7 subfamily A member 1 Cyp7a1 -2.02 -2.77 1.87E-10

Apolipoprotein F Apof -2.02 -2.22 2.27E-07

Aquaporin 9 Aqp9 -2.01 -2.02 7.73E-09

Cytochrome P450, family 2, subfamily j, polypeptide 5 Cyp2j5 -2.00 -2.13 5.55E-08

Solute carrier family 10 member 1 Slc10a1 -2.00 -2.77 6.98E-11

ATP binding cassette subfamily C member 2 Abcc2 -2.00 -2.01 3.35E-09

Fetuin B Fetub -1.99 -2.12 5.71E-08

Phenylalanine hydroxylase Pah -1.99 -2.30 1.36E-09

Hepcidin antimicrobial peptide Hamp(2) -1.99 -4.46 2.40E-09

Kininogen 1 Kng1 -1.98 -2.97 1.63E-09

Complement C8 gamma chain C8g -1.98 -2.33 1.27E-09

Cell death-inducing DFFA-like effector b Cideb -1.97 -2.51 1.44E-10

Salt inducible kinase 1 Sik1 -1.97 -1.92 2.32E-09

Cytochrome P450 family 2 subfamily F member 1 Cyp2f1 -1.97 -2.31 2.16E-10

Cytochrome P450, family 2, subfamily d, polypeptide 26 Cyp2d26 -1.97 -2.87 8.15E-10

Apolipoprotein H Apoh -1.97 -2.65 2.31E-11

GC, vitamin D binding protein Gc -1.96 -2.96 7.98E-11

Apolipoprotein A1 Apoa1 -1.96 -2.50 1.09E-08

Aminoadipate-semialdehyde synthase Aass -1.95 -2.45 1.24E-07

Histidine ammonia-lyase Hal -1.95 -2.00 1.12E-08

Arylacetamide deacetylase Aadac -1.94 -2.30 4.40E-08

Solute carrier family 27 member 5 Slc27a5 -1.94 -1.88 9.59E-08

VPS37B, ESCRT-I subunit Vps37b -1.94 -1.83 2.84E-08

Serpin family C member 1 Serpinc1 -1.93 -2.38 4.74E-09

Arginase 1 Arg1 -1.93 -2.47 5.47E-09

Retinol dehydrogenase 7 Rdh7 -1.93 -2.60 2.00E-07

Apolipoprotein A2 Apoa2 -1.92 -2.92 5.95E-09

Complement component 4 binding protein C4bp -1.92 -1.96 2.41E-07

Cystathionine gamma-lyase Cth -1.91 -1.90 1.53E-08

Solute carrier organic anion transporter family member 1B3 Slco1b3 -1.91 -1.95 8.32E-08

Alpha-1-microglobulin/bikunin precursor Ambp -1.89 -3.02 6.34E-10

SPT2 chromatin protein domain containing 1 Spty2d1 -1.88 -2.03 6.67E-06

Polo like kinase 3 Plk3 -1.87 -2.07 2.71E-09

UDP glycosyltransferase family 3 member A1 Ugt3a1 -1.86 -2.56 5.81E-09

ELOVL fatty acid elongase 2 Elovl2 -1.86 -2.71 1.34E-06

Coagulation factor II, thrombin F2 -1.85 -2.59 1.47E-08

Solute carrier family 25 member 47 Slc25a47 -1.85 -2.15 5.94E-09

UDP glucuronosyltransferase family 2 member B17 Ugt2b17 -1.84 -2.54 4.46E-07

JunB proto-oncogene, AP-1 transcription factor subunit Junb -1.83 -1.86 3.54E-08

(Continued)
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mechanism for ASP-induced metabolic deregulation. Conversely, notable genes with an

inverse expression relationship between the tissues included carboxypeptidase 1 (Cpb1), mela-

nocortin 2 receptor accessory protein (Mrap), hydroxy-delta-5-steroid dehydrogenase, 3 beta-

and steroid delta-isomerase 6 (Hsd3b6: all upregulated in the hypothalamus); and arginine

vasopressin (Avp) and leucine-rich alpha-2-glycoprotein 1 (Lrg1: both upregulated in the adre-

nal tissue).

TaqMan real-time PCR was used to confirm our microarray results using a selection of

hypothalamic and adrenal genes randomly chosen based on biological relevance (Fig 7A–7E).

Pearson correlation coefficients between the microarray analysis and real-time PCR were cal-

culated. Thirteen genes were analysed for expression by TaqMan PCR, the data obtained from

RT-PCR correlated well with the microarray data. (Fig 7F, r2 = 0.864, P� 0.001). A complete

list of these genes and TaqMan Primer assays is given in S1 Table.

Discussion

Our previous studies have shown that chronic ASP exposure commencing in utero may det-

rimentally affect adulthood glucose metabolism and aspects of cognition and behavior [5], and

that this can be modulated by developmental NMDAR blockade with the anticonvulsant

NMDAR antagonist CGP 39551 [53]. Because glucose homeostasis and anxiety-related behav-

ior are coordinated in part by the HPA axis [6, 74], and since augmented hypothalamic

NMDAR activity has been shown to contribute to hyperactivation of the HPA axis [75], which

can be modulated by NMDAR antagonism [76], we elected to examine changes in global gene

expression in the hypothalamus and adrenal gland of these animals. The main outcomes of the

present study were firstly that chronic ASP exposure affected adulthood gene expression to a

far greater extent than developmental NMDAR antagonism, as was to be expected. Secondly,

the separate and combined treatments affected adulthood adrenal gene expression to a greater

extent than hypothalamic gene expression. Levels of serum ACTH and Growth Hormone

(GH), indicative of pituitary activity, were differentially affected to the effect that ASP

increased GH levels but not ACTH, and neither were affected by CGP.

The main effects of ASP exposure on hypothalamic gene expression was to robustly upregu-

late genes involved in the key steps of neurosteroidogenesis, which is known to be required for

the physiological response to stress, including StAR, rate-limiting Cyp11a1 (P450scc), 3βHSD
and Srd5a2 which sequentially converts cholesterol firstly into pregnenolone followed by pro-

gesterone and then into 5α-dihydroprogesterone [77]. Additionally, expression levels of

Cyp11b1, which converts 11-deoxycorticosterone into corticosterone, was also upregulated.

Neurosteroids, unlike peripheral hormonal or circulating steroids, act as neurotransmitters

Table 3. (Continued)

Entrez Gene Name Gene Symbol ASP ASP+CGP p-value

GTP binding protein overexpressed in skeletal muscle Gem -1.82 -2.09 1.43E-08

Cytochrome P450, family 2, subfamily c, polypeptide 54 Cyp2c54 -1.81 -2.15 5.87E-06

Major urinary protein 1 Mup1 -1.81 -2.50 1.54E-09

Solute carrier family 22 member 1 Slc22a1 -1.80 -1.83 5.83E-08

Cell division cycle 23 Cdc23 1.82 6.86 2.77E-03

DEG: Differentially expressed gene; ASP: chronic aspartame exposure; ASP+CGP: chronic aspartame exposure and developmental NMDAR antagonism with

CGP39551.

Stringency�±1.8 fold change in expression, P�0.05.

https://doi.org/10.1371/journal.pone.0194416.t003
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capable of rapidly altering receptor-activated neuronal excitability in order to regulate many

physiological processes including the HPA axis; and inhibition with finasteride is sufficient to

prevent stress-induced anxiety-like behaviors in mice [78]. The biosynthesis of neurosteroids

is tightly regulated by neurotransmitters (such as glutamate, GABA and melatonin), pituitary

hormones, and various neuropeptides [79]. Functionally, neurosteroids can rapidly modulate

GABAergic receptor function by acting locally and non-genomically. The HPA-modulating

effects of these compounds depend firstly on the type and local concentration of the neuroster-

oid (i.e., agonist or antagonist), the location of the receptors (synaptic or extrasynaptic), and

their subunit composition [80]. As well as being pivotal in regulating aspects of neurite growth,

survival and apoptosis [81], neurosteroid production increases as a result of stress, and their

effects are believed to be largely anxiolytic and antidepressant [82]. Previous studies in C57bl/

Fig 6. 72 differentially expressed genes common to hypothalamus and adrenal glands were hierarchically

clustered and illustrated in a heat map (stringency�±1.4 fold change in expression, P<0.05). Expression levels are

represented by a color scale from green (low) to red (high) indicated at the bottom of the heatmap. CGP denotes

developmental NMDAR antagonism with CGP 39551. ASP denotes chronic aspartame exposure. ASP+CGP denotes

Aspartame exposure and developmental NMDAR antagonism with CGP 39551.

https://doi.org/10.1371/journal.pone.0194416.g006
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6J mice have demonstrated that under normal conditions, low levels of neurosteroids potenti-

ate inhibitory effects of GABA on corticotrophin releasing hormone-expressing (CRH) neu-

rons; however following stress, neurosteroids activate the HPA axis promoting a collapse of

the CRH neuronal chloride gradient resulting in excitatory GABAergic transmission [78].

Additionally, neurosteroids such as pregnenolone sulfate are capable of interacting with

NMDARs in a subunit-dependent manner [64, 83], to modulate long term potentiation [84].

Chronic ASP exposure also upregulated hypothalamic DEGs involved in catecholamine

synthesis including rate-limiting tyrosine hydroxylase (TH) which converts tyrosine into

dopamine, dopamine β hydroxylase which converts L-DOPA into norepinephrine, and pheny-

lethanolamine-N-methyltransferase which converts norepinephrine to epinephrine. ASP is

rapidly metabolized into phenylalanine, aspartate and methanol; and phenylalanine can be

converted into tyrosine via hepatic phenylalanine hydroxylase (PAH). Tyrosine itself cannot

be synthesized in the brain and has to be actively transported across the mature BBB via neu-

tral amino acid transporter (NAAT) complexes, and excess phenylalanine has the potential to

compete for binding sites on NAATs, resulting in reduced CNS tyrosine levels and DOPA syn-

thesis [36]. Part of the function of the hypothalamus is to sense levels of nutrients and hor-

mones in order to maintain energy homeostasis, and the BBB in this area is specialized to

create a more permeable interphase [85]. Additionally, the BBB is not fully formed during

development and studies have shown that raising tyrosine concentrations by injecting the

Fig 7. Expression plots of selected genes between RT-PCR and Microarray (A) Steroidogenic Acute Regulator, Star (B)

Proopiomelanocortin, Pomc (C) Apolipoprotein A4, Apoa4 (D) Peroxisome Proliferator Activated Receptor Gamma Coactivator 1

Alpha, Ppargc1a (E) Cholinergic Receptor Nicotinic Beta 2, Chrnb2. CON denotes Control; CGP denotes developmental NMDAR

antagonism with CGP 39551; ASP denotes chronic exposure to aspartame; ASP+CGP denotes developmental NMDAR antagonism and

aspartame exposure. Significance of group against Control is represented as ��� at p-value<0.001. (F) Scatter-plot presentation of

changes in expression of 13 selected genes as measured by microarray analysis and RT-PCR.

https://doi.org/10.1371/journal.pone.0194416.g007
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amino acid directly into rodent brain rapidly increases L-DOPA production [86]. Therefore it

is possible that chronic ASP exposure commencing in utero could directly affect the expression

of DEGs involved in hypothalamic catecholamine biosynthesis. Equally of interest is the fact

that tyrosine hydroxylase is required for the normal development of pancreatic beta cells,

which are known to express NMDARs [25,27] and to be functionally modulated by non-neu-

ronal catecholaminergic signaling [87].

ASP ingestion has been associated with an increase in brain oxidative stress [88, 89]. We

found a number of stress-associated and neuroinflammatory hypothalamic ASP-responsive

DEGs including resistin, Cyp2e1, Tspo, Pomc and Ly6D, adiponectin, Fabp4, Scarb1 and Cd36.

Pomc is also known for its key functions in regulating energy and glucose homeostasis [90]

and hypothalamic glucose sensing [91], whilst centrally-administered adiponectin has been

shown to modulate hypothalamic Pomc neurons in a glucose-dependent manner [92]. In addi-

tion to its pro-inflammatory role, resistin has also been shown to modulate hepatic insulin sen-

sitivity through both a direct action on the liver, and through hypothalamic mechanisms [93].

Furthermore, hypothalamic CD36 has been demonstrated to play an important role in fatty

acid sensing and the maintenance of glucose homeostasis [94]. The possibility therefore exists

that the changes in hypothalamic gene expression observed in response to ASP treatment

could also have contributed to its potential to alter glucose homeostasis. Interestingly both

competitive and uncompetitive NMDAR antagonists have been shown to alter cerebral glucose

utility in many areas including thalamic nuclei [95], which may in turn affect blood glucose

levels [91]. It is equally plausible that the ASP and CGP treatments could have modulated

maternal and/or fetal gene expression in other glucocentric tissues such as the pancreas which

is known to express functional NMDARs [25, 27]. Of importance is the finding that in vivo,

the anticonvulsant NMDAR antagonist dextromethorphan (DXM) significantly improves

pancreatic islet insulin content and enhances glucose tolerance when administered to db/db

mice in the drinking water [25]. Moreover despite its known neuroprotective effects [96],

acute [97, 98] or postnatal [99] administration of DXM has been shown to alter NMDAR gene

expression [99], and to cause dose-dependent hyperlocomotion, impaired spatial learning [97,

99], and either anxiolytic or anxiogenic behavior depending on the dosage administered [98].

The main effect of chronic ASP exposure on adrenal gene expression was to upregulate

GABAergic and Glutamatergic gene expression. In the brain, GABA is the main inhibitory

neurotransmitter however in endocrine tissues such as the adrenal and pancreatic glands

GABA may function as a para/autocrine factor [100]. In adrenal chromaffin cells, GABA

receptors are mainly composed of pentamers made up of α3β2/3γ2 subunits [68], and the

expression of all 3 transcripts were upregulated in ASP-exposed mice. Neuronal GABA is syn-

thesized from glutamic acid by glutamate decarboxylase (GAD), an enzyme which is encoded

by the product of two different genes: GAD65 and GAD67 both of which were also upregu-

lated in the adrenals of ASP-exposed mice, as were GABA transporters Slc6a1 and Slc6a11.

Recent studies have shown that GABA might have a dual function in adrenal cells: inducing

catecholamine secretion potentially leading to increased blood glucose levels [68, 101], and

because it reduces the membrane depolarization resulting from electrical nerve stimulation,

GABA can attenuate the large release of catecholamine which would be elicited by a barrage of

nerve impulses [68].

In addition to its function as a conventional endocrine gland, the adrenal medulla is consid-

ered to be a modified neuronal tissue the activity of which is controlled by sympathetic pregan-

glionic autonomic activity [102]. Adrenal medullary cells are modified postganglionic neurons

that have lost their axons and dendrites, receiving innervation from corresponding pregangli-

onic fibers driven by glutamatergic activation of the hypothalamic paraventricular nucleus

[103]. However, upon activation, instead of releasing neurotransmitters adrenal medullary
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cells secrete hormones which contribute directly to the control of blood pressure and heart

rate. Adrenal medullary tissue has been shown to express functionally active metabotropic glu-

tamate receptors [104,105], and we found that expression of metabotropic glutamate receptors

Grm2, Grm3 and Grm5 were upregulated by aspartame exposure in adrenal tissues, together

with several ionotropic glutamate receptor subunits including Grin1 (NR1), Grin2a (NR2A)

and Grin2b (NR2B). Interestingly, ASP ingestion has previously been shown to increase the

expression of rat hippocampal NR2B to levels significantly higher than that induced by the

ingestion of monosodium glutamate [106], further confirming an interaction between aspar-

tame and NMDA receptors with the likelihood of modulation by NMDAR antagonists. Our

analysis also revealed an increase in adrenal prostaglandin D2 synthase (PTGDS) gene expres-

sion in ASP-exposed mice. Preferentially expressed in the brain, adrenal PTGDS is an enzyme

that catalyzes the conversion of prostaglandin H2 (PGH2) to prostaglandin D2 (PGD2), an

increase in which has been shown to stimulate cyclic-AMP-dependent calcium influx in cul-

tured bovine adrenal cells [107]. Intracellular calcium levels have been shown to directly influ-

ence adrenal catecholamine secretion [108], however in our study we did not detect a

statistically significant change in epinephrine levels in the serum of ASP-exposed mice.

Although developmental NMDAR antagonism with CGP affected adulthood gene expres-

sion to a lesser extent than chronic ASP exposure, with approximately 10-fold less differential

gene expression compered to ASP, several important adrenal and hypothalamic genes were

affected by the treatment. A number of hypothalamic genes involved in neurogenesis were

upregulated including Gpr151, a G-protein coupled orphan receptor of unknown function

expressed in many areas of the brain including the paraventricular nucleus of the thalamus

[109]. Levels of LIM homeobox transcription factor Lhx9, a developmental gene believed to be

involved in hypocretin neuron specification [110] were increased by CGP, as well as CHRNB4,

a nicotinic acetylcholine receptor subunit involved in the development of tolerance to nicotine

[111]. In the adrenal gland, developmental NMDAR antagonism led to an increase in the

expression of many genes involved in steroid and androgen biotransformation including a

robust upregulation of the oxidoreductase Cyp7a1 (Cholesterol 7 alpha-hydroxylase) and sev-

eral uridine glucuronosyltransferases (UGTs). The glucuronidation reaction, catalyzed by

membrane-bound UGTs, involves the transfer of the ubiquitous co-substrate UDPGA to

hydrophobic molecules such as steroids, leading to the formation of glucuronide derivatives

which can no longer interact with their receptors [112].

In contrast, developmental NMDAR antagonism of ASP-exposed mice with CGP 39551 led

to a different pattern of gene expression. Hypothalamic neuronal genes such as neurogenic dif-

ferentiation 1 (Neurod1) and cerebellin 3 precursor protein (Cbln3) were upregulated in ASP

+CGP mice, whereas a number were downregulated including Dapl1, Fmod, Lcn2, Prg4 and

Phxr4. Neurod1 is a transcription factor which regulates expression of the insulin gene [113],

and mutations in Neurod1 are associated with type 2 diabetes [114]. Cerebelin in the brain

modulates synaptic structure formation whereas in peripheral tissues it regulates catechol-

amine secretion and also may modulate insulin secretion [115]. In adrenal tissue, chronic ASP

exposure of NMDAR antagonized mice resulted in the upregulation of TMEM38B and a num-

ber of keratin associated proteins, together with the downregulation of angiotensinogen and

arginosuccinate synthase 1. TMEM38B encodes an intracellular monovalent cation channel

(TRICB) that functions in the maintenance of intracellular calcium levels whereas angiotensi-

nogen–the precursor of angiotensin 1 and 2 –indirectly inhibits calcium extrusion through the

Na+/Ca2+ exchanger and thus has the potential to regulate adrenal aldosterone secretion

[116].

Lastly we identified a subset of DEGs which were commonly regulated by chronic ASP

exposure in both the hypothalamus and the adrenal gland, and found an interesting inverse
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relationship between expression of these genes within the tissues in the sense that DEGs upre-

gulated in the hypothalamus were downregulated in the adrenal gland, with only 3 exceptions.

These included POMC and growth hormone (GH) together with the neuronal glycine trans-

porter Slc6a5 (GlyT-2). Whereas POMC and GH were both upregulated in hypothalamic and

adrenal tissues in response to ASP, levels of expression of hypothalamic Slc6a5 were downre-

gulated by ASP exposure as well as by CGP 39551. This is of interest because glycine is a co-

agonist of the NMDA receptor and is required for efficient voltage gating [117]; whereas phe-

nylalanine, a metabolite of aspartame can also interact with NMDARs at the glycine binding

site. The possibility exists therefore that deregulation of Slc6a5 expression may form part of

the mechanism by which NMDAR antagonism modulates ASP-induced gene expression.

Amongst the most notable DEGs which were inversely expressed in the 2 tissues as a result of

ASP, arginine vasopressin (AVP) was downregulated in the hypothalamus and upregulated in

the adrenal gland where it is known to act as an autocrine/paracrine regulator of adrenal secre-

tion [118]. AVP is an antidiuretic hormone which plays a key role in maintaining osmolality

and blood pressure. A third function is its involvement in modulating social behaviors in

rodents, and previous studies have shown that exposure to conditioned fear stimuli suppresses

AVP production, whereas pretreatment with the NMDAR antagonist MK-801 blocks recall of

the emotional memory associated with the attenuated AVP [118]. Therefore AVP represents

another DEG which was deregulated by ASP in several tissues and which may also be modu-

lated by NMDAR antagonism.

In conclusion, we have previously shown that developmental NMDAR antagonism with

CGP 39551 may modulate ASP-induced deregulation of glucose homeostasis, and may impact

on aspects of behavior. The present work identifies changes in hypothalamic and adrenal gene

expression associated with these physiological changes, and indicates that ASP may modulate

hypothalamic neurosteroidogenic gene expression and adrenal catecholamine-related gene

expression, which did not occur in ASP-exposed mice with developmental NMDAR antago-

nism. Further studies are warranted to examine the effects of these treatments on other

NMDAR-expressing tissues, such as the pancreas for example.
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54. Bubenı́ková-Valesová V, Horácek J, Vrajová M, Höschl C. Models of schizophrenia in human and ani-

mals based on inhibition of NMDA receptors. Neurosci Behav Rev 2008: 32: 1014–1023

55. Brooks WJ, Weeks AC, Leboutillier JC, Petit TL. Altered NMDA sensitivity and learning following

chronic developmental NMDA antagonism. Physiol Behav. 1997; 62(5):955–62. PMID: 9333187

56. Aya-Ramos L, Contreras-Vargas C, Rico JL, Dueñas Z. Early maternal separation induces preference

for sucrose and aspartame associated with increased blood glucose and hyperactivity. Food Funct.

2017; 8(7):2592–2600. https://doi.org/10.1039/c7fo00408g PMID: 28686282

57. Schmutz M, Portet C, Jeker A, Klebs K, Vassout A, Allgeier H et al. The competitive NMDA receptor

antagonists CGP 37849 and CGP 39551 are potent, orally-active anticonvulsants in rodents. Naunyn

Schmiedebergs Arch Pharmacol. 1990; 342(1):61–6. PMID: 1976233

58. Murrell JR, Randall JD, Rosoff J, Zhao JL, Jensen RV, Gullans SR et al. Endogenous ouabain: upre-

gulation of steroidogenic genes in hypertensive hypothalamus but not adrenal. Circulation. 2005; 112

(9):1301–8. https://doi.org/10.1161/CIRCULATIONAHA.105.554071 PMID: 16116051

59. Collison KS, Zaidi MZ, Maqbool Z, Saleh SM, Inglis A, Makhoul NJ et al. Sex-dimorphism in cardiac

nutrigenomics: effect of trans fat and/or monosodium glutamate consumption. BMC Genomics. 2011;

12:555. https://doi.org/10.1186/1471-2164-12-555 PMID: 22078008

60. Collison KS, Maqbool Z, Effect of dietary monosodium glutamate on trans fat-induced nonalcoholic

fatty liver disease. Saleh SM, Inglis A, Makhoul NJ, Bakheet R, J Lipid Res. 2009; 50(8):1521–37.

https://doi.org/10.1194/jlr.M800418-JLR200 PMID: 19001666

61. Irizzary RA, Hobbs B, Collin F, Beazer-Barclay YD, Antonellis KJ, Scherf J et al. Exploration, normali-

zation, and summaries of high density oligonucleotide array probe level data. Biostatistics 2003, 2:

249–264.

62. Bolstad BM, Irizarry RA, Astrand M, Speed TP. A comparison of normalization methods for high den-

sity oligonucleotide array data based on variance and bias. Bioinformatics. 2003; 19(2):185–93.

PMID: 12538238

63. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to

multiple testing. J. Royal Stat Soc Series B (Methodological) 1995, 57(1): 289–300.

64. Rahmani B, Ghasemi R, Dargahi L, Ahmadiani A, Haeri A. Neurosteroids; potential underpinning roles

in maintaining homeostasis. Gen Comp Endocrinol. 2016; 225:242–250. https://doi.org/10.1016/j.

ygcen.2015.09.030 PMID: 26432100

65. Lebda MA, Sadek KM, El-Sayed YS. Aspartame and Soft Drink-Mediated Neurotoxicity in Rats: Impli-

cation of Oxidative Stress, Apoptotic Signaling Pathways, Electrolytes and Hormonal Levels. Metab

Brain Dis. 2017 Jun 28. [Epub ahead of print]

66. Pacak K, Palkovits M, Kopin IJ, Goldstein DS. Stress-induced norepinephrine release in the hypotha-

lamic paraventricular nucleus and pituitary-adrenocortical and sympathoadrenal activity: in vivo micro-

dialysis studies. Front Neuroendocrinol. 1995; 16(2):89–150. https://doi.org/10.1006/frne.1995.1004

PMID: 7621982

67. Onaolapo AY, Onaolapo OJ, Nwoha PU. Alterations in behaviour, cerebral cortical morphology and

cerebral oxidative stress markers following aspartame ingestion. J Chem Neuroanat. 2016; 78:42–56.

https://doi.org/10.1016/j.jchemneu.2016.08.006 PMID: 27565676

68. Harada K, Matsuoka H, Fujihara H, Ueta Y, Yanagawa Y, Inoue M. GABA Signaling and Neuroactive

Steroids in Adrenal Medullary Chromaffin Cells. Front Cell Neurosci. 2016; 10:100. https://doi.org/10.

3389/fncel.2016.00100 PMID: 27147972

69. Uno Y, Hosaka S, Yamazaki H. Identification and analysis of CYP7A1, CYP17A1, CYP20A1,

CYP27A1 and CYP51A1 in cynomolgus macaques. J Vet Med Sci. 2014; 76(12):1647–50. https://doi.

org/10.1292/jvms.14-0313 PMID: 25649950

70. Bélanger A, Pelletier G, Labrie F, Barbier O, Chouinard S. Inactivation of androgens by UDP-glucuro-

nosyltransferase enzymes in humans. Trends Endocrinol Metab. 2003; 14(10):473–9 PMID:

14643063

71. Lee FY, de Aguiar Vallim TQ, Chong HK, Zhang Y, Liu Y, Jones SA et al. Activation of the farnesoid X

receptor provides protection against acetaminophen-induced hepatic toxicity. Mol Endocrinol. 2010;

24(8):1626–36. https://doi.org/10.1210/me.2010-0117 PMID: 20573685

72. Steffensen KR, Neo SY, Stulnig TM, Vega VB, Rahman SS, Schuster GU, Gustafsson JA et al.

Genome-wide expression profiling; a panel of mouse tissues discloses novel biological functions of

liver X receptors in adrenals. J Mol Endocrinol. 2004; 33(3):609–22. https://doi.org/10.1677/jme.1.

01508 PMID: 15591022

73. Leonard BE. Major Depression as a Neuroprogressive Prelude to Dementia: What Is the Evidence?

Mod Trends Pharmacopsychiatry. 2017; 31:56–66. https://doi.org/10.1159/000470807 PMID:

28738351

Effect of aspartame and developmental NMDAR antagonism on HPA axis gene expression

PLOS ONE | https://doi.org/10.1371/journal.pone.0194416 March 21, 2018 28 / 31

http://www.ncbi.nlm.nih.gov/pubmed/9333187
https://doi.org/10.1039/c7fo00408g
http://www.ncbi.nlm.nih.gov/pubmed/28686282
http://www.ncbi.nlm.nih.gov/pubmed/1976233
https://doi.org/10.1161/CIRCULATIONAHA.105.554071
http://www.ncbi.nlm.nih.gov/pubmed/16116051
https://doi.org/10.1186/1471-2164-12-555
http://www.ncbi.nlm.nih.gov/pubmed/22078008
https://doi.org/10.1194/jlr.M800418-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/19001666
http://www.ncbi.nlm.nih.gov/pubmed/12538238
https://doi.org/10.1016/j.ygcen.2015.09.030
https://doi.org/10.1016/j.ygcen.2015.09.030
http://www.ncbi.nlm.nih.gov/pubmed/26432100
https://doi.org/10.1006/frne.1995.1004
http://www.ncbi.nlm.nih.gov/pubmed/7621982
https://doi.org/10.1016/j.jchemneu.2016.08.006
http://www.ncbi.nlm.nih.gov/pubmed/27565676
https://doi.org/10.3389/fncel.2016.00100
https://doi.org/10.3389/fncel.2016.00100
http://www.ncbi.nlm.nih.gov/pubmed/27147972
https://doi.org/10.1292/jvms.14-0313
https://doi.org/10.1292/jvms.14-0313
http://www.ncbi.nlm.nih.gov/pubmed/25649950
http://www.ncbi.nlm.nih.gov/pubmed/14643063
https://doi.org/10.1210/me.2010-0117
http://www.ncbi.nlm.nih.gov/pubmed/20573685
https://doi.org/10.1677/jme.1.01508
https://doi.org/10.1677/jme.1.01508
http://www.ncbi.nlm.nih.gov/pubmed/15591022
https://doi.org/10.1159/000470807
http://www.ncbi.nlm.nih.gov/pubmed/28738351
https://doi.org/10.1371/journal.pone.0194416


74. Smith SM, Vale WW. The role of the hypothalamic-pituitary-adrenal axis in neuroendocrine responses

to stress. Dialogues Clin Neurosci. 2006; 8(4):383–95. PMID: 17290797

75. Zhou JJ, Gao Y, Zhang X, Kosten TA, Li DP. Enhanced Hypothalamic NMDA Receptor Activity Con-

tributes to Hyperactivity of HPA Axis in Chronic Stress in Male Rats. Endocrinology. 2018 Jan 30.

https://doi.org/10.1210/en.2017-03176 PMID: 29390057

76. Pechnick RN, Poland RE. Comparison of the effects of dextromethorphan, dextrorphan, and levorpha-

nol on the hypothalamo-pituitary-adrenal axis. J Pharmacol Exp Ther. 2004; 309(2):515–22. https://

doi.org/10.1124/jpet.103.060038 PMID: 14742749

77. Rossetti MF, Varayoud J, Moreno-Piovano GS, Luque EH, Ramos JG. Environmental enrichment

attenuates the age-related decline in the mRNA expression of steroidogenic enzymes and reduces the

methylation state of the steroid 5α-reductase type 1 gene in the rat hippocampus. Mol Cell Endocrinol.

2015; 412:330–8. https://doi.org/10.1016/j.mce.2015.05.024 PMID: 26021641

78. Sarkar J, Wakefield S, MacKenzie G, Moss SJ, Maguire J. Neurosteroidogenesis is required for the

physiological response to stress: role of neurosteroid-sensitive GABAA receptors. J Neurosci. 2011;

31(50):18198–210. https://doi.org/10.1523/JNEUROSCI.2560-11.2011 PMID: 22171026

79. Do Rego JL, Seong JY, Burel D, Leprince J, Vaudry D, Luu-The V et al. Regulation of neurosteroid bio-

synthesis by neurotransmitters and neuropeptides. Front Endocrinol (Lausanne). 2012; 3:4.

80. Wang M. Neurosteroids and GABA-A receptor function. Front Endocrinol (Lausanne) 2011; 2: 44.

81. Charalampopoulos I, Remboutsika E, Margioris AN, Gravanis A. Neurosteroids as modulators of neu-

rogenesis and neuronal survival. Trends Endocrinol Metab. 2008; 19(8):300–7. https://doi.org/10.

1016/j.tem.2008.07.004 PMID: 18771935

82. Hodge CW, Raber J, McMahon T, Walter H, Sanchez-Perez AM, Olive MF et al. Decreased anxiety-like

behavior, reduced stress hormones, and neurosteroid supersensitivity in mice lacking protein kinase Cep-

silon. J Clin Invest. 2002; 110(7):1003–10. https://doi.org/10.1172/JCI15903 PMID: 12370278

83. Malayev A, Gibbs TT, Farb DH. Inhibition of the NMDA response by pregnenolone sulphate reveals

subtype selective modulation of NMDA receptors by sulphated steroids. Br J Pharmacol. 2002; 135

(4):901–9. https://doi.org/10.1038/sj.bjp.0704543 PMID: 11861317

84. Izumi Y, O’Dell KA, Zorumski CF. Metaplastic LTP inhibition after LTD induction in CA1 hippocampal

slices involves NMDA Receptor-mediated Neurosteroidogenesis. Physiol Rep. 2013; 1(5):e00133.

https://doi.org/10.1002/phy2.133 PMID: 24303196
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