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Preface to ”Nutrition and Central Nervous System”

The focus of this Special Issue is “Nutrition and the Central Nervous System”. The brain is, as a

very specialized and one of the most metabolically active organs of the body, dependent on a steady

and sufficient supply of dietary ingredients. The critical role of the diet for brain development as

well as for proper CNS functioning and the possible preventative roles against neurodegenerative

and neurological conditions is commonly accepted. The overarching aim of this Special Issue is

pinpointing the mechanisms of action and publishing state-of-the-art contributions discussing the

roles that nutritional compounds play in the development, maintenance, and aging of the CNS.

M. Hasan Mohajeri

Editor
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Abstract: In rodent literature, there is evidence that excessive fructose consumption during development
has a detrimental impact on hippocampal structure and function. In this study of 103 children ages
7–11 years old, we investigated whether dietary fructose intake was related to alterations in hippocampal
volume and connectivity in humans. To examine if these associations were specific to fructose or were
related to dietary sugars intake in general, we explored relationships between dietary intake of added
sugars and the monosaccharide, glucose, on the same brain measures. We found that increased dietary
intake of fructose, measured as a percentage of total calories, was associated with both an increase in the
volume of the CA2/3 subfield of the right hippocampus and increased axial, radial, and mean diffusivity
in the prefrontal connections of the right cingulum. These findings are consistent with the idea that
increased fructose consumption during childhood may be associated with an inflammatory process,
and/or decreases or delays in myelination and/or pruning. Increased habitual consumption of glucose
or added sugar in general were associated with an increased volume of right CA2/3, but not with
any changes in the connectivity of the hippocampus. These findings support animal data suggesting
that higher dietary intake of added sugars, particularly fructose, are associated with alterations in
hippocampal structure and connectivity during childhood.

Keywords: children; cingulum; development; dietary sugar; fructose; hippocampus

1. Introduction

Diets high in added sugars, particularly fructose, have adverse metabolic consequences and
are associated with oxidative stress, insulin resistance, and cardiometabolic disorders [1–4]. Beyond
its known metabolic health risks, high fructose consumption has been linked to impairments in
peripheral and central appetite signaling and may promote feeding behavior [5–10]. Emerging data
also indicates that high fructose diets have a profound impact on brain function [11,12], particularly
within the hippocampus, a brain region involved in memory, learning, and food intake regulation that
is particularly vulnerable to dietary and metabolic insults [13–15]. Experimental studies in animal

Nutrients 2020, 12, 909; doi:10.3390/nu12040909 www.mdpi.com/journal/nutrients1



Nutrients 2020, 12, 909

models have shown that high fructose consumption leads to hippocampal insulin resistance [16,17],
neuroinflammation [18,19], and reduced hippocampal neurogenesis [20], and suggests a potential
mechanistic basis for fructose induced cognitive deficits [17,18,21].

The findings that hippocampal function is highly sensitive to excess fructose consumption
are particularly relevant to the study of obesity and excess weight gain considering the role the
hippocampus plays in energy regulation. In rodents, hippocampal lesions [14] or inactivation [15]
increase food consumption and body weight. The translation of these findings to humans has been
supported by experiments in patients with brain lesions. Patients with lesions to the temporal lobe
have been shown to overeat in response to food presentation relative to healthy controls and patients
with lesions in other brain regions, even after consuming an energy dense meal [22,23]. Considering
these findings together, the hippocampus appears to be highly important in the inhibition of food
consumption; therefore, in the case of hippocampal impairment by external insults, such as excessive
consumption of fructose, humans and animals may overeat and consequently gain additional weight.

Human hippocampal connectivity has been found to be quite extensive [24], and evidence from
animal models suggests that the ability of the hippocampus to inhibit appetitive behaviors may rely
on its connections to other brain areas. Prior findings have demonstrated that disconnection lesions
(the elimination of all direct and indirect connections) between the ventral hippocampus and the
contralateral prefrontal cortex in rodents impairs general behavioral inhibition in a 5-choice reaction
time task [25]. More specifically related to obesity, a monosynaptic glutamatergic pathway between
the ventral hippocampus and the medial prefrontal cortex has been identified as important in the
control of energy regulation. Chemogenic inactivation of this pathway has been shown to increase food
consumption, indicating the activation of this pathway may be important in the ability to suppress
overeating [26]. The hippocampus is also connected to the lateral septum, and activation of this
excitatory pathway inhibits food intake [27]. Other hippocampal-dependent feeding pathways include
connections with the amygdala and hypothalamus [18,28]. While diets high in fructose or other added
sugars have been found to alter hippocampal physiology [18,20], and metabolic insults, such as obesity,
have been shown to decrease hippocampal global brain connectivity [29], the impact of dietary fructose
or added sugar intake on the microstructure of pathways that connect the hippocampus to other brain
regions has not yet been studied.

Recent studies in rodents have shown that the effects of high fructose diets on hippocampal
function are particularly damaging during sensitive periods of neurocognitive development, such as
childhood and adolescence [18], but few studies have attempted to translate these findings to humans.
To address this gap in knowledge, we used in vivo magnetic resonance imaging (MRI) methods, which
provide a non-invasive way to examine the neurodevelopment of the human brain. T1-weighted
acquisitions allow quantification of grey matter volume in specific regions of the brain, and diffusion
tensor imaging (DTI) is a sensitive imaging method that can characterize the microstructural architecture
of white matter tracts that connect distinct brain regions [30]. We used both structural MRI and
diffusion MRI to examine the associations between dietary fructose and added sugar intake and
hippocampal development in healthy children aged 7 to 11 years. Based on studies in animal models,
we hypothesized that higher dietary intake of added sugars, particularly fructose, would be associated
with alterations in hippocampal volume and in the microstructure of white matter tracts that connect
the hippocampus to other brain regions.

2. Materials and Methods

2.1. Participants

Healthy, typically developing children between the ages of 7–11 years old participated in the
BrainChild Study of the impact of intrauterine exposure to metabolic disorders on brain pathways
during childhood. Children were born at Kaiser Permanente Southern California (KPSC), a large health
care organization that uses an integrated electronic medical record (EMR) system. KPSC member
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demographics are broadly representative of Southern California residents [31]. Each participating
Institutional Review Board approved this study (University of Southern California (USC) #HS-14-00034,
KPSC #10282). Participants’ parents gave written informed consent. Children provided written
informed assent.

The study included two in-person visits. Visit one occurred at the Clinical Research Unit of the
USC Diabetes and Obesity Research Institute. Visit two occurred at USC Dana and David Dornsife
Neuroimaging Center and included a MRI scan of the brain.

2.2. Clinical Characteristics and Demographics

Child’s height was measured to the nearest 0.1 cm using a stadiometer and weight to the nearest
0.1 kg using a calibrated digital scale. BMI was calculated using the standard formula, weight (kg)
divided by height (m2). BMI z-scores and BMI percentiles (age and sex-specific standard deviation
scores) were determined based on Center for Disease Control (CDC) standards [32]. Participants
were given the option of having Tanner stage assessed by physical exam [33,34] and/or by a validated
sex-specific assessment questionnaire for children and parents, containing both illustrations and
explanatory text [35]. Forty-eight participants opted for both physical exam and questionnaire, and
55 participants opted for self-reported puberty status only. The correlation between Tanner Staging
assessed by physical exam and by questionnaire was 0.91.

Socioeconomic status (SES) was assessed using household income at birth, estimated based on
census tract of residence and expressed as a continuous variable, and maternal education at birth,
which was extracted from birth certificates in the EMR as a categorical variable with the following
categories: “high-school or some high-school”, “some college”, and “college and post-education”.
Prenatal exposures to maternal gestational diabetes mellitus (GDM) and maternal pre-pregnancy BMI
were assessed using the EMR.

2.3. Dietary Measures

Diet was assessed using repeated 24-h dietary recalls on non-consecutive days during two
in-person visits as part of the BrainChild Study. In a subset of 35 participants, we also obtained 3-day
dietary records on one of the two in-person visits, and dietary intake was estimated using a total of
four days of dietary assessments for these participants. The mean interval between the two in-person
visits was 34 ± 57 days. We used the multi-pass method for dietary recall, in which a trained staff
member asked the participant to recall what food and beverages they had consumed over a 24-h
time period with the input of both the child and the child’s parent. The trained staff member then
went through three other “passes” to complete quantity of food/beverages consumed as well as to
include missing or forgotten food/beverages. Use of the multi-pass 24-h dietary recall method is a
valid method to assess energy intake in children [36]. Once the dietary recalls were collected, the
recalls were analyzed using the Nutritional Data System for Research software v.2018 developed by the
Nutrition Coordinating Center (NCC), University of Minnesota, Minneapolis, MS [37]. The variables
used were percent calories from fructose, percent calories from glucose, and percent calories from
added sugar by available carbohydrate. Data from dietary recalls were manually checked for quality.
To determine outliers, we performed linear regression analysis, using body weight to predict total
energy intake. Residuals were standardized and examined for any values that were >3 or <−3 standard
deviations from the mean. Records containing data that exceeded these values were not included in
the analysis. Using this method, 267 dietary recalls were included in the analysis, and one dietary
recall was excluded.
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2.4. Magnetic Resonance Imaging (MRI) Acquisition

After a mock scanner training session, magnetic resonance imaging (MRI) was performed
using a Siemens MAGNETOM Prismafit 3 Tesla MRI scanner (Siemens Medical Systems) with a
20-channel phased array coil. A high-resolution magnetic resonance imaging scan was acquired using a
T1-weighted three-dimensional magnetization prepared rapid gradient echo (MP-RAGE) sequence with
the parameters: 256 × 256 × 176-matrix size with 1 × 1 × 1-mm3 resolution; inversion time = 900 ms;
repetition time (TR) = 1950 ms; echo time (TE) = 2.26 ms; flip angle = 90◦; Total scan duration was
4 min and 14 s. A diffusion weighted image was acquired using a dual spin echo, single shot, pulsed
gradient, echo planar imaging sequence in 64 diffusion sensitized gradient directions with the following
parameters: TR = 8100 ms; TE = 69 ms; flip angle = 90◦; 70 axial slices; 2 mm × 2 mm × 2 mm voxel
size; FOV = 256 mm; b value = 1000 s/mm2; Total scan duration was 9 min and 29 s.

2.5. MRI Data Processing

The T1 MP-RAGE structural image was put into the automated segmentation software, FreeSurfer
version 6.0 hippocampal module (http://surfer.nmr.mgh.harvard.edu/, RRID:SCR_001847) to examine
total hippocampal grey matter volume and grey matter volume in the hippocampal subfields.
The procedure uses Bayesian inference and a probabilistic atlas of the hippocampal formation
based on manual delineations of subfields in ultra-high-resolution MRI scans [38]. Manual quality
check of automated hippocampal segmentation was performed for each participant following an
existing protocol [39]. The segmentation of the hippocampus was visually assessed by an individual
trained in hippocampal neuroanatomy and then given a rating of “pass”, “pass on condition”, and
“fail”. Images that failed to have defined landmarks due to motion artifacts or segmentation error
were excluded. Although twelve subfield volumes are generated by FreeSurfer 6.0, we only included
subfields that have been shown to be preferentially affected by high sugar diets, including the CA1,
CA2/3, CA4, DG (granule cell layer) and subiculum [40,41]. Previous studies in children have used
FreeSurfer to segment the hippocampus and hippocampal subfields [42,43]. The raw volume data
were included in the supplemental materials (Table S1).

Tractography models were created from the diffusion-weighted MRI (dMRI) data using FSL [44]
and the Quantitative Imaging Toolkit (QIT) [45]. The dMRIs were first skull stripped using FSL BET
and then corrected for motion and eddy current artifact using FSL FLIRT. For this, each diffusion scan
was affinely registered to the baseline scan using the mutual information metric, and the associated
gradient orientations were rotated to account for the registration. Diffusion tensor models were then
estimated from the dMRI using QIT, and the following tensor parameters were extracted: fractional
anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD). Tensor
images were upsampled to 1 mm3 using model-based interpolation in QIT [46], and a deformation field
was computed using DTI-TK [47] to register the data to the IIT brain template [48]. Tractography models
of the bundles-of-interest were created using a framework for deterministic streamline integration [49].
For each bundle, seed, inclusion and exclusion masks were manually drawn in the IIT template [50] in
reference to a white matter atlas [51]. The template masks were then resampled in each subject’s native
space image to constrain tractography. Other tractography parameters included a step size of 1.0 mm,
a maximum angle of 45 degrees, a minimum FA of 0.15, and 25000 seeds per bundle. Bundle-specific
metrics of fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity
(RD) were then computed. FA and MD were used as primary metrics of microstructure, with many
studies showing that FA increases with age while MD decreases with age [52–55]. AD and RD were
used as post-hoc measures in regions that showed a significant effect on MD. The MD measure is a
weighted average of AD and RD, which themselves are more biologically specific than MD alone.
The bundles of interest included major connections between the hippocampus and the rest of the
brain, specifically: the uncinate fasciculus, fornix, and cingulum bundle (separated into prefrontal and
temporal lobe sections) (See Figure 1A).

4



Nutrients 2020, 12, 909

2.6. Statistical Analysis

Hierarchical regression models were implemented in R to estimate the effects of dietary
consumption of fructose on the volume of the hippocampus and its connectivity with the rest
of the brain. The dependent variables for the volume of the hippocampus included the following
regions of interest (ROIs): (i) Whole hippocampus, (ii) CA1, (iii) CA2/3, (iv) CA4, (v) DG/GC/ML,
(vi) subiculum. Left and right values were tested separately for a total of 12 tests, which led to a per-test
p-value of 0.004 to reach an overall alpha of p < 0.05 using Bonferroni correction. The dependent
variables for the connectivity between the hippocampus and the rest of the brain included the following
tracts: (i) uncinate, (ii) fornix, (iii) cingulum–prefrontal section, and (iv) cingulum–temporal section.
Left and right values were tested separately and MD and FA were tested separately for a total of
16 tests, which led to a per-test p-value of 0.003 to reach an overall alpha of p < 0.05 using Bonferroni
correction. Planned post-hocs included: testing the associations of dietary added sugar and glucose
intake on brain metrics that showed evidence of being affected by fructose, and testing the effects of
axial and radial diffusivity for any tests that showed significant effects in FA or MD. Associations of
sugar consumption with total intracranial volume were also computed as a negative control.

Model 1 was the unadjusted model for percent calories from fructose. Model 2 included age and
sex (and intracranial volume for analyses of the volume of the hippocampus). Model 3 included the
child’s BMI z-score. Model 4 included two categorical variables aimed at measuring socioeconomic
status: the highest education level attained by the mother and the family income level. Model 5
included maternal measures that impact prenatal environment, i.e., gestational diabetes (binary) and
pre-pregnancy BMI. As variables were added, an F-test was used to determine whether the newly
added variables showed a significant improvement in R2. Semi-partial r values were calculated as
an indication of effect size, where r < 0.1 is a small effect size, 0.1 < r < 0.3 is a medium effect size,
and r > 0.3 is a large effect size.

Effects of Tanner stage and potential interactions with sex were tested as Models 2A and 2B
respectively. If either or both were found to explain significantly more variance than Model 2, then
models 3–5 included a covariate for Tanner stage and/or an interaction between the dietary measure
and sex.

3. Results

3.1. Participant Characteristics

A total of 103 children participated in this study. Child demographic and clinical characteristics
are reported in Table 1. The mean ± SD age of the children was 8.55 ± 1.03 years old, 91% of the
children were pre-pubertal (Tanner Stage <2), and 62% were girls. Children’s BMI ranged from
13.62 to 34.01 kg/m2; BMI percentiles ranged from 5.28 to 99.58; BMI z-scores ranged from −1.78 to
2.64. According to CDC standards, 61 (59%) children were healthy-weight, 16 (15%) children were
overweight, and 26 (25%) children were obese. Overall, the participants consumed an average (±SD)
of 1763 ± 359 kcal per day; 4.57 ± 2.19% of their total calories came from fructose, 4.32 ± 1.81% of their
total calories came from glucose, and 13.91 ± 6.89% of total calories from added sugar. Total energy
and added sugar intake in our cohort are in line with the general population of the children in the
United States [56]. Familial demographics, including maternal education, family income, and mother’s
self-reported race/ethnicity, are shown in Table 2. Maternal pre-pregnancy BMI ranged from 18.97 to
50.38 kg/m2, and 58% of mothers had GDM during pregnancy.
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Table 1. Child demographic and clinical characteristics

Mean (SD) or N (%) 1 Range

Age, years 8.55 (1.03) 7.33–11.34
BMI, kg/m2 19.00 (4.12) 13.62–34.01

BMI percentile 69.96 (27.33) 5.28–99.58
BMI z-score 0.77 (1.08) −1.78–2.64

BMI category
Healthy-weight: 61 (59%)

Overweight: 16 (16%)
Obese: 26 (25%)

Sex Boys: 41 (40%)
Girls: 62 (60%)

Tanner Stage of Pubertal
Development

Tanner stage 1: 94 (91%)
Tanner stage 2: 5 (5%)
Tanner stage 3: 3 (3%)
Tanner stage 4: 1 (1%)

Energy Intake (kcal) 1763 (359) 825–2708
Percent Calories from Added

Sugar (%) 13.91 (6.89) 2.65–39.90

Percent Calories from Glucose (%) 4.32 (1.81) 1.21–8.40
Percent Calories from Fructose (%) 4.57 (2.19) 0.93–11.44

1 Percentages were rounded to the nearest percent, therefore sum of variables do not equal 100%; BMI: body
mass index.

Table 2. Familial demographics.

Mean (SD) or N (%) 1

Maternal education 2
LN: 21 (20%)
SC: 29 (28%)
CN: 51 (50%)

Mother’s race/ethnicity

Hispanic: 59 (57%)
Black: 11 (11%)

Non-Hispanic White: 20 (19%)
Other: 13 (13%)

Family income 2

0–$30 K: 10 (10%)
$30 K–50 K: 29 (29%)
$50 K–70 K: 33 (33%)
$70 K–90 K: 14 (14%)
≥$90 K: 15 (15%)

1 Percentages were rounded to the nearest percent, therefore sum of variables do not equal 100%; 2 Missing maternal
education and family income data from 2 participants.

3.2. Influence of Diet on Hippocampal Volumes

A total of 101 participants were included in the hippocampal volume analyses, after excluding
the two participants who were missing data for the mother’s education level. The amount of fructose
children consumed as a percentage of calories in their diet was significantly associated with an increase
in the volume of the right CA2/3 hippocampal subfield (ß = 3.34, sr = 0.25, p < 0.01; Model 1)) (Table 3;
Figure 1B). Results remained significant after adjusting for ICV, age, and sex (ß = 2.56, sr = 0.19, p < 0.02;
Model 2), further adjusting for child BMI z-score (ß = 2.80, sr = 0.21, p < 0.01; Model 3), and additionally
adjusting for SES (ß = 2.70, sr = 0.19, p < 0.02; Model 4), as well as in fully adjusted models (ß = 3.33,
sr = 0.24, p < 0.003; Model 5). These findings suggest that dietary fructose has an effect on hippocampal
CA 2/3 volume that is independent of child’s age, sex, BMI Z-score, SES, or prenatal exposures. Of note,
Model 2, which included covariates for intracranial volume, age, and sex, explained significantly more
variance than the unadjusted Model 1, which only contained a covariate for percentage of calories from
fructose (F(3,96) = 16.78, p < 0.001). This result is unsurprising because the volume of the hippocampus
and its subfields are highly dependent upon total brain volume. Model 5, which included all covariates,
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explained significantly more variance than Model 4, which included all covariates except maternal
GDM status and maternal pre-pregnancy BMI (F(2,90) = 6.56, p < 0.002). All other hippocampal
subfield volumes were non-significant. None of the models tested showed significant interactions of
sex with dietary intake, nor did they show significant effects of Tanner stage. Additionally, neither
fructose (ß = 6893, p < 0.30, R2 = 0.0008), glucose (ß = 7583, p < 0.30, R2 = 0.0008), nor added sugar
consumption (ß = −277, p < 0.89, R2 = −0.0097) were significantly associated with intracranial volume.

Table 3. Associations between dietary fructose intake and the volume of right CA2/3.

Predictor
Variables

Model 1
ß (sr)

Model 2
ß (sr)

Model 3
ß (sr)

Model 4
ß (sr)

Model 5
ß (sr)

Percent
Calories from

Fructose
3.34 (0.25) ** 2.56 (0.19) * 2.80 (0.21) * 2.70 (0.19) * 3.33 (0.24) **

Age, years −1.06 (−0.04) −1.14 (−0.04) −1.27 (−0.04) −1.71 (−0.06)
Sex (1, male; 0,

female) 5.17 (0.07) 5.44 (0.08) 6.18 (0.08) 2.52 (0.03)

Intracranial
Volume (mm3)

1.31 × 10−4

(0.49) ***
1.30 × 10−4

(0.48) ***
1.34 × 10−4

(0.47) ***
1.24 × 10−4

(0.43) ***
BMI z-score 3.13 (0.11) 3.05 (0.11) 5.80 (0.20) *

Family income
(1: <$30 K;
5: >$90 K)

−1.67 (−0.01) −1.90 (−0.07)

Mom’s
education (CN)

LN 3.24 (0.04) 2.56 (0.03)
SC 2.01 (0.03) 1.81 (0.03)

Maternal GDM
(1, yes; 0, no) 4.29 (0.07)

Maternal
pre-pregnancy

BMI, kg/m2

−1.31
(−0.28) ***

R2 0.064 0.365 0.378 0.380 0.459
ΔR2 0.301 0.013 0.002 0.079
ΔF 16.78 *** 2.13 0.11 6.56 **

Model 1 is percent calories from fructose only; Model 2 includes age, sex and intracranial volume; Model 3 includes BMI
z-score; Model 4 includes family income and mom’s education; Model 5 includes prenatal exposures to maternal GDM
and maternal pre-pregnancy BMI. Successive models include all covariates from earlier models. BMI: body mass index;
LN: <high school; SC: some college; CN: college and post-graduate; GDM: gestational diabetes mellitus; sr = semi-partial r;
* p < 0.05; ** p < 0.01; *** p < 0.001.

In planned post-hoc analyses, we explored whether the associations between dietary fructose
intake and hippocampal CA 2/3 volume were specific to fructose, or if alternatively the associations
were also observed between dietary added sugar and/or glucose intake and CA 2/3 volume. We found
that associations between percent of calories from added sugar and volume of the right CA2/3 were also
significant (R2 = 0.448, F(10,90) = 7.29, p < 0.001). Likewise, planned post-hoc analyses on the effects of
percent of calories from glucose on the volume of the right CA2/3 were also significant (R2 = 0.471,
F(10,90) = 8.00, p < 0.001). These findings indicated that effects of dietary fructose, added sugar, and
glucose intake on right CA2/3 volume were all similar suggesting that increases in the volume of right
CA2/3 were non-specific with regards to whether the increased sugar intake was from glucose, fructose,
or added sugars. In fact, the effect sizes for glucose intake (sr = 0.27), fructose intake (sr = 0.25), and
added sugar intake (sr = 0.23) were nearly identical, indicating each of these types of sugar explained a
similar amount of variance. The percent calories from fructose and percent calories from glucose were
highly correlated (r = 0.87, p < 0.001), and there were moderate correlations between percent calories
from fructose and percent calories from added sugar (r = 0.31, p < 0.001) and between percent calories
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from glucose and percent calories from added sugar (r = 0.48, p < 0.001). Given that dietary intake of
fructose, glucose, and added sugar were correlated, we did not include them in the same model to test
independent effects. It is important to note that added sugars are classified as sugars that are added to
foods or beverages when they are processed or prepared, whereas naturally occurring sugars, such as
those in fruit or milk, are not classified as added sugars [57].

Figure 1. Associations with fructose consumption. (A) Using regions of interest for the hippocampus
(orange) and its major connections (fornix: pink, uncinate: purple, and the cingulum, which was
segmented into the temporal part: yellow and the prefrontal part: turquoise), we identified associations
between fructose consumption and the volume of the right CA2/3 subfield of the hippocampus (B)
and the mean diffusivity of the right cingulum, prefrontal connections (C). (B,C) Graphs show the
unadjusted model with no covariates. Solid line indicates the best fit linear trend, with dotted lines
showing the confidence interval. Notably, these graphs show the results from Model 1 (Tables 1
and 2, respectively).

3.3. Influence of Diet on Hippocampal Connectivity

A total of 98 participants were included in the diffusion imaging analyses, after excluding the
6 participants who were missing data for either the mother’s education level (n = 2) or who failed
quality control for the diffusion imaging data (n = 4). The amount of fructose children consumed as
a percentage of calories was significantly associated with an increase in the mean diffusivity (MD)
of the right cingulum, prefrontal connections (ß = 2.51 × 10−6, sr = 0.21, p < 0.04; Model 1) (Table 4;
Figure 1C). Results remained significant after adjusting for age and sex (ß = 2.66 × 10−6, sr = 0.22,
p < 0.02; Model 2), further adjusting for child BMI z-score (ß = 2.79 × 10−6, sr = 0.23, p < 0.02; Model
3), and additionally adjusting for SES (ß = 3.51 × 10−6, sr = 0.28, p < 0.003; Model 4), as well as in
fully adjusted models (ß = 3.64 × 10−6, sr = 0.29, p < 0.002; Model 5). The outcome of the hierarchical
modeling indicated that Model 4 explained significantly more variance than Models 1–3, but Model 5
did not explain more variance than Model 4. Therefore, Model 4 was used for the planned post-hoc
analyses. The MD for all other tracts and the FA for all the tracts were non-significant. None of the
models tested showed significant interactions of sex with dietary intake, nor did they show significant
effects of Tanner stage.

Planned post-hoc analyses on the effects of percent of calories from added sugar on the MD of the
right cingulum, prefrontal connections resulted in a significant model overall (R2 = 0.167, F(7,90) = 2.58,
p < 0.02). Although the overall model was significant, the covariate of interest (i.e., percent calories from
added sugar) was not significantly associated with MD of the right cingulum, prefrontal connections
(ß = −2.56 × 10−7, sr = −0.07, p < 0.50), indicating that the overall model for added sugar associations
with MD of the right cingulum, prefrontal connections was driven by significant associations with
decreased age and increased family income. Planned post-hoc analyses on the effects of percent of
calories from glucose on the MD of the right cingulum, prefrontal connections also resulted in a
significant model overall (R2 = 0.184, F(7,90) = 2.89, p < 0.009). However, similar to findings with
added sugar, there was not a significant association of percent calories from glucose on the MD of
the right cingulum, prefrontal connections (ß = 2.25 × 10−6, sr = 0.15, p < 0.13). Likewise, similar to
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added sugar, the overall model for glucose associations with MD of the right cingulum, prefrontal
connections was driven by significant associations with decreased age and increased family income.
These result are different from the effects we observed in the volume of the right CA2/3 because MD
was only associated with fructose intake and not added sugar or glucose intake.

Table 4. Effects of fructose consumption on the mean diffusivity (MD) of right cingulum,
prefrontal connections.

Predictor
Variables

Model 1
ß (sr)

Model 2
ß (sr)

Model 3
ß (sr)

Model 4
ß (sr)

Model 5
ß (sr)

Percent
Calories from

Fructose

2.51 × 10−6

(0.21) *
2.66 × 10−6

(0.22) *
2.79 × 10−6

(0.23) *
3.51 × 10−6

(0.28) **
3.64 × 10−6

(0.29) **

Age, years
−7.52 × 10−6

(−0.28) **
−7.50 × 10−6

(−0.28) **
−6.78 × 10−6

(−0.25) **
−6.95 × 10−6

(−0.26) **
Sex (1, male; 0,

female)
−9.79 × 10−6

(−0.19)
-9.82 × 10−6

(−0.19)
−8.65 × 10−6

(−0.17)
−8.37 × 10−6

(−0.16)

BMI z-score 1.67 × 10−6

(0.07)
1.68 × 10−6

(0.07)
2.40 × 10−6

(0.10)
Family income

(1: <$30 K;
5: >$90 K)

6.71 × 10−6

(0.29) **
6.56 × 10−6

(0.28) **

Mom’s
education (CN)

LN 3.64 × 10−6

(0.05)
5.09 × 10−6

(0.07)

SC 4.69 × 10−6

(0.08)
5.67 × 10−6

(0.09)
Maternal GDM
(1, yes; 0, no)

−3.99 × 10−6

(−0.08)
Maternal

pre-pregnancy
BMI, kg/m2

−3.51 × 10−7

(−0.09)

R2 0.044 0.152 0.157 0.243 0.257
ΔR2 0.108 0.005 0.086 0.014
ΔF 6.87 ** 0.57 3.42 * 0.83

Model 1 includes percent calories from fructose only; Model 2 includes age and sex; Model 3 includes BMI z-score; Model 4
includes family income and mom’s education; Model 5 includes maternal GDM and maternal pre-pregnancy BMI. Successive
models include all covariates from earlier models. BMI: body mass index; LN: <high school; SC: some college; CN: college
and post-graduate; GDM: gestational diabetes mellitus; sr = semi-partial r; * p < 0.05; ** p < 0.01.

3.4. Post-hocs for Diffusion Imaging Measures

Because MD is defined as the average diffusivity, it is not as biologically specific as axial diffusivity
(AD) or radial diffusivity (RD). Therefore, we ran post-hoc analyses using Model 4 only to determine
whether the observed association of increased fructose intake on MD of the right cingulum, prefrontal
connections, was driven by axial diffusivity (AD), radial diffusivity (RD), or both. The AD for the
right cingulum, prefrontal connections was significantly associated with increased percentage of
calories from fructose (ß = 4.62 × 10−6, sr = 0.27, p < 0.005; Model 4). The RD for the right cingulum,
prefrontal connections was significantly associated with increased percentage of calories from fructose
(ß = 2.89 × 10−6, sr = 0.23, p < 0.01; Model 4). This pattern was quite similar to the pattern observed
with MD. Comparing the effect sizes of sr = 0.27 for AD and sr = 0.23 for RD, we conclude that the
effects were similar, but slightly larger for AD.
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4. Discussion

In this study, we examined the influence of dietary sugar intake on hippocampal neuroanatomy,
both gray matter and white matter, in children. We found that increased volume in the right hippocampal
CA2/3 subfield was associated with increased consumption of the monosaccharides, fructose or glucose,
and/or added sugars in general, while increased MD in the right cingulate-prefrontal cortex connections
were only associated with increased dietary intake of fructose. We found associations on the right but
not the left hemisphere, which is broadly consistent with prior work showing lateralities on the impact
of environmental insults in the hippocampus [58,59]. These associations between dietary sugar intake
and hippocampal volume and fructose intake and cingulate-prefrontal cortex connections remained
significant after adjusting for child’s intracranial volume, age, sex, BMI, SES, and prenatal exposures
suggesting an effect of dietary fructose, added sugar, and glucose intake on hippocampal volume and
an effect of dietary fructose on cingulate-prefrontal cortex white matter connectivity that is independent
of a number of potential confounding factors.

The observed association between dietary sugar intake and increased hippocampal volume
during childhood may be driven by a few factors. A larger hippocampal CA2/3 volume during
childhood could be due to a delay in synaptic pruning, a process that typically occurs during early
adolescence. During adolescence, the hippocampus reaches peak volume, and begins to undergo
synaptic pruning, eliminating unused connections [60,61], and prior studies have shown that the
CA3 hippocampal subfield gradually begins to decrease in volume during mid childhood [61,62].
Work by Vuong et al. found that synaptic pruning is delayed in juvenile rats exposed in utero to obese
mothers with GDM [63]. In their findings, inflammation and recruitment of microglial cells occurred
during post-natal development in the hippocampus, along with a reduction in synaptic pruning, and
the animals presented with altered hippocampal morphology. These findings suggest that prenatal
environmental insults can result in hippocampal inflammation, reductions in synaptic pruning and
altered hippocampal development [63]. Interestingly, Hershey et al., found that children with Type 1
diabetes had increased hippocampal volume, despite the commonly reported decreased volume in
adults with Type 1 and Type 2 diabetes [64]. There is substantial research that a diet high in added
sugar contributes to a pro-inflammatory environment [13,19,65]. Therefore, increased volume in the
CA2/3 hippocampal subfield may be due to inflammation and/or a delay in synaptic pruning. Future
studies that examine inflammation specifically, such as T2 scans for gliosis, could potentially address
this possibility [66].

Notably, we found that the CA2/3 hippocampal subfield was preferentially impacted by dietary
sugar intake. Coincidentally, the CA3 subfield is among the last subfields to undergo postnatal
maturation, paralleling DG development [67,68]. Additionally, substantial work in animals has
shown that the CA3 subfield is altered by a host of prenatal and early life environmental insults,
such as prenatal exposure to GDM [69,70] or postnatal exposure to chronic stress [71–73]. Therefore,
our findings are in line with prior research in animals indicating a preferential sensitivity of the CA3
subfield. It is worth noting, due to the predetermined boundaries delineated by FreeSurfer, we were
unable to decipher the boundary between the CA2 and CA3 subfield. Future studies that incorporate
manual tracing should be considered to confirm if excessive added sugar intake preferentially impacts
the CA3 subfield of the hippocampus.

Many studies have observed that MD decreases while FA increases over the course of
development [52–55]. We found that increased dietary fructose intake was associated with increased
mean diffusivity (MD) in the white matter cingulum tract that connects the right hippocampus and
the right prefrontal cortex. MD has been shown to increase in many different white matter diseases
that lead to demyelination, dysmyelination, and/or wallerian degeneration [74–76]. For example,
increases in MD have been observed prior to the appearance of lesions on a gadolinium-enhanced scan
in multiple sclerosis, which is a complex disease that involves not only demyelination and wallerian
degeneration, but also edema and inflammation, indicating that changes in the MD may be sensitive to
pre-lesion changes in the blood brain barrier [77]. Patients with chronic epilepsy and hippocampal
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sclerosis show increased MD values in the hippocampus [78,79]. Together, these results are consistent
with the idea that the increased MD values associated with fructose could reflect an inflammatory
process, possibly associated with a loss of myelin, or delayed axonal pruning.

Because mean diffusivity is a weighted average of axial (AD) and radial diffusivity (RD),
we conducted post-hoc analyses on these measures to obtain more biological specificity about
what might be underlying the observed associations with MD. In general, AD is thought to reflect
intracellular water mobility and is influenced by the integrity and arrangement of axonal membranes
and cytoskeletal proteins, while RD is thought to reflect more of the extracellular water mobility and
is primarily influenced by myelin [80]. Previous studies have shown that over the course of normal
neurodevelopment, both RD and AD decrease with age [81–85]. Decreases in RD are typically attributed
to myelination, while the decreases in AD are thought to correspond more to axonal pruning [86].
In our study, we found that both AD and RD were increased in the cingulum tract in children with
increased dietary fructose intake, consistent with the idea that increases in fructose intake could
be associated with a decrease or delay in the myelination process and the normal pruning process.
Future studies could use multi-compartment diffusion imaging models, such as Neurite Orientation
Dispersion and Density Imaging (NODDI), to further investigate this tract to determine whether these
changes in diffusivity are more related to cellular density and/or orientation dispersion, thus adding
more biological specificity [87].

Self-reported dietary assessments have known limitations, including under-reporting of dietary
intake. Given that eating behavior can vary from day to day, the collection of multiple 24-hr recalls on
non-consecutive days is recommended to improve the accuracy of habitual dietary intake estimates [88].
Some studies have recommended obtaining at least three 24-hr dietary recalls on non-consecutive days
to provide better accuracy of energy intake [36]. Dietary assessments in our study were obtained from
repeated 24-hr recalls obtained during in-person visits on non-consecutive days. We obtained two days
of dietary assessments on the majority of participants, and four days of dietary assessments on a subset
of 35 participants. We implemented techniques to improve the accuracy of our dietary data collection
method, including the Multiple Pass 24-h recall method, which was previously shown to significantly
reduce levels of under-reporting [89]. We also used a consensus recall method, in which the child
and parent were interviewed together, which has been suggested to improve the accuracy of dietary
assessments compared to interviews with the child or parent alone [90]. Estimates of total energy intake
in our cohort are similar to national averages for children in this age range [91], while the average
percent calories from added sugar in our cohort was 2.5% lower than the average of 16.4% reported in
the 2009 to 2012 National Health and Nutrition Examination Survey for children age 6–11 [92]. Thus,
while total energy intake estimates in our cohort are in line with those of national averages of children
in the U.S., it is possible that our cohort under-reported intake of foods and beverages that contain
added sugars. It is also possible that the children in our cohort consumed, on average, slightly lower
amounts of added sugars than average children in the U.S. population.

In summary, our findings suggest that increases in dietary fructose are associated with alterations
in hippocampal structure and connectivity in children. These findings should be interpreted cautiously
given the limitations of self-reported dietary intake assessments, and it is important to note that our
observations are correlational and do not confer causality. Future studies that include experimental
designs that manipulate dietary intake of fructose and/or added sugars are necessary to determine
the effects of fructose and added sugar on hippocampal structure and connectivity during childhood.
Moreover, the potential cognitive consequences of the observed associations between dietary fructose
and alterations in hippocampal structure and connectivity remains an important consideration.
Our findings support the need for future studies that include cognitive testing in addition to
neuroimaging to examine whether increased dietary fructose intake in childhood is associated
with altered hippocampal structure and hippocampal function in childhood.
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Abstract: (1) Background: By 2050, it is estimated that 130 million people will be diagnosed with
dementia, and currently approved medicines only slow the progression. So preventive intervention
is important to treat dementia. Mild cognitive impairment is a condition characterized by some
deterioration in cognitive function and increased risk of progressing to dementia. Therefore, the
treatment of mild cognitive impairment (MCI) is a possible way to prevent dementia. Angelica gigas
reduces neuroinflammation, improves circulation, and inhibits cholinesterase, which can be effective
in the prevention of Alzheimer’s disease and vascular dementia and the progression of mild cognitive
impairment. (2) Methods: Angelica gigas (AG) extract 1 mg/kg was administered to mildly cognitive
impaired mice, models based on mild traumatic brain injury and chronic mild stress. Then, spatial,
working, and object recognition and fear memory were measured. (3) Result: Angelica gigas improved
spatial learning, working memory, and suppressed fear memory in the mild traumatic brain injury
model. It also improved spatial learning and suppressed cued fear memory in the chronic mild stress
model animals. (4) Conclusions: Angelica gigas can improve cognitive symptoms in mild cognitive
impairment model mice.

Keywords: Angelica gigas; mild cognitive impairment; traumatic brain injury; chronic mild stress

1. Introduction

Mild cognitive impairment (MCI) refers to a condition in which one’s cognitive function is lower
than that of normal peers but not considered dementia [1,2]. However, patients with MCI have an
approximately 50% chance of developing Alzheimer’s disease within five years [3]. Dementia is not
curable. Therefore, it is important to prevent MCI from progressing into dementia. However, there is
no established treatment that prevents the progression of MCI to dementia [4].
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Animal models are needed to study MCI and develop therapeutics. An appropriate MCI model
may have symptoms aggravating with age, but with only subtle memory impairment [5]. Animal
models that meet these criteria include middle-aged rodents and transgenic mice that overexpress A β

at an early stage before the dementia onset [4]. Spontaneously hypertensive rats (SHRs) appear to
be appropriate as MCI models for vascular dementia, since hypertensive astrogliosis, cytoskeleton
breakdown, hippocampal atrophy, and cholinergic deficit prematurely appear prematurely in this
animal [6–8]. In contrast, drug-induced memory impairment models (such as those using scopolamine,
NMDA blockers, and benzodiazepines) are not appropriate because they do not represent the various
aspects of MCI [5].

Traumatic brain injury (TBI) is one of the most common brain injuries that causes a progressive
decline of memory and cognition [9]. Unlike severe TBI, moderate to minimal TBI tends to be overlooked.
However, even mild TBI can cause gradual amnesia, altered executive function, concentration disorders,
depression, apathy, and anxiety [8,10,11]. In particular, repetitive head injuries, such as those caused
by collision sports or motor vehicle accidents, are known to cause dementia [12]. Animal models of
TBI show a decrease in cognitive function that correlates to the extent of injury, the number of impacts,
and progressively worsens [13–15]. Therefore, the TBI model is a useful MCI research tool because it is
simple, progressive, reproducible, and the severity of cognitive decline is relative to the number of
impacts [16].

Chronic mild stress (CMS) is a behavioral model of depression that is caused by sequential
exposure to variable mild stressors. CMS is characterized by anhedonia that may be reversed by
chronic treatment with antidepressants [17]. However, most depression models show cognitive
decline. Also, in the CMS animal model, mild cognitive deficit is accompanied, and antidepressants
improve cognitive function in this model [18]. These memory deficits were related to the increased
phosphorylation of Tau and APP processing, and the application of stress to wild type mice was
suggested as an animal model of sporadic AD (Alzheimer’s disease) [19].

Currently, there are many methods on trial to prevent the progression of MCI to dementia. In
particular, nonpharmacological methods, such as cognitive leisure activities, education and exercise,
and pharmacological methods, such as vitamin E, donepezil, and intranasal insulin, have been
tried [20–23]. However, more research is needed to prove their efficacy.

Angelica gigas (AG) has been used in traditional medicine to improve circulation, physical
weakness, headache, dizziness, joint pain, abdominal pain, constipation, irregular menstruation, and
bruises, etc. [24]. Known bioactive components of AG include decursin, decursinol angelate, and
nodakenin [24]. It has been shown to improve liver function in rats treated with long-term ethanol. AG
also lowered LDL cholesterol and inhibited nicotine sensitization in rats [25,26]. Finally, AG attenuated
acetylcholinesterase activity and was neuroprotective against beta-amyloid peptide-induced memory
impairment [27]. According to these findings, the AG extract was tested in TBI and CMS models to
evaluate whether it would improve memory impairment in MCI.

2. Results

2.1. AG Improved TBI- and CMS-Induced Spatial Learning Deficit

The effect of AG on spatial learning and memory was measured using the Morris water maze
(Figure 1). During the five-day training, TBI impaired spatial learning. Supplementation of AG
improved the TBI-induced deficit in spatial learning (Figure 1A). CMS impaired spatial learning
(control vs. CMS), which improved following AG supplementation (CMS vs. CMS + AG) (Figure 1B).
The sucrose preference of the CMS mice gradually decreased over six weeks. This declining preference
meant that the mice developed an anhedonia-like tendency. AG did not affect this anhedonia-like
behavior (Figure S1).
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Figure 1. Spatial learning by Angelica gigas (AG) in traumatic brain injury (TBI) and chronic mild
stress (CMS) mice as measured by the latency to the platform in the Morris water maze (MWM).
(A) TBI model. There were repetitive training (within) effects [F(4,104) = 13.9, p < 0.001] and treatment
group (between) effects [F(3,26) = 2.27, p = 0.044], but with non-significant within–between interaction
differences [F(12,104) = 1.1, p = 0.36]. The post-hoc pairwise comparison showed a difference between
control vs. TBI (p = 0.033), TBI vs. TBI + AG (p = 0.041). (B) CMS model. There were repetitive training
effects [F(4,196) = 31.3, p < 0.001], treatment group effects [F(3,49) = 3.1, p = 0.034], and within–between
interactions [F(12,196) = 2.2, p = 0.012]. Post-hoc pairwise comparison revealed a difference between
the control and CMS groups (p = 0.019), AG vs. CMS (p = 0.01), CMS vs. CMS + AG (p = 0.042). All
data were normally distributed and are represented as means ± S.E.M. Control: vehicle (DW) treated;
AG: Angelica gigas 1 mg/kg; TBI: vehicle treated + traumatic brain injury; TBI + AG: Angelica gigas
1 mg/kg + traumatic brain injury; CMS: vehicle treated + chronic mild stress; CMS + AG: Angelica gigas
1 mg/kg + chronic mild stress. Repeated measure ANOVA, Tukey’s HSD post-hoc test.

2.2. AG Improved Short-Term Working Memory

The effect of AG on short-term working memory was measured using the Y-maze test (Figure 2).
TBI did not have a significant effect on the alternation behaviors. However, AG increased the alternation
behavior in both TBI and normal mice (Figure 2A). Similarly, CMS did not affect the alternation behavior
in CMS mice. In contrast, AG treatment increased the alternation behavior (Figure 2B)

Figure 2. Short-term working memory by AG in TBI and CMS mice, measured by the percent
alternation in the Y-maze. (A) TBI model. There were before–after (within) effects [F(1,28) = 3.57,
p = 0.012], treatment group (between) effects [F(3,28) = 3.23, p = 0.081], and within–between interactions
[F(3,28) = 3.28, p = 0.036]. There were no before–after changes in the control (p = 0.6) and TBI (p = 0.38),
but improvements in the AG (p = 0.008) and TBI + AG (p = 0.047). (B) CMS model. There were
before–after effects [F(1,36) = 6.2, p = 0.018] and treatment group effects [F(3,36) = 11.8, p < 0.001], but
no significant within–between interaction differences [F(3,36) = 1.5, p = 0.24]. There was no before–after
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change in the control group (p = 031), AG (p = 0.97) or CMS (p = 0.33) groups. However, there was
an increase of % alternation in the CMS + AG group (p = 0.006). All data were normally distributed
and are represented as means ± S.E.M. Control: vehicle (DW) treated; AG: Angelica gigas 1 mg/kg; TBI:
vehicle treated + traumatic brain injury; TBI+AG: Angelica gigas 1 mg/kg + traumatic brain injury; CMS:
vehicle treated + chronic mild stress; CMS+AG: Angelica gigas 1 mg/kg + chronic mild stress. Repeated
measures ANOVA, Tukey’s HSD post-hoc test.

2.3. AG Had No Effect on Object Recognition Memory

The effect of AG on recognition memory was measured in the novel object test (Figure 3). AG had
no effect on normal mice. However, the recognition memory in TBI model mice declined with AG
treatment. The absence of a before–after change in the AG treated TBI group meant that AG prevented
the adverse effect of TBI (Figure 3A). There was no significant effect of CMS and AG treatment on the
recognition memory (Figure 3B)

Figure 3. Object recognition memory by AG in the TBI and CMS mice as measured by the recognition
time index in the novel object test. (A) TBI model. There were before–after (within) effects [F(1,28) = 8.3,
p = 0.008], treatment group (between) effects [F(3,28) = 0.67, p = 0.58], and within–between interaction
effects [F(3,28) = 3.6, p = 0.026]. There was no before–after change in the control (p = 0.93), AG (p = 0.59)
and TBI + AG (p = 0.97) groups, but there were decreases in the TBI (p = 0.001) group. (B) CMS
model. There were no before-after effects [F(1,36) = 0.32, p = 0.57], treatment group effects [F(3,36) = 1.2,
p = 0.31], or within–between interactions [F(3,36) = 0.12, p = 0.95]. All data were normally distributed
and are represented as means ± S.E.M. Control: vehicle (DW) treated; AG: Angelica gigas 1 mg/kg; TBI:
vehicle treated + traumatic brain injury; TBI + AG: Angelica gigas 1 mg/kg + traumatic brain injury;
CMS: vehicle treated + chronic mild stress; CMS+AG: Angelica gigas 1 mg/kg + chronic mild stress.
Repeated measures ANOVA, Tukey’s HSD post-hoc test.

2.4. The Effect of AG on Fear Memory

The effect of AG on fear memory was measured using the fear conditioning paradigm (Figure 4).
The acquisition of fear memory in the TBI mouse model was not statistically higher than that of
the control animals. AG treatment lowered the acquisition of fear memory in the TBI model mice
(Figure 4A). There was no significant effect of TBI and AG on the consolidated contextual and cued fear
memory (Figure 4B,C). The acquisition of fear memory in the CMS mice was lower than that of controls.
There was no difference in the fear acquisition after AG treatment in CMS mice (Figure 4D). Compared
to the normal mice, the CMS, AG, and CMS + AG mouse groups had lower levels of consolidated
contextual fear memory. However, there were no differences among the CMS, AG, and CMS + AG
groups (Figure 4E). Compared to normal mice, the AG and CMS + AG groups had lower levels of
consolidated cued fear memory. In addition, AG reduced the consolidated cued fear memory in the
CMS group of mice (Figure 4F).

20



Nutrients 2020, 12, 97

Figure 4. Fear memory by AG in TBI and CMS mice, as measured by the freezing time in the fear
conditioning test. (A) Fear acquisition in the TBI model. There were time (within) effects [F(5,140) = 45.7,
p < 0.001], treatment group (between) effects [F(3,28) = 3.25, p = 0.03], but no within–between interaction
differences [F(15,140) = 1.1, p = 0.36]. There were no differences between the treatment groups at
base, cue1, cue2, cue3, or cue4. However, the differences between the TBI and TBI + AG groups were
significant (p = 0.039). In addition, the differences between the TBI and control groups (p = 0.16), and
TBI vs. AG (p = 0.13) groups were not significant. (B) Consolidated contextual fear memory in TBI
model. There were no group differences in the freezing response to the context [F(3,28) = 0.36, p = 0.78).
(C) Consolidated cued fear in the TBI model. There were procedure (within) effects [F(1, 28) = 61.6,
p < 0.001], no treatment group (between) effects [F(3,28) = 0.29, p = 0.83], or within–between interactions
[F(3,28) = 0.64, p = 0.59]. There was a significant increase in the freezing comparing cue vs. precue in the
control (p < 0.001), AG (p < 0.001), TBI (p = 0.005), and TBI +AG groups (p < 0.001). (D) Fear acquisition
in the CMS model. There were time (within) effects [F(5,95) = 27.8, p < 0.001], treatment group (between)
effects [F(3,19) = 4.9, p = 0.011], but no within–between interaction effects [F(15,95) = 0.47, p = 0.95].
Fear acquisition in AG (p = 0.021), CMS (p = 0.035), and CMS + AG (p = 0.001) were lower than controls
throughout the fear acquisition procedure. There were no statistical differences among the AG, CMS,
and CMS + AG groups. (E) Consolidated contextual fear memory in the CMS model. There were
group differences in the freezing response to the context [F(3,19) = 9.8, p < 0.001). The contextual fear
in AG (p = 0.002), CMS (p = 0.008), and CMS + AG (p < 0.001) was lower than those of the controls.
(F) Consolidated cued fear in the CMS model. There were procedure (within) effects [F(1,19) = 54.7,
p < 0.001], treatment group (between) effects [F(3,19) = 9.3, p = 0.001], and within–between interaction
differences [F(3,19) = 4.8, p = 0.012]. There was a significant increase in freezing between cue and precue
in the control (p < 0.001), CMS (p < 0.001), and CMS + AG (p = 0.002) groups, but not in the AG group
(p = 0.31). At pre-cue, the control vs. CMS + AG (p = 0.001) groups were statistically different. At cue,
the control vs. AG, (p = 0.004); control vs. CMS + AG, (p < 0.001); CMS vs. CMS + AG, (p = 0.017) were
all statistically different. All data were normally distributed and are represented as means ± S.E.M.
Control: vehicle (DW) treated; AG: Angelica gigas 1 mg/kg; TBI: vehicle treated + traumatic brain injury;
TBI + AG: Angelica gigas 1 mg/kg + traumatic brain injury; CMS: vehicle treated + chronic mild stress;
CMS + AG: Angelica gigas 1 mg/kg + chronic mild stress. ** p < 0.01, *** p < 0.001 vs. control. # p < 0.05
vs. CMS. ANOVA and repeated measures ANOVA, Tukey’s HSD post-hoc test.
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3. Discussion

We investigated whether AG extract could prevent the progression of cognitive decline or improve
memory in MCI models. We found that AG improved spatial learning and working memory but
suppressed fear memory in the TBI model. In the CMS model, AG improved spatial learning and
suppressed the cued fear memory.

MCI is a condition that increases a patient’s risk of developing dementia. Therefore, it is important
that MCI is diagnosed early in order to prevent or limit dementia development [4]. Methods to
improve sleep disorders, depression, one’s social network, and physical exercise are considered
for the treatment of MCI [28–30]. Pharmacological interventions, such as cholinesterase inhibitors,
nonsteroidal anti-inflammatory drugs, estrogen replacement therapy, Gingko biloba, and vitamin E,
have not shown to prevent MCI progression to dementia [4].

The roots of AG have been used in traditional medicine to improve blood flow and anemia. They
have also been used for their analgesic properties [31]. AG improves spatial memory, avoidance
memory, and working memory in dementia models [27]. Among the components of AG, decursinol
showed the highest inhibitory activity toward acetylcholinesterase [32]. Therefore, AG is expected to
improve cognitive impairment in animal models.

In order to develop a valid MCI animal model, there must be subtle memory impairment [5]. The
presence of depression-like symptoms may also be an important factor in the MCI model. Dementia
and depression are known to have many associations. For instance, 60% of MCI cases that progress to
AD are accompanied by depression [33].

The defect in a TBI model varies depending on the hitting area and velocity [14]. In contrast
with severe TBI, mild TBI has minimal histological changes but apparent cognitive and emotional
problems [8]. This association suggests that mild TBI can be used as an MCI model [34]. Such spatial
memory deficit occurred in our TBI model mice, but other reflexes (such as the paw withdrawal reflex,
righting reflex, and corneal reflex) were maintained (data not shown). Also, TBI is commonly known
to cause disturbances in working memory. TBI in the parietotemporal regions has been shown to cause
working memory deficits in mice [35]. However, working memory was normal in the mild TBI model
made by repeated frontal impact; therefore, working memory is not always compromised in TBI [36].
Our measurements of working memory did not differ in the TBI model. Another common problem
in TBI is the inability to recognize the source of information, such as facial recognition [37]. Face
recognition memory corresponds to animal object recognition memory. There was a deficit in animal
object recognition memory in the TBI models [38]. The TBI mice in this study also had decreased object
recognition memory. These model mice also showed heightened fear memory; however, the results
are controversial. One group found that there was no difference between normal animals and a mild
repeated frontal TBI model with regard to conditioned fear after a severe CCI impact to the left parietal
cortex [36]. However, a single impact above the skull increased anxiety and contextual fear in rats [39].
In mice, hippocampal-dependent fear memory decreased, but cued-dependent fear memory was not
affected by TBI [40]. In our results, there was an enhanced acquisition of contextual fear in the TBI
mice. However, after 24 h, the consolidated level of contextual and cued memory was not different
with control animals.

Stress has a variety of effects on cognitive function [41]. CMS is a depression model also
characterized by a decrease in cognitive function associated with neuroimmune, neuroendocrine, and
neurogenesis functions [4]. In this experiment, the CMS animals displayed anhedonia-like behaviors in
the sucrose preference test and deficits in spatial memory. In other studies using CMS models, working
memory was reduced in rats but was maintained in mice [42,43]. Our study similarly found that
there was no working memory deficit in CMS mice. Reduction in object recognition memory in mice
and increased contextual fear in rats were reported previously [42,44]. In the present study, CMS did
not affect object recognition memory, but fear acquisition and contextual consolidation were reduced.
These findings were inconsistent; however, rats that were exposed to social instability stress (daily
1-h isolation, change of cage partners) showed deficits in contextual and cued memory [45,46]. Taken
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together, in the TBI mice, spatial learning and object recognition memory were degraded. However,
spatial memory, working memory, and fear memory were intact. In the CMS model, spatial memory
was degraded, but working and object recognition memory were not affected, and cued fear memory
was reduced.

AG has known antibacterial, immune-stimulating, antiplatelet aggregation, neuroprotective,
anti-inflammatory, and antioxidant properties [31]. We found that AG did not improve spatial memory
in normal mice. However, it did improve memory in TBI and CMS animals. In addition, AG treatment
led to improved working memory in normal mice of the TBI cohort. AG did not increase the recognition
memory of the normal mice. However, recognition memory was only abnormal in the TBI mice at
baseline. In the TBI and AG co-administration group, recognition memory was maintained. This result
suggests that AG can prevent TBI-induced deficit. In the CMS cohort, however, the object memory
of the CMS group was not affected. Therefore, AG also did not improve object memory in either the
normal or the CMS mice. With regard to fear memory, the contextual and cued consolidated fear
memory of normal and CMS mice were reduced in the CMS cohort. However, consolidated fear levels
were not affected in the TBI cohort. Among AG’s known effects, its cholinesterase inhibition, improved
blood flow, and anti-inflammatory properties may prevent cognitive decline and improve memory in
these mouse models [31,32].

In conclusion, AG prevented the deterioration of spatial learning and object recognition memory
in a mouse TBI model. AG also prevented the deterioration of spatial learning in the CMS model
mice and improved working memory in normal mice. As TBI is a cognitive impairment gradually
progresses, and chronic stress can cause AD-like pathologies, these findings suggest that AG may also
prevent progressive cognitive decline in MCI animal models, which may be worth further research.

4. Materials and Methods

4.1. Preparation of AG Extract

The dried AG root was purchased from the Junbu, Bonghwa, and Jecheon area and authenticated
by professor Hui Jin. A voucher specimen was deposited in the Myongji Bioefficiency Research Center,
Myongji University. AG was immersed in 70% ethanol and boiled for 4 h at 90 ◦C, 2 times. Then,
filtered extracts were concentrated up to 25 Brix at 60 ◦C by depressurized evaporation, and then
stored at 4 ◦C before using. The crude extract yield was 42.1% (w/w). The extract was dissolved in
distilled water for administration into animals. HPLC was used to examine whether extracts contained
nodakenin and decursin (Figure S2).

4.2. Animals and Experimental Groups

Seven-week-old male C57Bl/6 mice were purchased from Central Laboratory animals Inc. (Seoul,
Korea) (n = 32 for cohort 1, n = 40 for cohort 2). The mice were housed under constant temperature
and humidity with 12-h cycles of light/darkness. They had ad libitum access to rodent chow and water.
After a week of habituation, the mice were randomly assigned into experimental groups. The mice
in the TBI cohort were assigned to the following assignments: (1) control (n = 6): DW p.o. + no TBI;
(2) AG (n = 6): Angelica gigas 1 mg/kg p.o + no TBI; (3) TBI (n = 8): DW p.o. + TBI; (4) TBI + AG
(n = 12): Angelica gigas 1 mg/kg p.o. + TBI. The mice in the CMS cohort were assigned to the following
assignments: (1) control (n = 10): DW p.o. + no CMS; (2) AG (n = 10): Angelica gigas 1 mg/kg p.o + no
CMS; 3) CMS (n = 10): DW p.o. + CMS; 4) CMS + AG (n = 10): Angelica gigas 1 mg/kg p.o. + CMS.
The outline of the experimental procedures is schematically represented in Figure 5. Animal studies
were conducted in accordance with the Guide for the Care and Use of Laboratory Animals by the NIH.
The protocols were approved by the Institutional Animal Care and Use Committee of Kyung Hee
University (KHUASP(GC)-17-024).
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Figure 5. Experimental outline of mild cognitive impairment mice models induced by TBI (Cohort 1)
and CMS (Cohort 2). TBI: Traumatic brain injury, CCI: Controlled cortical impact, Y-maze: Y shaped
maze test, NOT: Novel object test, MWM: Morris water maze, FC: Fear conditioning, CMS: Chronic
mild stress.

4.3. Creating Animal Models

4.3.1. TBI Model

A Cortical Contusion Injury device, which was purchased from Custom Design and Fabrication,
Inc., (model eCCI-6.3), was used to simulate TBI. The mice were anesthetized with 3% isoflurane during
the procedure. In order to induce TBI, a 3 mm rod impacted the scalp over the right hippocampal
region at the velocity of 4 m/second and depth of 0.5 mm. This was repeated five times, with two days
between each impact. Animals in the control and AG groups also underwent isoflurane anesthesia,
but no impact.

4.3.2. CMS Model

The stress procedure lasted for six weeks. The mice were randomly subjected to two types of
stressors each day. The potential stressors included 2 h of immobilization, strobe light exposure,
white noise exposure, cat urine exposure, and overnight food deprivation, water deprivation, or light
exposure. During the weekend, the mice were exposed to wet bedding or a tilted cage for 24 h. The
control mice were left undisturbed in their home cage.

4.4. Behavioral Tests

4.4.1. Sucrose Preference

Anhedonia-like changes in the CMS mice were monitored using the sucrose preference test, which
was performed at the 2nd, 4th, and 6th week. Consumption of water and sucrose by a single caged
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mouse was measured from 6 p.m. to 9 a.m. The preference index was calculated as follows: [sucrose
consumption/(DW consumption + sucrose consumption)].

4.4.2. Morris Water Maze

The water tank (200 cm diameter) was filled 0.5 cm above the platform with tap water and made
opaque by white paint. For 5 days, the mice were trained to locate the submerged platform within
60 s according to the symbols placed around the walls. If the mouse was unable to escape within 60 s,
it was guided to the platform. Each day of training included 4 sessions, each of which started in a
different quadrant.

4.4.3. Y-Maze

The maze consisted of three corridors that were joined at the center at equal angles. After placing
a mouse in the maze, the movements were recorded for five minutes. An alternation was defined as a
sequential visit to each arm without the repetition of either of the two previous arms. The percent
alternation was calculated as the number of correct alternations per total arm visits minus 2.

4.4.4. Novel Object Test

In a plexiglas box (50 × 50 × 40 cm), two cylinder-shaped tin cans were introduced in two corners,
30 cm apart from each other. The mice were allowed to explore each object for 5 min. On the next
day, the object of the right corner was replaced with a box-shaped novel object. The time that the mice
spent exploring each object was recorded during the 5-min period. The animals were considered to be
exploring an object when they were facing or sniffing the object. The recognition index was calculated
by the ratio of time spent exploring the novel object over the total time spent exploring both objects.

4.4.5. Fear Conditioning

The fear conditioning test consisted of acquisition, contextual consolidation, and cued consolidation
phases. For the acquisition, the mice were placed in the Passive/Active avoidance system chamber
from Scitech Korea (model No. PAAS) and left undisturbed for two minutes. The subsequent sessions
comprised a conditioned stimulus (2000 Hz tone, 30 s) that co-terminated with an unconditioned
stimulus (electric foot shock, 0.45 mA, 2 s), and intertrial intervals (30 s) were repeated four times. The
mice were left in the chamber for an additional two minutes. Freezing was measured during the first
two minutes and last two minutes of the 4 intertrial intervals. On the following day, the animals were
placed in the chamber for five minutes. Freezing was measured as a contextual fear memory. On the
third day, the mice were placed in a novel chamber for three minutes, followed by three minutes of
exposure to a 2000 Hz tone. Freezing was measured before and during the tone exposure.

4.5. Statistical Analysis

Analysis of variance (ANOVA) and repeated measures ANOVA, following Tukey’s HSD post-hoc
test, were performed using SPSS 23 (IBM). p-Values < 0.05 were considered significantly different. The
normality of distribution of variables was tested by the Shapiro-Wilk test.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/1/97/s1,
Figure S1: Body weight and sucrose preference change in CMS mice; Figure S2: HPLC analysis of AG extract.
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Abstract: β-amyloid formation in the brain is one of the characteristics of Alzheimer’s disease.
Exposure to this peptide may result in reentry into the cell cycle leading to cell death. The phytoestrogen
equol has similar biological effects as estrogen without the side effects. This study investigated the
possible mechanism of the neuron cell-protecting effect of equol during treatment with Aβ. SH-SY5Y
neuroblastoma cells were treated with either 1 μM S-equol or 10 nM 17β-estradiol for 24 h prior to 1
μM Aβ (25–35) exposure. After 24 h exposure to Aβ (25–35), a significant reduction in cell survival
and a reentry into the cell cycle process accompanied by increased levels of cyclin D1 were observed.
The expressions of estrogen receptor alpha (ERα) and its coactivator, steroid receptor coactivator-1
(SRC-1), were also significantly downregulated by Aβ (25–35) in parallel with activated extracellular
signal-regulated kinase (ERK)1/2. However, pretreatment of cells with S-equol or 17β-estradiol
reversed these effects. Treatment with the ER antagonist, ICI-182,780 (1 μM), completely blocked
the effects of S-equol and 17β-estradiol on cell viability, ERα, and ERK1/2 after Aβ (25–35) exposure.
These data suggest that S-equol possesses a neuroprotective potential as it effectively antagonizes Aβ

(25–35)-induced cell cytotoxicity and prevents cell cycle reentry in SH-SY5Y cells. The mechanism
underlying S-equol neuroprotection might involve ERα-mediated pathways.

Keywords: S-equol; 17β-estradiol; estrogen receptor alpha; cell cycle; β-Amyloid; Alzheimer’s disease

1. Introduction

Neuronal cell death is an important feature of human neurodegenerative diseases such as
Alzheimer’s disease (AD). This cell death is considered to occur as a consequence of aberrant activation
of the cell cycle in neurodegeneration [1]. Under normal conduction, the cell cycle is tightly controlled
by specific regulatory proteins. For instance, cyclins and cyclin-dependent kinases (CDKs) are two key
classes of regulatory molecules that determine a cell’s progress in the cell cycle [2]. As a key regulator
of the G1-S transition, cyclin D1 interacts with CDK4 to form the cyclin D1-CDK4 complex and moves
to the nuclei, thereby promoting cell cycle progression. Normal adult neuron cells never reenter the cell
cycle (but stay in the G0 stage) and are thus recognized as permanently postmitotic cells [3]. Conversely,
neurons reenter the cycle, undergo DNA replication, and die after they are exposed to DNA-damaging

Nutrients 2019, 11, 2356; doi:10.3390/nu11102356 www.mdpi.com/journal/nutrients29



Nutrients 2019, 11, 2356

agents, oxidative stress, or certain neurotoxins such as beta-amyloid (Aβ) aggregates [3]. The Aβ

peptide is the major component of senile plaque derived from the Aβ precursor protein (APP); this
peptide is a neuropathological hallmark of AD [4]. There are numerous different Aβ species including
Aβ (1–40), Aβ (1–42), and Aβ (25–35). The Aβ (25–35) fragment is universally used in research as it has
been found to elicit profound toxic manifestations in elderly people and to physiologically play a role
in AD [5]. It has been previously shown that cell cycle activation accompanied by the upregulation
of cyclin D1 in primary cultured rat cortical neurons was observed in response to exposure to Aβ

(25–35) and that such activation was followed by apoptotic neuronal death [6]. To elucidate the
possible intracellular signaling pathway involved in the activation of the cell cycle by Aβ, extracellular
signal-regulated kinase (ERK) 1/2-related pathways are the major focus of the present study because
there is evidence of the involvement of ERK1/2 activation in Aβ-induced neuronal cell death [7]. It has
been documented that activation of ERK 1/2 appears to be critical for G1 to S phase progression in cell
cycle regulation [8]. A previous study showed that the overexpression of ERK 1/2 in cells exposed to
Aβ was followed by an elevation in cyclin D1 expression, which resulted in changes in the cell-cycle
distribution, particularly in the G1-S phase [9].

ERK1/2 is also the target of the regulatory action of estrogen and its regulation requires interaction
with the known estrogen receptors (ERs), ERα and ERβ [10]. In addition to the reproductive system,
both ERα and ERβ are broadly expressed in nonreproductive systems including the central nervous
system [11]. Particularly, brain regions such as the hypothalamus, amygdala, and hippocampus appear
to have distinct expression patterns of both ER subtypes [12]. Although it is recognized that ERβ
is the predominant receptor in the hippocampus, where its absence has an impact on memory and
cognitive function [13], ERα co-exists, and its coregulation may be important for ERβ to fulfill its
cellular roles [14]. In other words, ERβ collaborating with ERα in its molecular actions is crucial for
estrogen-mediated beneficial effects on hippocampus-dependent memory and cognition. The ERα
subtype is of particular interest in the present study as it exhibits stronger transcription activity than
ERβ and thus appears to be functionally superior to ERβ in the modulation of age-related memory
decline [13–15]. It is noteworthy that ERα diminishing in the hippocampus with age leads to a
decrease in the relative expression of ERα and ERβ, and nuclear ERα-mediated effects, all of which
are putative molecular mechanisms for age-related memory decline in the presence of low estrogen
levels [13]. In this regard, the molecular actions of both ER subtypes have been reported to be involved
in the neuroprotection of estrogen against the pathogenic processes of AD [16]. Evidence suggests
that estrogen is capable of protecting against Aβ-induced toxicity through ERα-mediated signaling
pathways [17]. Moreover, the other major neuropathological hallmark of AD is intracellular aggregates
of hyperphosphorylated Tau protein, which has recently been found to interact with ERα potentiating
the reduction of ERα’s transcriptional activity [18]. SRC-1 is one of the nuclear receptor coactivators
which enhance the transcriptional activity of ERs to manipulate the relevant molecular events [19].
Studies performed in a human astrocytoma cell line demonstrated that estradiol treatment increased
the cell number through the mediation of ERα, whereas the coactivator silencing by RNA interference
of SRC-1 was able to block this effect [19].

Equol is a metabolite of daidzein, one of the major isoflavones in soybean food products, and is
known as an ERs agonist [20]. Equol is capable of inducing transcriptional responses, especially
through the binding of ERα [21]. The oral bioavailability of equol in humans seems to be high,
resulting in a plasma concentration of 0.4~2 μM after taking a single bolus of 2 mg of equol [22].
Consumption of phytoestrogens has been found to avoid many side effects from estrogens [23].
Intriguingly, equol has been shown to be a promising neuroprotectant in in vitro models, and its
neuroprotective effects are exerted through anti-neuroinflammatory mechanisms with the regulation
of relevant signaling pathways at molecular levels [24]. However, whether the cell cycle regulatory
event and ER-dependent signaling pathways involve the neuroprotective properties of equol remains
an enigma. Thus, in this study, we investigated the effects of equol on protecting SH-SY5Y cells against
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Aβ-induced perturbations and the cellular mechanisms underlying equol’s neuroprotective action in
cell cycle events and ER pathways.

2. Materials and Methods

2.1. Cell Culture

Human SH-SY5Y neuroblastoma cells were cultured at 37 ◦C and 5% CO2 in Dulbecco’s modified
Eagle medium (DMEM) (Invitrogen™, Life Technologies, Grand Island, NY, USA) mixed with F12
(Invitrogen™, Life Technologies, Grand Island, NY, USA), 10% fetal bovine serum (FBS) (Biowest LLC,
Miami, FL, USA), and glutamine (Biological Industries, Kibbutz Beit Haemek, Israel). The medium
was changed twice per week. Cells were grown to 80% confluence before treatment.

2.2. Treatments

Aβ (25–35) (Sigma Aldrich, St. Louis, MO, USA) was dissolved in sterile distilled water at a
concentration of 1 mM, then incubated in a capped vial at 37 ◦C for 5 days to allow formation of the
aggregated form. It was then stored frozen at −20 ◦C until use. 17β-Estradiol, S-equol, and ICI-182,780
(all from Cayman Chemical, Ann Arbor, MI, USA) were dissolved in 99.5% ethanol to make stock
solutions, which were used for experiments at a final concentration of 10 nM for estradiol and 1
μM for equol and ICI-182,780 in culture medium. It should be noted that no cytotoxic effect of the
vehicle (99.5% ethanol) per se on cells was observed via the analysis of cell viability in our preliminary
experiments that were conducted to determine the appropriate concentrations of the aforementioned
treatments for the present study.

To induce cell death, cells were incubated with (Aβ) or without (C) 1 μM Aβ (25–35) for 24 h.
To study the effects of estradiol (E2) and equol (Eq), cells were preincubated with estradiol (E2 + Aβ)
or equol (Eq + Aβ) for 24 h prior to Aβ (25–35) exposure. Estradiol was used as a positive control and
ICI-182,780 was used as an ER antagonist. It was added 1 h before the estradiol or equol treatment.

2.3. Cell Viability Analysis

Cell viability was assessed using a modified 3-[4,5-dimethylthiazol-2]-2,5 diphenyltetrazolium
bromide (MTT) assay (Sigma, St. Louis, MO, USA). Cells were seeded in 24-well dishes at a seeding
density of 2 × 105 cells/well. After treatment, 300 μL of the MTT solution (5 mg/mL) was added to
each well and incubated at 37 ◦C for 3 h. After removing the culture medium, 250 μL of dimethyl
sulfoxide (DMSO) was added to each well to dissolve the formazan, and then 200 μL of the solution
was moved to a 96-well dish. The optical density was measured at 570 nm using a microplate reader.
The absorbance of the control group was considered to have 100% cell viability.

2.4. Protein Extraction and Quantification

After treatment, cells were harvested, washed three times with PBS, and lysed using a cold RIPA
lysis buffer supplemented with a protease inhibitor and an EDTA solution (Thermo, Hudson, NH,
USA) at a ratio of 100:1:1, then centrifuged at 13,000 rpm and 4 ◦C for 30 min. The supernatant was
collected, and the protein concentration was estimated with a BCA Protein Assay Kit (Sigma, St. Louis,
MO, USA) using BSA as the standard.

2.5. Cell-Cycle Analysis

Cells (8 × 105) were seeded in 6-well dishes. After treatment, cells were trypsinized, washed in
PBS, and centrifuged at 2000× g at 25 ◦C for 5 min, and then they were washed with PBS at least twice.
Cells were fixed in 70% ethanol overnight. Before removing the ethanol, samples were centrifuged at
11 ◦C and 2200× g for 10 min. The pellet was then resuspended in 200 μL of DNA extraction buffer
(containing 192 mL 0.2 M Na2HPO4 and 8 mL 0.1 M citric acid at pH 7.8) and incubated for 30 min at
37 ◦C. PI dye (200 μL, containing 0.1% Triton-X100, 100 μg/mL RNase-A, and 80 μg/mL PI in PBS) was
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added, gently mixed, and incubated for 30 min at room temperature in the dark. After removing the PI
dye, samples were resuspended with 1 mL of cold PBS prior to analysis by flow cytometry.

2.6. Western Blot Analysis

A western blot analysis was performed to examine the expression levels of the proteins. Equal
quantities (30 μg) of protein were separated by 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and then transferred onto nitrocellulose membranes. After transfer,
membranes were blocked with Tris-buffered saline (TBS) containing 0.1% Tween-20 (TBST) and 5%
non-fat-milk for 1 h. The membranes were then incubated with specific primary antibodies (Cell
Signaling Technology, Danvers, MA, USA): Anti-cyclin D1 (1:1000), anti-p-ERK 1/2 (1:1000), anti-ERK
1/2 (1:1000), anti-ERα (1:1000), anti-SRC-1 (1:1000), and anti-β-actin (1:5000) overnight at 4 ◦C. After
washing three times with TBST for 30 min, membranes were incubated with an anti-rabbit (1:80000) or
anti-mouse (1:5000) immunoglobulin G (IgG) secondary antibody (Sigma) for 1 h, and then washed with
TBST three times for 30 min. Immunoreactive proteins were detected by enhanced chemiluminescence
(ECL) (Bionovas, Toronto, Canada) Western blot detection system.

2.7. Statistical Analysis

Data are shown as the mean and standard deviation (SD). Statistical comparisons were performed
using SAS 9.3 (Cary, NC, USA). One-way analysis of variance (ANOVA) and least squared difference (LSD)
post-hoc analysis of multiple comparisons were used. The statistical significance was accepted at p < 0.05.

3. Results

3.1. Cell Viability

As shown in Figure 1, the cell viability of the Aβ group decreased to 62.6% compared to the C
group (p < 0.05), suggesting that Aβ (25–35) is cytotoxic to SH-SY5Y cells in the present study. After
pretreatment with equol (Eq + Aβ), the cell viability was significantly increased by 9.6% compared
to the Aβ group, and the same effect was observed in the E2 group which exhibited increased cell
viability of up to 12.9% compared to the Aβ group (p < 0.05). No cytotoxic effect on cells was found
from the treatments of 17β-estradiol (E2) and S-equol (Eq). These findings indicate that Eq, like E2, had
the potential to provide the neuroprotective effects against Aβ cytotoxicity in vitro. Moreover, in order
to confirm that the neuroprotective effects of S-equol and 17β-estradiol against Aβ (25–35) cytotoxicity
are mediated by the estrogen receptors, cells were pretreated with 1 μM ER antagonist ICI-182,780 for
1 h prior to Eq or E2 treatment. In the presence of Aβ (25–35), pretreatment with ER antagonism of
ICI-182,780 prior to Eq or E2 treatments significantly abolished their effects on SH-SY5Y cell viability
(p < 0.05). These results suggest that Eq and E2 antagonized the reduced cell viability-induced by Aβ

(25–35), at least in part, by mediating the ERs.

3.2. Estrogen Receptor Alpha (ERα) Protein Expression

Figure 2 shows that Aβ (25–35) alone markedly reduced the protein expression of ERα (p < 0.05),
whereas pretreatments of Eq and E2 significantly attenuated the decreased protein expressions of ERα
induced by Aβ (25–35) (p < 0.05). However, in the presence of ICI-182,780, the effects of the Eq and E2
pretreatments on ERα expression were significantly blocked (p < 0.05).

3.3. SRC-1 Protein Expression

Figure 3 shows the effects of the Eq and E2 pretreatments on the expression of the estrogen
receptor coactivator SRC-1. Treatment of 1 μM Aβ (25–35) (Aβ) for 24 h significantly decreased the
SRC-1 protein expression (p < 0.05). Pretreatment with either Eq or E2 significantly prevented Aβ

(25–35)-induced reduction in SRC-1 protein expression (p < 0.05).
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Figure 1. Cell viability of SH-SY5Y cells assessed with a modified 3-[4,5-dimethylthiazol-2]-2,5
diphenyltetrazolium bromide (MTT) assay. Data were analyzed by one-way ANOVA followed by
the LSD post-hoc test and are representative of three independent experiments (n = 3). Values are
presented as the mean + SD. Bars with different letters significantly differ at a level of p < 0.05. Eq,
S-equol; E2, 17β-estradiol; ICI, ICI-182,780.

Figure 2. The estrogen receptor alpha (ERα) expressions of SH-SH5Y cells from different treatments.
Data were analyzed by a one-way ANOVA followed by the LSD post-hoc test and are representative of
three independent experiments (n = 3). Values are presented as the mean + SD. Bars with different
letters are significantly different at p < 0.05.

3.4. Cell Cycle

Figure 4 shows the distribution of different phases of cell cycle. A significant increase of cells in
the S phase in the Aβ group is observed compared to the C group as well as a concomitant reduction of
cells in the G2/M phases of the cycle (Figure 4). This result indicates that SH-SY5Y cells exposed to Aβ

(25–35) escaped from the G2/M phase. Pretreatment with either Eq (Eq + Aβ) or E2 (E2 + Aβ) showed
a decreasing number of cells in the S phase and a significantly increasing number in the G2/M phase
compared to that in the Aβ group (p < 0.05). Cell cycle analysis showed that the cell cycle profiles were
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markedly altered by the treatment of Aβ (25–35), and pretreatment with Eq or E2 significantly blocked
Aβ (25–35)-induced changes in the cell cycle profiles of the SH-SY5Y cells.

Figure 3. The SRC-1 expressions of SH-SH5Y cells from different treatments. Protein expressions were
assessed by Western blotting. Data were analyzed by a one-way ANOVA followed by the LSD post-hoc
test and are representative of three independent experiments (n = 3). Values are presented as the mean
+ SD. Bars with different letters are significantly different at p < 0.05.

Figure 4. Cell cycle events of SH-SH5Y cells from different treatments. The cell cycle was assessed
by PI staining with flow cytometry. Data were analyzed by one-way ANOVA followed by the LSD
post-hoc test and are representative of three independent experiments (n = 3). Values are presented as
the mean + SD. * p < 0.05 vs. the control; # p < 0.05 vs. the Aβ group.

3.5. Cyclin D1 Protein Expression

Figure 5 shows the relative expressions of cyclin D1, a protein marker for the G0/G1 phase,
in different treatments. The relative expression increased markedly after cells were treated with Aβ

(25–35) (Aβ group) in comparison to the untreated cells (C group). A decreased level of expression was
observed in cells which underwent 24-h Eq or E2 pretreatment (Eq + Aβ group and E2 + Aβ group,
respectively), compared to the Aβ group (p < 0.05).

3.6. Activation of ERK 1/2

Figure 6 shows that Aβ (25–35) treatment significantly increased the expression of phosphorylated
(p)-ERK 1/2 (p < 0.05). The pretreatments of Eq and E2 significantly prevented the Aβ (25–35)-induced
activation of ERK 1/2 (p < 0.05). On the other hand, when the ER activity was inhibited by ICI-182,780,
the effect of Eq and E2 on deactivation of ERK 1/2 was significantly reduced (p < 0.05).
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Figure 5. The cyclin D1 expressions of the SH-SH5Y cells from different treatments. Protein expressions
were assessed by Western blotting. Data were analyzed by a one-way ANOVA followed by the LSD
post-hoc test and are representative of three independent experiments (n = 3). Values are presented as
the mean + SD. Bars with different letters are significantly different at p < 0.05.

Figure 6. The phosphorylated (activated) ERK 1/2 expressions of SH-SH5Y cells from different
treatments. Data were analyzed by a one-way ANOVA followed by the LSD post-hoc test and are
representative of three independent experiments (n = 3). Values are presented as the mean + SD. Bars
with different letters are significantly different at p < 0.05.
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4. Discussion

Evidence from previous clinical and experimental studies showed that estrogen replacement
therapy may have beneficial effects on AD in postmenopausal women [25,26]. However, the use of
estrogen as treatment is known to have side effects, such as the development of breast and endometrial
cancers in women [23]. Phytoestrogens may be an alternative treatment for AD with fewer side
effects. A previous study showed that the phytoestrogen, α-zearanol, elevated the cell survival of Aβ

(25–35)-induced PC-12 cells by attenuating oxidative stress and apoptotic cell death in a manner similar
to 17β-estradiol [27]. In the present study, both S-equol and 17β-estradiol were also found to increase
cell survival followed by Aβ (25–35) treatment. These results would predict that phytoestrogen, S-equol,
possessed putative neuroprotective effects against Aβ (25–35)-induced cytotoxicity on SH-SH5Y cells
analogous to those of 17β-estradiol [28,29]. In addition, the result of the inhibition of ER with
antagonist ICI-182,780 prior to the Eq and E2 treatments suggested that ER may have a role in the
neuroprotection of S-equol and 17β-estradiol against Aβ (25–35) cytotoxicity. The critical roles of ERs
have been implicated in the cognitive function [14]. The loss of ERα expression has been noted to more
likely contribute to AD-related memory impairment and amyloidogenesis [30,31]. Our observations
showed the downregulation of ERα protein expression in SH-SH5Y cells exposed to Aβ (25–35)
alone, emphasizing the importance of the ERα functional role in response to Aβ (25–35)-induced
cytotoxicity. Under normal conditions, the ERα function can be enhanced by its coactivators, such
as SRC-1, for efficient transcriptional regulation [32]. The decreased SRC-1 protein expression in the
Aβ (25–35)-treated group was seen in the present study showing the Aβ (25–35)-induced disruption
of the SRC-1 coactivator. These results support the notion that Aβ (25–35)-induced perturbation of
ERα was further evident from the corresponding decrease in the expression of SRC-1. Furthermore,
S-equol or 17β-estradiol pretreatments efficiently attenuated the effects of Aβ (25–35) in the current
study, demonstrating that to provide a neuroprotective effect, equol binds with ERα and recruits SRC-1
to enhance its effect. On the other hand, the actions of both compounds were blocked by anti-estrogen
ICI-182,780 in the present study, observing that ERα is required for the neuroprotective response of
S-equol or 17β-estradiol to Aβ (25–35) cytotoxicity.

17β-estradiol binding to ERα is able to trigger transcriptional regulation of target genes, such as
cyclin D1 [33]. In this regard, a recent study has reported that 17β-estradiol bound ERα has a role in
controlling cell cycles [34]. In the present data, we presume that downregulated ERα expression in
the presence of Aβ (25–35) might partially contribute to aberrant cell cycles. In normal conditions,
neuron cells are postmitotic and stay in the G0 phase, as indicated by the downregulation of proteins
related to the cell cycle [35]. For instance, cyclin D1, a protein marker of the G0/G1 phase, is expressed
at the beginning of the G1 phase and continually accumulates in the nucleus during the G1 phase in
the presence of the cell cycle reactivation [36]. When the cells progress into the S phase, cyclin D1
can secrete into the cytoplasm and its overexpression can reduce cell sizes and shorten the G1 phase
resulting in the accelerated entry into the S phase [37]. Likewise, our results showed that Aβ (25–35)
caused cells to leave the postmitotic phase and reenter the cell cycle in parallel with the increasing level
of cyclin D1. This finding is in line with previous studies which found that Aβ (25–35) toxicity induces
cell-cycle reentry [9,38]. However, only a tendency toward a decrease in cell number of the G1 phase in
the Aβ-treated group was observed in this study. Such observation might be ascribed to a more rapid
cell cycle progression in response to a higher level of cyclin D1 followed by Aβ treatment as mentioned
above. Alternatively, it is plausible that there is a high degree of variability in the G1-phase progression
due to the differences in nature between cells, which indicates that the cell itself may enter into G1 or
exit from G1 at different time points from its neighboring cells [39]. In presenilin (PS)-1 familial AD
brains, the presence of cyclin D1 accumulation was observed to be linked to cell-cycle activation and
subsequently led to cell death [40]. Our results are in accordance with previous findings showing that
when exposed to 25 μM Aβ (25–35), SH-SY5Y cells accumulated in the S phase, indicating that they did
not progress beyond the S phase accompanied by apoptosis [9,41]. Taken together, we speculate that
changes in ERα and cyclin D1 expressions concomitantly occurring with aberrant cell cycle reentry
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appear likely to underlie the cytotoxic mechanisms of Aβ (25–35). Thus, apoptotic neuronal death
is presumably the consequence of Aβ (25–35)-induced cytotoxicity [42]. However, it is noteworthy
that more recent evidence indicates neuronal cell death triggered by a cell cycle reentry event could
be independent of an apoptotic mechanism in AD [43]. More in-depth investigation is warranted to
resolve this discrepancy. Nevertheless, S-equol prevented Aβ (25–35)-induced changes in the cell-cycle
behavior, ERα, and cyclin D1 expressions, indicative of the neuroprotective potential of S-equol.

A common target for estrogen signaling and Aβ neurotoxicity is ERK 1/2 [9,10,44]. It was shown
that ERK 1 and 2 are expressed in the pooled cerebrospinal fluid (CSF) of patients with AD, and elevated
levels of ERK 1/2 in CSF are accompanied by increased levels of tau protein and the Aβ42 peptide [45].
Rapid activation of ERK 1/2 was reported in SH-SY5Y neuroblastoma cells exposed to Aβ (25–35) [9]
and in mature hippocampal neurons [46]. Aberrant activation of ERK 1/2 was correlated with an
elevated level of cyclin D1 that has been shown to be responsible for cell cycle reentry in neurons
under Aβ-induced toxicity conditions, thereby potentiating the neuronal apoptosis responses [38].
The present data showed that Aβ (25–35) triggered ERK 1/2 activation, and pretreatments of S-equol
and 17β-estradiol were able to prevent this response. In contrast, treatment with ICI-182,780 appeared
to diminish the protective effects of S-equol and 17β-estradiol. These observations led us to propose
that the neuroprotective mechanisms of the actions of S-equol and 17β-estradiol against Aβ (25–35)
cytotoxicity might be mediated by the ERK1/2 pathways via ERα. Previous studies have shown that
estrogen prevents cytotoxic effects of Aβ by activating MAPK which regulates ERK 1/2 expression
and cyclin D1 to control cell cycle reentry [9,29]. Herein, we have shown that S-equol exhibited
neuroprotective effects that mimicked the action of 17β-estradiol on Aβ (25–35)-treated SH-SY5Y
cells through preventing cell cycle reentry downregulating cyclin D1 and ERα-mediated ERK 1/2
expressions, all of which might have involved suppression of Aβ (25–35)-induced cell cycle reentry by
S-equol or 17β-estradiol pretreatments in the current study.

5. Conclusions

This study concludes that Aβ (25–35) caused diminished ERα levels, which mediated estrogen
actions to disrupt normal cell cycle regulation and thus potentiates cell death. S-equol might act as a
putative neuroprotective agent against Aβ (25–35) cytotoxicity, and its neuroprotective role might be,
at least in part, attributed to its estrogenic potency. The observed putative neuroprotective effects of
equol were associated with sustaining ERα levels and cell survival in our cell models. Furthermore,
the molecular mechanism underlying this putative neuroprotection of S-equol is shown to involve the
suppression of cell cycle reentry which might be synergized with ERα-involved activation of ERK 1/2
along with the prevented activation of cyclin D1.
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Abstract: The biological effects of insulin signaling are regulated by the phosphorylation of insulin
receptor substrate 1 (IRS1) at serine (Ser) residues. In the brain, phosphorylation of IRS1 at specific
Ser sites increases in patients with Alzheimer’s disease (AD) and its animal models. However,
whether the activation of Ser sites on neural IRS1 is related to any type of memory decline remains
unclear. Here, we show the modifications of IRS1 through its phosphorylation at etiology-specific Ser
sites in various animal models of memory decline, such as diabetic, aged, and amyloid precursor
protein (APP) knock-in NL-G-F (APPKINL-G-F) mice. Substantial phosphorylation of IRS1 at specific
Ser sites occurs in type 2 diabetes- or age-related memory deficits independently of amyloid-β
(Aβ). Furthermore, we present the first evidence that, in APPKINL-G-F mice showing Aβ42 elevation,
the increased phosphorylation of IRS1 at multiple Ser sites occurs without memory impairment.
Our findings suggest that the phosphorylation of IRS1 at specific Ser sites is a potential marker of
Aβ-unrelated memory deficits caused by type 2 diabetes and aging; however, in Aβ-related memory
decline, the modifications of IRS1 may be a marker of early detection of Aβ42 elevation prior to the
onset of memory decline in AD.

Keywords: IRS1; serine phosphorylation; hippocampus; diabetes; aging; Alzheimer’s disease;
memory decline; Aβ; AMPK; energy depletion

1. Introduction

Insulin signaling mediated by insulin receptor substrates 1 and 2 (IRS1 and IRS2) is involved in
the regulation of growth, glucose homeostasis, energy metabolism, and lifespan [1–4]. The biological
effects of insulin signaling are regulated by the modulation of IRS proteins through serine (Ser) and
threonine (Thr) phosphorylation [5,6]. Notably, IRS1 is known to be abundantly phosphorylated at Ser
and Thr residues regardless of insulin or IGF1 stimulation [5,7]. In vitro studies have demonstrated the
relationship between IRS1 Ser/Thr phosphorylation and canonical downstream signaling components,
including Akt/protein kinase B, glycogen synthase kinase 3 beta (GSK3β), and ribosomal protein
S6 kinase (S6K) [5]. Under physiological and pathological conditions, Ser/Thr phosphorylation of
IRS1 is potentially mediated by multiple kinases, including AMP-activated protein kinase (AMPK),
conventional and novel protein kinase C (PKC), and c-Jun N-terminal kinases (JNKs), in response to
intracellular energy status, nutritional conditions, and inflammatory stimulation [5,6,8].
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Among the numerous Ser residues on IRS1, a few sites, including human(h)Ser312/mouse(m)Ser307,
hSer616/mSer612, hSer636/mSer632, hSer639/mSer635, and hSer1101/mSer1097, have been studied because
a limited number of phosphospecific antibodies were previously commercially available.

Nonetheless, hSer312/mSer307 has been widely investigated and implicated in insulin resistance
under metabolic stress conditions and in inflammatory conditions such as obesity, hyperinsulinemia,
and dyslipidemia [5,9,10]. However, IRS1 mSer307 knock-in mice display insulin resistance rather
than increased insulin sensitivity, suggesting that IRS1 mSer307 is a positive regulatory site and is
essential for normal insulin signaling [11]. IRS1 mSer612 and mSer632/635 have been cited as negative
regulatory sites for IRS1 signaling through tyrosine phosphorylation [5], and mSer1097, regarded as a
potential mammalian target of rapamycin (mTOR) /S6K signaling pathway, is activated in the liver of
model animals of obesity [12]. However, the roles of these sites remain largely unknown because they
have been examined in different context.

In the central nervous system, studies on postmortem brain tissues of patients with Alzheimer’s
disease (AD) have revealed increased phosphorylation of IRS1 at hSer312/mSer307, hSer616/mSer612,
hSer636/mSer632, and hSer639/mSer635 compared with that in non-AD control subjects [13–16].
The phosphorylation levels of IRS1 at hSer312/mSer307 and hSer616/mSer612 are considerably elevated
in the brains of patients with AD [15]. In animal studies, multiple AD mouse models display increased
phosphorylation of IRS1 at mSer307 and/or mSer632 or mSer612 [16–18]. However, whether the
modifications of IRS1 via Ser phosphorylation are involved in memory decline in amyloid precursor
protein (APP) knock-in (KI)NL-G-F (APPKINL-G-F) mice, a novel AD mouse model, remains unclear [19].
Meanwhile, animals with diet-induced obesity (DIO), a model of type 2 diabetes mellitus (T2DM), that
were fed a 40% or 60% high-fat diet (HFD) during different periods displayed cognitive impairment
accompanied by increased phosphorylation of neural IRS1 at different Ser residues (mSer1097, mSer307,
or mSer612) at different ages [20–22]. Few studies have reported the relationship between streptozotocin
(STZ)-induced type 1 diabetes-related cognitive impairment and phosphorylation of neural IRS1 at Ser
sites. Similarly, in aged animals, the phosphorylation of IRS1 at mSer307 has been shown to increase in
the cortex; however, whether this alteration is correlated with age-related decline in cognitive function
has not been explored [23].

In the present study, we investigated whether the modification of hippocampal IRS1 by Ser
phosphorylation is commonly associated with different types of memory decline in DIO, STZ, aged,
and APPKINL-G-F mice and whether it occurs before or after the onset of memory decline in APPKINL-G-F

mice. We demonstrate that the concomitant activation of specific Ser sites on hippocampal IRS1 with
amyloid-β (Aβ)-unrelated memory decline occurs in DIO and aged mice, whereas STZ mice exhibit
memory deficits independent of IRS1 activity. We further show that increased phosphorylation of
hippocampal IRS1 at Ser sites is already observed in young APPKINL-G-F mice showing normal memory
function despite increased Aβ42 level. These data suggest that the activation of Ser residues on
hippocampal IRS1 is associated with non-AD-related memory impairment in T2DM and aging and
with Aβ42 level, which is related to the onset of cognitive decline in AD.

2. Materials and Methods

2.1. Animals

C57BL/6J male mice (4 weeks of age) supplied by Japan SLC, Inc. (Shizuoka, Japan) were
used to establish type 1 and 2 diabetes mellitus (T1DM, T2DM) mice and their respective control
mice. Generation of high-fat-diet (HFD)-induced type 2 diabetes mice (DIO mice) was carried out as
previously described [20]. Briefly, C57BL/6J mice were assigned to control wild-type (WT) mice] and
HFD (DIO mice) groups, and were fed a normal diet (CE-2; CLEA Japan Inc., Tokyo, Japan) or a HFD
(D12492, 60% kcal from fat; Research Diets, Inc., New Brunswick, NJ, USA) for 32 weeks, respectively.
To generate Streptozotocin (STZ)-induced type 1 diabetes mice (STZ mice), eight-week-old C57BL/6J
mice were intraperitoneally administered with 150 mg/kg STZ (Wako Pure Chemical Industries, Ltd.,
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Osaka, Japan) dissolved in sodium citrate (pH 4.5) after overnight fasting, and control mice were
injected with the sodium citrate buffer alone. Young and aged WT male mice, which were all pure
C57BL/6J strains, were purchased from Charles River Inc., Kanagawa, Japan, or/and bred within
our animal facility. APPKINL-G-F (Swedish (NL), Arctic (G), and Beyreuther/Iberian (F) mutations)
homozygous mice were obtained from Dr. Saido at the Laboratory for Proteolytic Neuroscience, RIKEN
Brain Science Institute, Saitama, Japan [19]. Age-matched WT mice of a similar strain (C57BL/6J) were
used in the control experiments. All experiments were performed using DIO, STZ, and young and
middle-aged APPKINL-G-F mice, and their respective age-matched control mice (DIO mice: 34–36 weeks,
WT mice: 34–36 weeks; STZ mice: 10 weeks, WT mice: 10 weeks; young APPKINL-G-F mice: 12 weeks,
WT mice: 12 weeks; middle-aged APPKINL-G-F mice: 34–36 weeks, WT mice: 34–36 weeks; young WT
mice: 8–13 weeks, aged WT mice: 84 weeks). All mice were housed in a standard 12 h light–dark cycle
with free access to water and food (room temperature: 25 ± 2 ◦C). Animal experiments were performed
in compliance with the guidelines and with the approval of the ethics committee in Animal Care and
Use of the National Center for Geriatrics and Gerontology in Obu, Aichi, Japan (Approval ID: 31-5).

2.2. Western Blotting

The protocol of western blotting used has been previously described [20]. In brief,
hippocampal tissue was isolated on ice and homogenized in lysis buffer with a pellet mixer.
The aliquot of hippocampal lysates was boiled for 5 min in Laemmli sodium dodecyl sulfate
(SDS) sample buffer [60 mm Tris-Cl (pH 6.8), 2% sodium dodecyl sulfate, 10% glycerol, 4%
β-mercaptoethanol, and 0.01% bromophenol blue]. A total of 10 μg of each SDS protein
sample was loaded per lane, separated by 7.5% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), and transferred to polyvinylidene difluoride membranes. Membranes
were blocked using 4% Block Ace (Yukijirushi Ltd., Sapporo, Japan), incubated with the indicated
primary antibodies, followed by incubation with horseradish peroxidase-conjugated secondary
antibodies. Primary antibodies were rabbit anti-phospho-IRS1 [mouse Ser307/human Ser312
(mSer307/hSer312), mouse Ser612/human Ser616 (mSer612/hSer616), mouse Ser632/Ser635/human
Ser636/Ser639 (mSer632/Ser635/hSer636/Ser639), mouse Ser1097/human Ser1101 (mSer1097/hSer1101)]
(1:500; Cell Signaling Technology(CST)), rabbit anti-IRS1 (1:1000; CST), rabbit anti-phospho-Akt (Ser473)
(1:1000; CST), rabbit anti-Akt (1:1000; CST), rabbit anti-phospho-p70S6K (Thr389) (1:1000; CST), rabbit
anti-p70S6K (1:1000; CST), rabbit anti-phospho-AMPK (Thr172) (1:1000; CST), rabbit anti-AMPK
(1:1000; CST), rabbit anti-phospho-GSK3β (Ser9)(1:1000; CST), rabbit anti-GSK3β (Ser9) (1:1000;
CST), rabbit anti-phospho-JNK (Thr183/Tyr185) (1:1000; CST), rabbit anti-JNK (1:1000; CST), rabbit
anti-phospho-aPKCζ/λ(Thr410/Thr403) (1:1000; CST), rabbit anti-aPKCζ/λ(1:1000; CST), and rabbit
anti-β-tubulin (1:1000; CST). Immunodetection was performed with horseradish peroxidase-conjugated
secondary antibodies (1:2000; CST) and chemiluminescence detection reagent Chemi-Lumi one L
(Nacalai tesque, Kyoto, Japan) or the ImmunoStar LD (Fujifilm Wako Pure Chemical Corporation
Japan, Osaka, Japan). The images were scanned using the Amersham Imager 680 (GE Healthcare UK
Ltd., Little Chalfont, Buckinghamshire HP7 9NA, England ).

2.3. Water T Maze Test

Hippocampal-dependent spatial memory was tested using a water T maze [24,25] according to
our previous report [20]. The maze consisted of a start box, a left arm, and a right arm, which was
filled with water at 23 ± 1 ◦C up to 1 cm above the surface of the platform. Mice were allowed to swim
to the right or left arm. This screening step was repeated three times at 15 s intervals. The platform
was placed on the side that the mice reached less often. After the screening step, mice were allowed to
explore the maze freely. If mice reached the platform, they were allowed to rest there for 5 s (correct
choice). If not, the arm entry was closed with a board and they were forced to swim for 15 s as a
deterrent (incorrect choice). This trial step was repeated five times at 4-min intervals. Mice were
subjected to this trial step for five days. To evaluate the results of the trial, the percentage of correct
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responses per day was determined. After two days of rest, to test hippocampal and prefrontal cortex
(PFC)-dependent working memory, the platform was moved to the opposite arm. Similarly, mice were
allowed to explore the maze freely. The trial step was repeated 15 times at 4-min intervals in a day.
To evaluate the results of the trial, the percentage of the correct responses were calculated after every
three responses.

2.4. Measurement of Metabolic Parameters

Body weight and the blood glucose levels were recorded after 6 h of fasting. Blood glucose levels
were measured using a portable glucose meter (ACCU-CHEK® Aviva; Roche DC Japan K.K.). The level
of plasma insulin at 6 h fasting was determined using an insulin enzyme-linked immunosorbent assay
kit (Morinaga, Yokohama, Japan).

2.5. Enzyme-Linked Immunosorbent Assay (ELISA) Quantitation of Aβ

In order to measure the Aβ levels in the hippocampus, hippocampal tissue was isolated on ice
and homogenized in a lysis buffer (T-PER® Tissue Protein Extraction Reagent; Thermo Fisher Scientific,
Waltham, MA, USA) containing a protease inhibitor cocktail (Nacalai Tesque, Kyoto, Japan) and a
phosphatase inhibitor cocktail (Nacalai Tesque) with a pellet mixer. After incubation on ice for 15 min,
the lysates were centrifuged at 14,200× g for 5 min at 4 ◦C and the supernatants were placed in a fresh
tube. Protein concentration was determined using a Bicinchoninic acid (BCA) protein assay kit (Thermo
Fisher Scientific, Waltham, MA, USA). The levels of T-PER-extractable Aβ were measured with the
Human β Amyloid (1–40) enzyme-linked immunosorbent assay (ELISA) Kit Wako II (#298-64601;
Fujifilm Wako Pure Chemical Corp., Osaka, Japan), the Human β Amyloid (1–42) ELISA Kit Wako,
High Sensitivity (#296-64401, Fujifilm Wako Pure Chemical Corp.), the Human/Rat/Mouse β Amyloid
(1–40) ELISA Kit Wako II (#294-64701; Fujifilm Wako Pure Chemical Corp., Osaka, Japan), and the
Human/Rat/Mouse β Amyloid (1–42) ELISA Kit Wako, High Sensitivity (#292-64501, Fujifilm Wako
Pure Chemical Corp.) in accordance with the manufacturers’ instructions.

2.6. Statistics

All results are presented as mean ± standard error of the mean (SEM) in the text. Statistical
analyses were performed using Prism7 for Mac OS X v.7.0d (GrapPad Software Inc., La Jolla, CA, USA).
Data were statistically analyzed using Student’s t-test and two-way analysis of variance (ANOVA).
Significance is indicated as * p < 0.05 and ** p < 0.01.

3. Results

3.1. Activation of Specific Ser Residues on Hippocampal Insulin Receptor Substrate 1 (IRS1) Is Associated with
T2DM-Induced Memory Impairment

We recently reported that T2DM-related cognitive declines in 45-week-old DIO mice fed a 60%
HFD for 42 weeks were accompanied by an increased phosphorylation of hippocampal IRS1 at
mSer1097 [20]. While mice fed a 60% HFD for 17 days and mice or rats fed a 40% HFD for 6–8 weeks
exhibited memory impairment accompanied by increased phosphorylation at hSer616/mSer612 or
hSer312/mSer307 [21,22], 12-week-old DIO mice fed a 60% HFD for 9 weeks exhibited normal memory
function under our experimental conditions (Figure S1), suggesting that changes in neural IRS1 Ser
residues are variable on a temporal scale in DIO mice. Therefore, we investigated the phosphorylation
levels of hippocampal IRS1 at Ser sites and the activities of downstream factors involved in memory
impairment in 35-week-old (middle-aged) DIO mice fed a 60% HFD for 32 weeks (Figure 1A,C).
At 35 weeks of age, DIO mice displayed significant weight gain, hyperglycemia, and hyperinsulinemia
(Figure 1B, Figure S2A), as observed at other time points [20–22,26].
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Figure 1. Changes in specific Ser sites on hippocampal insulin receptor substrate 1 (IRS1) in type 2 diabetes
(T2DM)-induced memory impairment. (A) Schematic diagram of the experimental procedure. (B) Graphs
of body weight and blood glucose level in wild-type (WT) and diet-induced obesity (DIO) mice (35 weeks
of age, n = 5 mice per group). (C) Evaluation of learning memory function in middle-aged WT and DIO
mice (n = 14 mice per group) using the water T-maze test. (D) Quantitative analysis of T-PER (Tissue
Protein Extraction Reagent)-extractable Aβ40 and Aβ42 levels in the hippocampi of middle-aged WT and
DIO mice using the human/rat/mouse β amyloid (1–40 and 1–42) enzyme-linked immunosorbent assay
(ELISA) (35 weeks of age, n = 5 biologically independent samples per group). (E) Western blot analysis of
phosphorylated insulin receptor substrates 1 mouse Ser307 [p-IRS1 (mSer307)], p-IRS1 (mSer612), p-IRS1
(mSer632/635), p-IRS1 (mSer1097), IRS1, and β-tubulin in the hippocampi of middle-aged WT and DIO
mice (35 weeks of age, n = 5 biologically independent samples per group). Arrow indicates the p-IRS1
mSer612-corresponding band (lower band) in (E). Quantitative analysis of the phosphorylation of IRS1 at
mSer307, mSer612, mSer632/635, and mSer1097 normalized to total protein. (F) Western blot analysis of
phosphorylation levels of Akt Ser473, p70S6K Thr389, AMP-activated protein kinase (AMPK) Thr172,
and glycogen synthase kinase 3 beta (GSK3β) Ser9 as well as total protein levels of Akt, p70 S6K, AMPK,
GSK3β, and ß-tubulin in the hippocampi of middle-aged WT and DIO mice (35 weeks of age, n = 5
biologically independent samples per group). Quantitative analysis of the phosphorylation of Akt Ser473,
p70S6K Thr389, AMPK Thr172, and GSK3β Ser9 normalized to the respective total protein contents.
Results are presented as mean ± standard error of the mean (SEM), * p < 0.05; ** p < 0.01.
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Furthermore, we examined whether memory impairment in middle-aged DIO mice is linked to
increased levels of Aβ42, a pathological feature of AD. Biochemical analysis with specific kits (see
Materials and Methods) demonstrated that, compared with age-matched wild-type (WT) mice, there
was no change in Aβ40 and Aβ42 levels in the T-PER fractions obtained from the hippocampi of
35-week-old DIO mice (Figure 1D).

In contrast to DIO mice at 45 weeks of age, the phosphorylation of IRS1 at mSer307, which
increases in insulin resistance, diabetes, and obesity [5], with phosphorylation at mSer1097 significantly
increased in the hippocampus of DIO mice at 35 weeks of age, although there were no significant
differences in phosphorylation at mSer612 and mSer632/635 between DIO and age-matched WT mice
(Figure 1E, Figure S4A). Consistent with previous studies [27,28], the basal phosphorylation level of
p70S6K slightly but significantly increased in the hippocampus of middle-aged DIO mice compared
with that in the hippocampus of age-matched WT mice, whereas the basal phosphorylation of Akt and
GSK3β and activation of AMPK and atypical protein kinase C ζ/λ (aPKC ζ/λ), downstream factors
of insulin signaling, in the hippocampus were comparable between middle-aged WT and DIO mice
(Figure 1F, Figures S3A, S4B and S5A). Additionally, the basal phosphorylation of JNK, an inflammation-
and stress-related factor, remained unchanged in the hippocampus between the two groups (Figures
S3A and S5A), although a relationship between the phosphorylation of IRS1 at mSer307 and activation
of these factors in yeast cells, culture cells, and muscles has been reported [5]. These results indicate
that T2DM-induced memory decline is provoked by an Aβ-independent mechanism and that the
concomitant activation of IRS1 mSer307 and mSer1097 with p70S6K activation in the hippocampus is
associated with memory deficits in 35-week-old DIO mice.

3.2. Type 1 Diabetes Mellitus (T1DM)-Induced Memory Deficits Occur Independently of IRS1 Activity

To investigate whether the alteration of IRS1 through Ser phosphorylation is associated with type
1 diabetes mellitus (T1DM)-induced memory deficits, we generated STZ-induced insulin-deficient
T1DM mice. Two weeks after STZ injection, STZ mice exhibited weight loss, elevated blood glucose
levels (>400 mg/dL), and low insulin levels (Figure 2A, Figure S2B). While there were no significant
differences in hippocampus-dependent spatial memory between WT and STZ mice, STZ mice displayed
hippocampus- and prefrontal cortex-related memory decline (Figure 2B), consistent with the findings
reported in previous studies [29–32]. However, STZ-induced T1DM had no effect on Aβ40 and Aβ42
levels in the T-PER fractions of the hippocampus (Figure 2C).

Subsequently, we examined the impact of STZ-induced T1DM on the phosphorylation of IRS1
at Ser residues and downstream components in the hippocampus. In STZ mice that had already
developed memory impairment, the phosphorylation levels of hippocampal IRS1 at Ser residues in
STZ mice were comparable to those in WT mice (Figure 2D, Figure S4C). Although the activation of
p70S6K and the monotonous activities of Akt, AMPK, aPKC ζ/λ, and JNK were observed in STZ mice
as well as in middle-aged DIO mice regardless of the presence or absence of Ser phosphorylation on
hippocampal IRS1, the phosphorylation of GSK3β at Ser9 significantly increased in the hippocampus
of STZ mice (Figure 2E, Figure S3B, S4D and S5B). These data indicate that T1DM-induced memory
deficits accompanied by increased phosphorylation of GSK3β arises independently of the modification
of IRS1 signaling via Ser phosphorylation and independently of Aβ elevation.
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Figure 2. No alteration of IRS1 Ser phosphorylation in the hippocampus of T1DM mouse models.
(A) Graphs of body weight and blood glucose level in wild-type (WT) and streptozotocin (STZ)-induced
insulin-deficient type 1 diabetes (T1DM) model mice (10 weeks of age, n = 5 mice per group). (B)
Evaluation of hippocampus-dependent learning and memory function and hippocampus/prefrontal
cortex associated working memory function in WT (10 weeks of age, n = 19 mice per group) and STZ
mice (10 weeks of age, n = 18 mice per group) using the water T-maze test and reverse water T-maze test.
(C) Quantitative analysis of T-PER-extractable Aβ40 and Aβ42 levels in the hippocampi of WT and STZ
mice using the human/rat/mouse β amyloid (1–40 and 1–42) ELISA (10 weeks of age, n = 5 biologically
independent samples per group). (D) In WT and STZ-induced type 1 diabetes mice (10 weeks of age,
n = 5 biologically independent samples per group), western blot analysis of phosphorylated insulin
receptor substrates 1 mouse Ser307 [p-IRS1 (mSer307)], p-IRS1 (mSer612), p-IRS1 (mSer632/635), p-IRS1
(mSer1097), IRS1, and ß-tubulin was performed. Quantitative analysis of the phosphorylation of IRS1
at mSer307, mSer612, mSer632/635, and mSer1097 normalized to total protein. (E) Western blot analysis
of phosphorylation levels of Akt Ser473, p70S6K Thr389, AMPK Thr172, and GSK3β Ser9 as well as
total protein levels of Akt, p70S6K, AMPK, GSK3β, ß-tubulin in WT and STZ mice (10 weeks of age, n
= 5 biologically independent samples per group). Arrows indicate the p-IRS1 mSer612-corresponding
band (lower band) and the p-IRS1 mSer632/635-corresponding band (lower band) in (D). Quantitative
analysis of the phosphorylation of Akt Ser473, p70 S6K Thr389, AMPK Thr172, and GSK3β Ser9
normalized to the respective total protein contents. Results are presented as mean ± SEM, * p < 0.05;
** p < 0.01.

3.3. Phosphorylation of IRS1 at Age-Specific Ser Residues with the Activation of Downstream Kinases Is Linked
to Age-Related Memory Deficits

Although memory decline associated with physiological aging can occur naturally, in contrast
to pathogenic memory deficits, whether the onset processes of age-related memory impairment are
related to the mechanisms underlying pathogenic memory deficits in T2DM and AD remains unclear.
We examined the modification of IRS1 at Ser residues and the activity of downstream factors in the
hippocampi of 21-month-old mice (aged mice). Aged mice displayed memory impairments without an
increase in blood glucose and plasma insulin levels, despite an increase in body weight (Figure 3A,B,
Figure S2C). Meanwhile, the Aβ40 and Aβ42 levels in the T-PER fractions of the hippocampus were
comparable between young and aged WT mice (Figure 3C).

In common with DIO mice, the activation of mSer307, but not of mSer1097, on IRS1 accompanied
by p70S6K activation and unchanged AMPK was observed with increased phosphorylation of IRS1
at mSer612 and mSer632/635 in the hippocampi of aged mice (Figure 3D, Figure S4E). Nonetheless,
unlike in DIO mice, the basal phosphorylation levels of Akt and GSK3β prominently increased in the
hippocampus of aged mice (Figure 3E, Figure S4F); however, the basal activities of aPKC ζ/λ, and
JNKs remained unchanged, similar to those in DIO mice (Figure S3C and S5C). These results suggest
that aging causes the concomitant phosphorylation of hippocampal IRS1 at mSer307, mSer612, and
mSer632/635 with the activation of canonical downstream kinases, which may be associated with
Aβ-unrelated physiological decline in memory function.
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Figure 3. Age-related memory deficits accompanied by increased phosphorylation of IRS1 Ser sites
in the hippocampus. (A) The graphs of body weight and blood glucose levels in young (12 weeks of
age, n = 7 mice per group) and aged (84 weeks of age, n = 7 mice per group) wild-type (WT) mice.
(B) Evaluation of learning memory functions in young WT mice (n = 16 mice per group) and aged WT
mice (n = 18 mice per group) using the water T-maze test. (C) Quantitative analysis of T-PER-extractable
Aβ40 and Aβ42 levels in the hippocampi of young (12 weeks of age, n = 6 biologically independent
samples) and aged (84 weeks of age, n = 6 biologically independent samples) WT mice using the
human/rat/mouse β amyloid (1–40 and 1–42) ELISA. (D) Western blot analysis of phosphorylated
insulin receptor substrates 1 mouse Ser307 [p-IRS1 (mSer307)], p-IRS1 (mSer612), p-IRS1 (mSer632/635),
p-IRS1 (mSer1097), IRS1, and ß-tubulin in the hippocampi of young WT mice (12 weeks of age, n = 6
biologically independent samples) and aged WT mice (84 weeks of age, n = 6 biologically independent
samples). Quantitative analysis of the phosphorylation of IRS1 at mSer307, mSer612, mSer632/635,
and mSer1097 normalized to total protein. (E) Western blot analysis of phosphorylation levels of
Akt Ser473, p70S6K Thr389, AMPK Thr172, and GSK3β Ser9 as well as total protein levels of Akt,
p70S6K, AMPK, GSK3β, and ß-tubulin in the hippocampi of young WT mice (12 weeks of age, n = 6
biologically independent samples) and aged WT mice (84 weeks of age, n = 6 biologically independent
samples). Arrows indicate the p-IRS1 mSer612-corresponding band (lower band) and the p-IRS1
mSer632/635-corresponding band (lower band) in (D). Quantitative analysis of the phosphorylation of
Akt Ser473, p70S6K Thr389, AMPK Thr172, and GSK3β Ser9 normalized to the respective total protein
contents. Results are presented as mean ± SEM, * p < 0.05; ** p < 0.01.

3.4. Increased Phosphorylation of Hippocampal IRS1 at Ser Residues in Young Amyloid Precursor Protein
(APP) Knock-In (APP KINL-G-F) Mice Occurs Prior to the Onset of Memory Decline

To investigate whether AD-related activation of Ser residues on neural IRS1 emerges before or
after the onset of memory decline, we employed a novel AD mouse model, APPKINL-G-F mice carrying
a humanized Aβ sequence and three AD mutations, i.e., Swedish, Beyreuther/Iberian, and Arctic
mutations, in the endogenous App gene [19]. First, we measured body weight and glucose metabolism
in 12-week-old (young) APPKINL-G-F mice. There were no differences in terms of body weight, blood
glucose level, and plasma insulin concentration between WT and APPKINL-G-F mice at 12 weeks of age
(Figure 4A, Figure S2B). Next, we confirmed memory function as well as Aβ40 and Aβ42 levels in
the hippocampi of young APPKINL-G-F mice. At 12 weeks of age, APPKINL-G-F mice exhibited normal
memory function (Figure 4B).

Using monoclonal antibody (BNT77/BC05)-based sandwich ELISA for human/rat/mouse Aβ42,
we successfully confirmed that T-PER-extractable Aβ42 level had already increased in young APP
KINL-G-F mice (Figure 4C, right). A conspicuous increase in T-PER-extractable Aβ42 level in these mice
was detected by human Aβ42 sandwich ELISA using monoclonal antibodies (BAN50/BC05) (Figure 4D,
right). However, T-PER-extractable Aβ42 levels in both ELISA were comparable to the range of
Tris-buffered saline (TBS)-extractable Aβ42 level in the brain and cortex of APPKINL-G-F mice reported
by Saito et al. (2019) and Saito et al. (2014). Similarly, human/rat/mouse Aβ40 and human Aβ40
sandwich ELISA revealed the same range for Aβ40 level in the T-PER fractions of the hippocampi of
young APPKINL-G-F mice (black bar on the left in Figure 4C,D and Figure 5C,D). Meanwhile, regardless
of age, human/rat/mouse Aβ40 or human Aβ40 sandwich ELISA showed almost the same levels (white
bar on the left in Figures 1D, 2C, 3C, 4C and 5C) or range (white bar on the left in Figures 4D and 5D)
of T-PER-extractable Aβ40 in WT mice, respectively.
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Figure 4. Activation of multiple Ser residues on hippocampal IRS1 unrelated to memory decline in young
amyloid precursor protein (APP) knock-in (APPKINL-G-F) mice. (A) The graphs of body weight and blood
glucose levels in young wild-type (WT) and APPKINL-G-F mice (12 weeks of age, n = 6 mice per group). (B)
Evaluation of learning memory function in young WT (n = 5 mice per group) and APP KINL-G-F mice (n = 5
mice per group) using the water T-maze test. (C) Quantitative analysis of T-PER-extractable Aβ40 and Aβ42
levels in the hippocampi of young WT and APPKINL-G-F mice using the human/rat/mouse β amyloid (1–40
and 1–42) ELISA (12 weeks of age, n = 5 biologically independent samples per group). (D) Quantitative
analysis of T-PER-extractable Aβ40 and Aβ42 levels in the hippocampi of young WT and APPKINL-G-F

mice using the human β amyloid (1–40 and 1–42) ELISA (12 weeks of age, n = 5 biologically independent
samples per group). (E) Western blot analysis of phosphorylated insulin receptor substrates 1 mouse Ser307
[p-IRS1 (mSer307)], p-IRS1 (mSer612), p-IRS1 (mSer632/635), p-IRS1 (mSer1097), IRS1, and ß-tubulin in
the hippocampi of young WT and APP KINL-G-F mice (12 weeks of age, n = 6 biologically independent
samples per group). Arrows indicate the p-IRS1 mSer612-corresponding band (lower band) and p-IRS1
mSer632/635-corresponding band (lower band) in (E). Quantitative analysis of the phosphorylation of IRS1 at
mSer307, mSer612, mSer632/635, and mSer1097 normalized to the respective total protein contents. (F) Western
blot analysis of phosphorylation levels of Akt Ser473, p70S6K Thr389, AMPK Thr172, and GSK3β Ser9 as
well as total protein levels of Akt, p70S6K, AMPK, GSK3β, and ß-tubulin in the hippocampi of young WT
and APPKINL-G-F mice (12 weeks of age, n = 6 biologically independent samples per group). Quantitative
analysis of phosphorylation of Akt Ser473, p70S6K Thr389, AMPK Thr172, and GSK3β Ser9 normalized to
the respective total protein contents. Results are presented as mean ± SEM, * p < 0.05; ** p < 0.01.
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Figure 5. Memory decline accompanied by sustained phosphorylation of IRS1 Ser residues in the hippocampus
of middle-aged APPKINL-G-F mice. (A) The graphs of body weight and blood glucose levels in middle-aged
wild-type (WT) and APPKINL-G-F mice (34–36 weeks of age, n = 5 mice per group). (B) Evaluation of
learning memory function in middle-aged WT (n = 14) and APPKINL-G-F mice (n = 15 mice per group)
using the water T-maze test. (C) Quantitative analysis of T-PER-extractable Aβ40 and Aβ42 levels in the
hippocampi of middle-aged WT and APPKINL-G-F mice using the human/rat/mouse β amyloid (1–40 and 1–42)
ELISA (34–36 weeks of age, n = 4 biologically independent samples per group). (D) Quantitative analysis
of T-PER-extractable Aβ40 and Aβ42 levels in the hippocampi of middle-aged WT and APPKINL-G-F mice
using the human β amyloid (1–40 and 1–42) ELISA (34–36 weeks of age, n = 4 biologically independent
samples per group). (E) Western blot analysis of phosphorylated insulin receptor substrates 1 mouse Ser307
[p-IRS1 (mSer307)], p-IRS1 (mSer612), p-IRS1 (mSer632/635), p-IRS1 (mSer1097), IRS1, and ß-tubulin in the
hippocampi of middle-aged WT and APPKINL-G-F mice (34–36 weeks of age, n= 6 biologically independent
samples per group). Arrow indicates the p-IRS1 mSer612 -corresponding band (lower band) in (E). Quantitative
analysis of the phosphorylation of IRS1 at mSer307, mSer612, mSer632/635, and mSer1097 normalized to total
protein. (F) Western blot analysis of phosphorylation levels of Akt Ser473, p70S6K Thr389, AMPK Thr172, and
GSK3β Ser9 as well as total protein levels of Akt, p70S6K, AMPK, GSK3β, and ß-tubulin in the hippocampi
of middle-aged WT and APPKINL-G-F mice (34–36 weeks of age, n= 6 biologically independent samples per
group). Quantitative analysis of the phosphorylation of Akt Ser473, p70S6K Thr389, AMPK Thr172, and GSK3β
Ser9 normalized to the respective total protein contents. Results are presented as mean ± SEM, * p< 0.05;
** p< 0.01.
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Subsequently, we investigated the phosphorylation levels of hippocampal IRS1 at Ser residues
in young APPKINL-G-F mice. Importantly, the phosphorylation of hippocampal IRS1 at mSer307,
mSer612, and mSer1097, but not at mSer632/635, significantly increased in 12-week-old APPKINL-G-F

mice (Figure 4E, Figure S4G) displaying normal memory function (Figure 4B). In parallel to these
increases, a concomitant elevation in the basal phosphorylation of AMPK, a metabolic energy sensor,
with p70S6K activation and a slight decrease in basal JNK phosphorylation were observed in these
mice, along with monotonous Akt, GSK3β, and aPKC ζ/λ activity (Figure 4F, Figure S3D, S4H and S5D).
Thus, in young APPKINL-G-F mice exhibiting normal memory function, the increased phosphorylation
of hippocampal IRS1 at multiple Ser sites accompanied by AMPK-related low energy conditions had
already occurred in the presence of increased Aβ42 level, suggesting that the elevation of Aβ42 level
and/or AMPK activation provokes the activation of Ser sites on IRS1 in brains of patients with AD
prior to the onset of memory decline.

3.5. Memory Decline in Middle-Aged APPKINL-G-F Mice Is Accompanied by the Activation of Specific Ser Sites
on IRS1 and Energy Depletion

Next, we examined age-related alterations in the patterns of phosphorylation of IRS1 at Ser sites
and its downstream components in the hippocampi of middle-aged APPKINL-G-F mice at 34–36 weeks of
age. Consistently, body weight, blood glucose level, and plasma insulin concentration were comparable
between middle-aged WT and APPKINL-G-F mice (Figure 5A, Figure S2A).

Although the onset of memory deficits was reported by 6 months in APPKINL-G-F mice [19],
6-month-old APPKINL-G-F mice did not display memory decline under our experimental conditions
(data not shown). However, the water T-maze test demonstrated that middle-aged APPKINL-G-F mice
exhibited memory decline after 34 weeks under our experimental conditions (Figure 5B). Meanwhile,
both human/rat/mouse Aβ42 and human Aβ42 sandwich ELISA demonstrated increased levels of
T-PER-extractable Aβ42 in the hippocampi of middle-aged APPKINL-G-F mice (right in Figure 5C, D)
and young APPKINL-G-F mice, which were comparable to TBS-extractable Aβ42 levels in the brain and
cortex of APPKINL-G-F mice [33].

While an age-related increase in the phosphorylation of IRS1 at mSer612 and mSer632/635
accompanied by sustained phosphorylation of IRS1 at T2DM-related mSer1097 site and of AMPK was
observed in the hippocampi of middle-aged APPKINL-G-F mice showing memory decline (Figure 5E,
Figure S4I, Table S1), there were no significant differences in phosphorylation levels at mSer307 site
and of p70S6K between middle-aged WT and APPKINL-G-F mice (Figure 5E,F) owing to the age-related
elevation of these factors (Figure 3D,E). Regardless of age, the activity of downstream components, such
as Akt, GSK3β, aPKC ζ/λ, and JNKs, remained almost unchanged in the hippocampi of APPKINL-G-F

mice (Figure 5F, Figure S3E, S4J and S5E). Our data suggest that the increased phosphorylation of
hippocampal IRS1 at multiple Ser residues and persistent AMPK activation that corresponds to energy
depletion accompanied by age-related elevation of Aβ42 levels are associated with the onset of memory
decline in these mice.

4. Discussion

The present study demonstrates that memory decline in T1DM and T2DM in middle age occurs in
an Aβ-independent manner, which is consistent with the findings of previous studies [34–36]. Similarly,
age-related memory impairments arise with no alteration in Aβ levels.

In middle-aged DIO and aged mice, Aβ-unrelated memory deficits are accompanied by
increased basal phosphorylation of hippocampal IRS1 at specific Ser residues, whereas Aβ-unrelated
memory impairments develop in STZ mice without the modification of IRS1. Although p70S6K
activation accompanied by unchanged AMPK activity in the hippocampus is mutually observed with
Aβ-unrelated memory deficits in middle-aged DIO, STZ, and aged mice regardless of the presence
or absence of the phosphorylation of IRS1 at Ser residues, different alterations in other downstream
components were observed in these mouse models. Furthermore, we found that, in APPKINL-G-F mice,

53



Nutrients 2019, 11, 1942

a concomitant increase in the basal phosphorylation of hippocampal IRS1 at multiple Ser sites with the
activation of AMPK and elevation of Aβ42 level had already arisen at a young age, before the onset of
memory decline, and that memory decline in middle age was accompanied by the persistence of these
changes with age-related increase in the phosphorylation of IRS1 at specific Ser sites and in Aβ42 level.

HFD and genetically obese animals exhibit increased phosphorylation at mSer307 and
p70S6K-induced phosphorylation at mSer1097 in peripheral tissues [37,38]. In the central nervous
system, the involvement of non-activated AMPK with/without phosphorylation of IRS1 at mSer307
accompanied by p70S6K activation or different combinations of alterations in Akt and GSK3β activity
(i.e., increased or decreased phosphorylation) in cognitive impairment in 40–45% HFD-fed and STZ
mice has been reported [21,22,27,28,32,34,39,40], whereas the monotonous levels of phosphorylation of
IRS1 at Ser sites and of downstream kinases including Akt, AMPK, GSK3β, and p70S6K are observed in
45% HFD-induced cognitive deficits [41]. Consistent with these results, memory decline in middle-aged
DIO mice is accompanied by a concomitant increase in the basal phosphorylation of IRS1 at mSer307
and mSer1097 with p70S6K activation and monotonous activity of Akt, GSK3β, and AMPK in the
hippocampus. On the other hand, in aged mice, the concomitant activation of Akt and GSK3β with an
increase in the basal phosphorylation of hippocampal IRS1 at mSer307, mSer612, and mSer632/635 with
p70S6K activation is observed, which is consistent with previous studies showing that the increased
phosphorylation of mSer632/635 or mSer1097 on IRS1 is associated with p70S6K [5,37,38]. Given that
the activation of mSer612 on IRS1 may negatively correlate with intracellular signaling and that the
activation of Ser632/635 on IRS1 may occur independently of Akt [5], it is likely that, in aged mice,
the increased phosphorylation of IRS1 at mSer307, mSer612, and mSer632/635 with the activation of
multiple downstream factors other than AMPK may arise through reciprocal feedback regulation.

Additionally, HFD- and STZ-induced diabetes increases the phosphorylation of JNK accompanied
by the activation of mSer307 on IRS1 in the brain [21,32]. The activity of JNK is elevated in aged mice
and transgenic mouse models of AD, although the involvement of phosphorylation of IRS1 at Ser sites
in the altered activation of JNK has not been reported [16,42]. Furthermore, the activation of aPKC
ζ/λ is associated with the phosphorylation of IRS1 at Ser sites, including mSer1097 [5,20]. However,
in all types of mouse models of memory impairment in the present study, the basal phosphorylation
levels of JNK and aPKC ζ/λ consistently remained unchanged under our experimental conditions.
These discrepancies may be due to the differences in observation time, animal species, and HFD or STZ
protocols, such as age, duration of exposure, diet fat content, and drug dosages. Taken together, these
results suggest that the reciprocal effects of the phosphorylation of IRS1 at T2DM- or age-related Ser
sites and downstream components via feedback loops that may lead to the common alterations in the
activity of p70S6K and AMPK are involved in Aβ-unrelated memory decline; however, the modification
of IRS1 through Ser sites is not required for the onset of memory deficits in STZ-induced T1DM mice.

Although a link between the phosphorylation of neural IRS1 at mSer307, mSer612, and mSer632/635
and brain insulin resistance has been proposed [14,16,43], brain insulin resistance is not yet defined,
and the phosphorylation of IRS1 at Ser sites emerges in insulin-dependent and insulin-independent
manners [5,6]. Given that diabetes- and obesity-induced memory impairments were accompanied
by the phosphorylation of IRS1 at mSer307 [5], we found that young APPKINL-G-F mice showing
normal metabolism and memory function displayed increased phosphorylation of hippocampal IRS1
at three Ser residues including mSer307, mSer612, and mSer1097, in which the Aβ42 level had already
increased before the onset of memory decline. Consistent with previous studies [13–16], the increased
phosphorylation at mSer612 and mSer 632/635 and persistent activation of mSer1097 are observed in
the hippocampus of middle-aged APPKINL-G-F mice exhibiting memory decline with age-associated
increase in the Aβ42 level.

Interestingly, in both young and middle-aged APPKINL-G-F mice, the concomitant phosphorylation
of hippocampal IRS1 at mSer612 and mSer1097 with the activation of AMPK is constantly observed
regardless of the presence or absence of the activation of mSer307 or mSer 632/635, suggesting that
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persistent phosphorylation of mSer612 and mSer1097 accompanied by AMPK activation may contribute
to memory dysfunction in AD.

Reportedly, the Arctic mutation in APPKINL-G-F mice reduces immunoreactivity in ELISA because
the location of this mutation on the Aβ sequences is overlapped with the binding region of monoclonal
antibody to Aβ used in human/rat/mouse Aβ sandwich ELISA [19]; however, T-PER-extractable Aβ40
and Aβ42 levels were successfully determined by human/rat/mouse Aβ sandwich ELISA using BNT77
(binds to the location of the Arctic mutation) and human Aβ sandwich ELISA using BAN50 (does not
bind to the location of the Arctic mutation). We confirmed that the elevation of Aβ42 level is evident in
young APPKINL-G-F mice and that the Aβ42 level increased in middle-aged APPKINL-G-F mice. Owing
to the elevation of Aβ42 level in the hippocampi of APPKINL-G-F mice from a young age, it is likely that
the increased phosphorylation of IRS1 at Ser sites is associated with Aβ42 level but not with memory
decline. Consistent with this finding, a previous study showed that the phosphorylation of IRS1 at
mSer307/hSer312 and mSer612/hSer616 increased in cultured hippocampal neurons exposed to Aβ

oligomers prepared from synthetic Aβ1–42 peptide and in the AβO-injected hippocampi of non-human
primates [16]. Interestingly, the increased basal phosphorylation of hippocampal IRS1 at multiple Ser
sites in APPKINL-G-F mice is accompanied by AMPK activation regardless of the presence or absence
of memory decline. Consistent with our findings, recent studies suggest that AMPK activation is
implicated in brain aging and development of neurodegenerative diseases, including AD [44,45].
These results suggest that the elevation of Aβ42 accompanied by AMPK activation induced by energy
depletion that occurs from a young age before the onset of memory decline is associated with increased
phosphorylation of hippocampal IRS1 at multiple Ser sites and that sustained activation of these factors
contributes to the onset of memory decline in middle-aged APPKINL-G-F mice.

In summary, whether the modification of IRS1 through its phosphorylation at Ser sites in the
hippocampus has a pathogenic or an adaptive function remains unknown because the phosphorylation
of hippocampal IRS1 at mSer307, mSer612, and mSer1097 increased when metformin improves memory
deficits in middle-aged DIO mice [20,46]. Studies using mutant mice with IRS1 Ser residues in the
brain will help us to understand the roles of Ser sites in memory function and to identify unrecognized
downstream pathways.

5. Conclusions

Our findings indicate that the phosphorylation of IRS1 at disease-specific Ser residues in the
hippocampus may be a potential marker of Aβ-unrelated memory impairments induced by T2DM
and aging. Alternatively, in Aβ-related memory decline in AD, the modification of IRS1 via its
phosphorylation at multiple Ser sites accompanied by the activation of AMPK, a sensor of energy
metabolism, may be a marker of the response to an early detection of elevated Aβ42 level before the
onset of memory decline in AD.
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Abstract: The aim of the current study was to explore the underlying neuroprotective mechanisms of
curcumin (50 mg/kg, for six weeks) against ethanol (5 mg/kg i.p., for six weeks) induced oxidative
stress and inflammation-mediated cognitive dysfunction in mice. According to our findings, ethanol
triggered reactive oxygen species (ROS), apoptosis, neuroinflammation, and memory impairment,
which were significantly inhibited with the administration of curcumin, as assessed by ROS, lipid
peroxidation (LPO), and Nrf2/HO-1 (nuclear factor erythroid 2-related factor 2/Heme-oxygenase-1)
expression in the experimental mice brains. Moreover, curcumin regulated the expression of the glial
cell markers in ethanol-treated mice brains, as analyzed by the relative expression TLR4 (Toll like
Receptor 4), RAGE (Receptor for Advanced Glycations End products), GFAP (Glial fibrillary acidic
protein), and Iba-1 (Ionized calcium binding adaptor molecule 1), through Western blot and confocal
microscopic analysis. Moreover, our results showed that curcumin downregulated the expression of
p-JNK (Phospo c-Jun N-Terminal Kinase), p-NF-kB (nuclear factor kappa-light-chain-enhancer of
activated B cells), and its downstream targets, as assessed by Western blot and confocal microscopic
analysis. Finally, the expression of synaptic proteins and the behavioral results also supported the
hypothesis that curcumin may inhibit memory dysfunction and behavioral alterations associated with
ethanol intoxication. Altogether, to the best of our knowledge, we believe that curcumin may serve as
a potential, promising, and cheaply available neuroprotective compound against ethanol-associated
neurodegenerative diseases.

Keywords: neurodegenerative diseases; oxidative stress; neuroinflammation; apoptosis;
synaptic dysfunction

1. Introduction

Alcohol is a sedative agent and is pharmacologically similar to other hypnotic drugs, which makes
it a potential candidate for abuse worldwide. In Western, European, and North American populations,
the percentage of alcoholics among the adult population varies from 2% to 12% [1]. Alcohol and
its derivatives promote physiological, behavioral, and cognitive dysfunctions in consumers [2], so
worldwide alcohol dependence is considered to be a serious health issue in the modern world [3].
Ethanol has shown strong neurodegenerative consequences in experimental animal brains [4,5].
The neurodegenerative effects are associated with neuroinflammation, apoptotic cell death [6], and
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synaptic dysfunction [7,8]. Moreover, it has been shown that the consumption of alcohol leads to the
generation of free radicals and to the chain reaction of lipid peroxidation that causes damage to the brain
and other vital organs [9,10]. To combat the challenges of free radical generation, a potent antioxidant
defense mechanism is of crucial importance. In the journey to find a novel, potent, and effective
antioxidant system, naturally occurring compounds have always drawn more attention because of their
ease of availability, safety, and efficacy. Many natural compounds and their derivatives have shown
efficacy in the management of different neurological disorders [11–13], and are under consideration and
evaluation for these disorders. Curcumin, a compound known to inhibit neuroinflammation, reduces
plaque deposition in AD (Alzheimer’s Disease) models and improves vascular dysfunction [14]. It has
been shown to antagonize many steps in the inflammatory cascade [15], including the suppression of
nuclear factor-B, iNOS (Inducible nitric oxide synthase), and JNK (c-Jun N-terminal kinases) [13,16].
Moreover, it has shown the best antioxidant effects in mice [17]. It has shown effectiveness against
the MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) model of Parkinson’s disease [18] and the
MCAO (middle cerebral artery occlusion) animal model of the ischemic brain [19]. Based on the
promising therapeutic potentials of naturally occurring curcumin, we hypothesized that chronic
curcumin administration may inhibit ethanol-induced neurodegeneration and memory impairment
in mice, by regulating reactive oxygen species (ROS), toll-like receptor-4 (TLR4), and Receptor for
advanced glycation end products (RAGE)-mediated neuroinflammation, while p-JNK and p-NF-kB
triggered the release of cytokines and synaptic dysfunction. The main target of the current study is
oxidative stress, regulated by nuclear factor erythroid-2 (Nrf2; an endogenous antioxidant enzyme),
and neuroinflammation, initiated by the activation of the innate immune response, mostly tailored by
the activation of TLR4 and RAGE, playing a role in recognizing the microbial-associated molecular
patterns initiating and modulating the immune response. The activation of the TLR4 signaling
promotes the phosphorylation of NF-kB, thereby promoting the inflammatory effects [20]. The signals
generated by both the RAGE and TLR4 receptors funnel to the same pathway of neuroinflammation [21].
Compounds counteracting the abnormal ROS generation, inhibition of TLR4/RAGE, and inhibition of
the phosphorylation of JNK/NF-kB signaling may render protection to the brain against the mediators
of neurodegeneration. Here, we have made an attempt to explore the underlying neuroprotective
mechanisms of chronic curcumin administration against ethanol-induced neurodegeneration and
memory impairment, by targeting the oxidative stress, neuroinflammation, and apoptotic cell death.

2. Materials and Methods

2.1. Chemicals and Antibodies

The antibodies used in the Western blot and immunofluorescence studies were anti-Nrf2 (sc-722),
anti-HO1 (sc-136,961), anti-synaptosomal-associated protein 23 (SNAP-23) (sc-374,215), anti-PSD-95
(sc-71,933), anti-Syntaxin (sc-12,736), anti-tumor necrosis factor-α (TNF-α) (sc-52,746), anti-PARP-1
(sc-8007), TLR4 (sc-16240), Synaptophysin (sc-17750), anti-interleukin (IL)-1β (sc-32,294), anti-Bax
(sc-7480), anti-Bcl2 (sc-7382), anti-p-NF-κB (sc-136,548), anti-Iba-1 (sc-32,725), anti-Glial fibrillary
acidic protein (GFAP; sc-33,673), and anti-β- actin (sc-47,778) (Santa Cruz Biotechnology, Dallas, TX,
USA). In addition, the anti-Cleaved Caspase-3 (#9664) antibodies were obtained from Cell Signaling
Technology (Danvers, MA, USA). For Syntaxin and β-actin, the antibodies were diluted in TBST
(1:10000) (Santa Cruz Biotechnology, Dallas, TX, USA). Other primary antibodies were diluted in 1x
TBST (1:1000), and Secondary anti-mouse HRP (Horseradish peroxidase) conjugated (Promega Ref#
W402) and anti-rabbit HRP conjugated (Promega Ref# W401) were diluted 1:10,000 in 1× TBST and
were purchased from Promega, (Fitchburg, WI, USA). TAK242, Resatorvid (CAS 243984-11-4), the
specific inhibitor of TLR4. For the confocal microscopic studies, the secondary fluorescent antibodies
used were goat anti-mouse (Ref# A11029) and goat anti-rabbit (Ref# 32732) diluted in 1× PBS.
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2.2. Animals Grouping and Drugs Administration

Male mice (C57BL/6N, n = 60, mice 25 ± 3 g, eight old weeks) were acclimatized to the animal
house environment for one week, at 12/12 h light/dark cycles at room temperature. The study was
approved and conducted in accordance with the guidelines of the Institutional Animal Care and Use
Committee (IACUC) of the Division of Applied Life Science, Gyeongsang National University, South
Korea (approval ID: 125). Efforts were made to minimize the number of animals used, as well as their
suffering. The mice were randomly divided into three groups. (1) The control group mice were treated
with an equal volume of vehicle intraperitoneally (physiological saline 0.1 mL/100 g/day) for six weeks,
and the mice were freely allowed water and food ad-libitum. (2) The ethanol group mice were treated
with an intraperitoneal injection of ethanol for six weeks (5 g/kg i.p., for six weeks, daily). (3) The
ethanol and curcumin group mice were treated with curcumin 50 mg/kg for six weeks, daily. The doses
of ethanol and curcumin were purely selected on the bases of previously published papers [22]. After
the completion of the treatment and behavioral analysis, the mice were sacrificed.

2.3. Tissues Collections for Molecular and Morphological Analysis

For biochemical studies, the mice (8–10/group) were anesthetized, sacrificed, and the brain
sections were separated. Next, the brain tissue was homogenized in a protein extraction solution
(PRO-PREPTM), according to the instructions (iNtRON Biotechnology, Inc., Sungnam, South Korea).
After homogenization, the samples were centrifuged at 13,000 r.p.m. at 4 ◦C for 25 min. The supernatants
were collected and stored at −80 ◦C.

For the morphological studies, the mice (seven to eight per group) were anesthetized and perfused
transcardially with saline at a flow rate of 10 mL/min for 3 min, followed by perfusion with a 4%
paraformaldehyde solution for 8 min using a peristaltic pump, as provided [23]. The brains were
removed and fixed in 4% cold neutral buffer paraformaldehyde for 48 h, and cryoprotected by
immersing into a 30% sucrose phosphate buffer for 48 h at 4 ◦C [23]. After that, the whole brain
was frozen in an OCT (optimal cutting temperature compound) compound (Sakura, Torrance, CA,
USA), and 14 μm sections were made in the coronal planes using a microtome (Leica cryostat CM
3050S, Nussloch, Germany). The sections were mounted on the probe-on plus charged slides (Fisher,
Pittsburgh, PA, USA), and were stored at −70 ◦C for further analyses.

2.4. In Vitro Cell Culturing, Drug Treatment, Nuclear Factor-2 Erythroid-2 (Nrf2) Gene Silencing by Small
Interfering RNA (siRNA) and Western Blot Analysis

The mouse hippocampal HT22 and murine BV2 microglial cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with FBS (Fetal bovine serum) (10%) and
penicillin/streptomycin (1%) in a 5% CO2 incubator at 37 ◦C. After attaining a confluency of 70%, the
cells were pretreated for 1 h with ethanol (100 μM), followed by curcumin (2 μM) or Nrf2 siRNA for
24 h, or TAK242 (TLR4 specific inhibitor). The Nrf2 gene was knocked down with Nrf2 siRNA at a
concentration of 10 μM per transfection for 36 h, as directed (SC: 37049, Santa Cruz Biotechnology,
Inc., Dallas, TX, USA). The transfection was conducted with lipofectamine™2000 reagent (Invitrogen,
Waltham, MA, USA) when the cells culture reached to 75–80%. The control group cells were treated
with 0.01% Dimethyl sulfoxide (DMSO).

2.5. Western Blot Analysis

Western blot was performed as described previously, with some modifications [24,25]. The proteins
were loaded and separated by SDS–PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis),
and transferred to a polyvinylidene difluoride (PVDF) membrane (Immobilon-PSQ, Transfer membrane,
Merck Millipore, Burlington, MA, USA). The immunoreaction was carried out for 16 h at 4 ◦C using an
appropriate ratio of the primary antibodies. After that, the membranes were washed with 1× TBST
three times for 10 min, and reacted with a horseradish peroxidase-conjugated secondary antibody for
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2 h, as appropriate. The expression of the respective proteins was detected using an ECL (Enhanced
chemiluminescence) -detection reagent, according to the manufacturer’s instructions. The expressions
of the different proteins were obtained on X-ray films and were scanned, and the optical densities of
the bands were analyzed by densitometry, using the computer-based ImageJ software (version 1.50,
NIH, https://imagej.nih.gov/ij/, Bethesda, MD, USA).

2.6. Immunofluorescence Staining

The fluorescence assay was performed as mentioned previously [26,27]. The slides were dried
overnight at room temperature, washed with PBS (0.01 mM) for 8–10 min (two times), treated with
proteinase K for 5 min, rinsed with PBS, and blocked with normal serum (2% goat/rabbit, as appropriate)
in PBS, added with 0.1% Triton X-100. After that, the slides were incubated with primary antibodies
overnight at 4 ◦C. The slides were then incubated with tetramethylrhodamine isothiocyanate–fluorescein
isothiocyanate (FITC)-labeled secondary antibodies (antirabbit and antimouse, as appropriate), at
room temperature for 95 min. The slides were covered using the fluorescent mounting medium.
Images were taken using a confocal laser-microscope (FluoView FV 1000 MPE, Olympus, Tokyo, Japan).
Integrated density was used for the quantification of the staining intensity and for the amount in the
immunofluorescent microscopic image. ImageJ software (wsr@nih.gov., https://imagej.nih.gov/ij/) was
used to quantify the integrated density, which represents the sum of the pixel values in an image.

2.7. ROS Assay

To analyze the effects of curcumin against ethanol-induced oxidative stress, we conducted
a ROS assay, as described previously [28,29]. The assay is based on the oxidation of
2′,7′-dichlorodihydrofluorescein diacetate (CAS 4091-99-0, Santa Cruz Biotechnology, Dallas, TX,
USA) to 2′ 7′ dichlorofluorescein (DCF). The brain homogenates were diluted with cold Lock’s buffer at
1:20, to yield the final concentration of 2.5 mg tissue/500 μL. The reaction mixture of Lock’s buffer (1 mL;
pH ± 7.4), 0.2 mL of homogenate, and 10 mL of DCFH-DA (dichlorodihydrofluorescein diacetate)
(5 mM) was incubated at room temperature for 15 min, to convert the DCFH-DA to the fluorescent
product DCF. The conversion of DCFH-DA to the DCF was analyzed using a spectrofluorimeter
(Promega, Fitchburg, WI, USA), with excitation at 484 nm and emission at 530 nm. For the background
fluorescence (conversion of DCFH-DA in the absence of homogenate), parallel blanks were measured.
The quantitative expression of ROS has been shown with a histogram.

2.8. Determination of Lipid Peroxidation

Lipid peroxidation (LPO) is used to assess oxidative stress. Free malondialdehyde (MDA), which
is an indicator of LPO, was analyzed in the tissue homogenates, by using a lipid peroxidation (MDA)
colorimetric/fluorometric assay kit (BioVision, San Francesco, CA, USA, Cat#739-100), according to the
manufacturer’s instructions.

2.9. Morris Water Maze Test

The behavioral analysis was done by the MWM (Morris Water Maze) and Y-maze test (n = 12
mice/group), as performed previously [30,31]. The apparatus used for the analysis was made of a
circular tank (100 cm in diameter, 40 cm in height), containing water (23 ± 1 ◦C) to a depth of 15.5 cm.
The water was made opaque by adding a non-toxic white color. A platform made of white plastic was
kept 1 cm below the water surface, at one quadrant. For five consecutive days, the mice were trained
consecutively. The latency to escape from the water (searching the hidden platform) was calculated for
each trial. On the sixth day, the probe test was conducted for the evaluation of the memory effects.
The probe test was conducted by removing the platform and allowing the mice to explore the tank
freely for one hour. The time spent by the mice in the target quadrant and the number of crossings
over the position of the platform were recorded. The time spent in the target quadrant was taken to
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show the degree of memory changes. The data were recorded using video-tracking software (SMART
Panlab, Harvard Apparatus, Holliston, MA, USA).

2.10. Y-Maze Test

The apparatus used for the evaluation of the Y-maze was made of black-painted wood, and the
dimensions of the arms were 50 cm long and 20 cm height and 10 cm width, as already used by our
group [32] and others [33]. The mice were allowed to move freely in the Y-maze, and for that, the
mice were kept in the center of the apparatus for 8 min, three times. The arm entries were visualized
and observed carefully. The successive entry of the mice into the arms was defined as spontaneous
alternations. The alternation behaviors were considered as (successive triplet sets (entries into three
different arms consecutively)/total number of arm entries (2)) × 100. A higher percentage (%) of
spontaneous alternations was considered to be an indicator of the improved cognitive performance of
the experimental mice, and vice versa.

2.11. Fluoro-Jade B Staining

The Fluoro-Jade B staining was done as described previously [28], and according to the instructions
provided (Burlington, MA, USA, Cat #AG310, Lot #2159662). The slides were dried at room temperature
for 24 h. Furthermore, the slides were dipped in a solution of 1% sodium hydroxide and 80% ethanol,
for five min. After that, the slides were kept in 70% ethanol for 2 min and in D-water for 2 min,
transferred into a potassium permanganate solution (0.06%) for 10 min, rinsed with D-water, and kept
in 0.1% acetic acid solution and 0.01% Fluoro-Jade B solution for 20 min, washed with D-water, and
dried for 10 min. The sections were covered using a DPX mounting medium, and the images were
taken using a confocal laser microscope (FV 1000, Olympus, Tokyo, Japan). Integrated density was
used for the quantification of the staining intensity and for the amount in the immunofluorescent
microscopic image. ImageJ software (wsr@nih.gov, https://imagej.nih.gov/ij/) was used to quantify the
integrated density, which represents the sum of the pixel values in an image.

2.12. Nissl Staining

Nissl staining was performed according to the previously used methods [34], so as to visualize
the histological changes in the brain. The slides were washed with 0.01 M BPS, twice for 15 min, and
stained with 0.5% cresyl violet solution (containing a few drops of glacial acetic acid) for 12 to 15 min.
Then, the sections were washed with D-water and dehydrated in ethanols (70%, 95%, and 100%),
and xylene was dropped on the slides and covered by using the non-fluorescent mounting medium.
The neurodegeneration was visualized by light microscope, and the densities of the cells were counted
by using ImageJ software.

2.13. Data Analysis and Statistics

The densities of the bands were analyzed by densitometry using the ImageJ software.
We performed one-way ANOVA (Analysis of variance) with Tukey’s post-hoc test for comparisons
among the different experimental groups. The data are presented as the “mean (SD)” of 7–10
mice per group, and are representative of three independent experiments. The calculations and
graphs were generated by using Prism 6 software (GraphPad Software, San Diego, CA, USA). Ω is
significantly different from the vehicle-treated, Φ is significantly different from the ethanol-treated
group. Significance = Ω, p < 0.05, Φ, p < 0.05, and Ψ, p < 0.05.
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3. Results

3.1. Chronic Administration of Curcumin Inhibits Ethanol-Induced Oxidative Stress in Mice Brains and
In-Vitro HT22 Cells

Oxidative stress has been a significant player in ethanol [35] and other neurotoxins-induced
neurodegenerative disorders [36,37]. To find the potential effects of curcumin against ethanol-induced
oxidative stress, we performed ROS and LPO assays. According to our findings, curcumin inhibits the
elevated level of LPO and ROS (Figure 1A,B). Similarly, the other main antioxidant genes, Nrf2/HO-1,
were also analyzed in the experimental groups. According to our Western blot and confocal findings,
the chronic co-administration of curcumin with ethanol inhibited the suppression of Nrf2/HO-1 in the
mice brains, thereby preserving the endogenous antioxidant mechanism of the brains (Figure 2C,D).
Furthermore, we observed a reduced expression of Nrf2 and its target genes HO-1, in the ethanol
(100 μM) exposed HT22 cells, which was markedly reversed by curcumin (2 μM), thereby upregulating
the expression of Nrf2 and HO-1 in the cells. Interestingly, curcumin could not upregulate the
expression of Nrf2/HO-1 in the ethanol-treated cell lines, where the Nrf2 genes were knocked down by
Nrf2 siRNA (Figure 1E), indicating that curcumin abrogated the elevated ROS, by upregulating the
Nrf2 genes, and the downstream targets of Nrf2.

3.2. Chronic Administration of Curcumin Attenuates Ethanol-Induced Astrocytes and Microglia Activation in
Ethanol-Treated Mouse Brains and In-Vitro Microglial Cells

Previous literature has shown that there is activated microglia and astrocytes with ethanol
intoxication [4], which may promote neurological disorders such as AD and dementia [38]. TLR4, a
receptor for innate immune response, has been shown to be upregulated with ethanol; another receptor
is RAGE, which has been shown to be playing a similar role in the inflammatory signaling. Our
findings demonstrate that there was a significant reduction in the activation of both of the receptors in
the curcumin-treated group. The Glial fibrillary acidic protein (GFAP) and ionized calcium-binding
adaptor 1 (Iba-1) are assigned markers for the activities of astrocytes and microglia, respectively [28].
According to our Western blot and confocal microscopic results, there was an increased expression
of GFAP and Iba-1 in the ethanol-treated mice brains, which was significantly rescued with the
administration of curcumin (Figure 2). Furthermore, the in vitro findings also showed an enhanced
expression of TLR4 and Iba-1 in the ethanol treated BV-2 microglial cells, which were significantly
reduced in the curcumin and TAK242 (a specific inhibitor of TLR4) treated cells.

3.3. Chronic Administration of Curcumin Regulated Ethanol-Induced Inflammatory Markers in Mouse Brains

Previous studies have shown that ethanol intoxication is responsible for the activation of
stress-markers and inducing inflammatory cytokines [39]. To explore whether these markers may be
inhibited with the administration of curcumin, we analyzed the expression of stress and inflammatory
markers, such as p-JNK, p-NF-κB, cyclooxygenase-2 (COX-2), interleukin-1β (IL-1β), and tissue
necrosis factor-α (TNF-α), in the mice brains. As shown here, treatment with ethanol elevated the
expression of p-JNK, p-Nf-κB, IL-1β, COX-2, and TNF-α. However, the mice that were co-administered
the curcumin and ethanol had a lower expression of these markers compared with the ethanol-treated
group, supporting the hypothesis that curcumin inhibits the expression of inflammatory cytokines,
thereby rendering protection to mice brains against ethanol-induced neurodegeneration. The Western
blot results were further supported by the confocal microscopic analysis, which showed that curcumin
inhibits the effects of ethanol against the activation of p-JNK in mice brains (Figure 3).
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Figure 1. Chronic administration of curcumin inhibits ethanol-induced oxidative stress in mice brain:
(A & B) Results of lipid peroxidation (LPO) and reactive oxygen species (ROS) assays, respectively;
(C & D) Western blot results of nuclear factor erythroid 2-related factor 2 (Nrf2) & heme-oxygenase 1
(HO-1), in the mice brain; (E & F) Confocal microscopic results of HO-1, and Nrf2 in the experimental
groups, with bar graphs, magnification 30×, scale bar 50 μm; (G) In vitro HT22 cells treated with
ethanol. Curcumin or ethanol + curcumin, and Ω, significantly different from the vehicle-treated, Φ,
significantly different from the ethanol-treated group, and Ψ, significantly different from the ethanol +
Curc treated group. DG means dentate gyrus, Significance = Φ p < 0.05; Ω, p < 0.05; Ψ, p < 0.05. MDA:
malondialdehyde, DCF: 2′ 7′ dichlorofluorescein, eth: ethanol, curc: curcumin.
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Figure 2. Curcumin Rescued activated Microglia and Astrocytes in the ethanol-treated Mouse Brains:
(A & B) The Western blot results of toll-like receptor 4 (TLR4), Receptor for Advanced Glycations End
Product (RAGE), glial fibrillary acidic protein (GFAP), and ionized calcium binding adaptor molecule 1
(Iba-1) in the brains of the experimental groups; (C) Immunofluorescence images of the expression of
GFAP in the experimental groups; (D) Immunofluorescence images of Iba-1 in the experimental groups
(n= 12 mice per group); (E) Immunoblot results of TLR4 and Iba-1 in BV-2 Cells, in different experimental
groups. Magnification 30× objective field, scale bar = 50 μm & 30 μm. Ω, significantly different from the
vehicle-treated, Φ, significantly different from the ethanol-treated group and Ψ, significantly different
from the ethanol + Curc treated group. DG means dentate gyrus, Significance = Φ p < 0.05; Ω, p < 0.05;
Ψ, p < 0.05. eth: ethanol, curc: curcumin, DAPI: 4′,6-diamidino-2-phenylindole dihydrochloride.66
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Figure 3. Curcumin Abrogates the Phosphorylation of c-Jun N-Terminal Kinase (JNK) and its
Downstream Targets in Ethanol-Treated Mouse Brain: (A & B) Immunoblot results, showing the
expression of active phospho c-Jun N-terminal kinase (p-JNK), nuclear factor kappa-light-chain
enhancer of activated B cells (p-NF-kB), tumor necrosis factor alpha (TNF-α), cyclooxygenase-2
(COX-2), and IL- 1β and in mice that received saline, ethanol, and ethanol plus Curcumin for 6 weeks
(n = 12 mice per group), normalized with its β-actin, as a loading control, with its Histograms; (C & D).
Confocal images, showing active JNK and interleukin-1β (IL-1β) in the mouse brain. Magnification
30× objective field, scale bar = 50 μm, Ω, significantly different from the vehicle-treated, Φ, significantly
different from the ethanol-treated group. DG means dentate gyrus, Significance = Φ p < 0.05, Ω,
p < 0.05. eth: ethanol, curc: curcumin.
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3.4. Chronic Administration of Curcumin Rescued Apoptotic Cell Death and Neurodegeneration

Studies have shown that there is an increased expression of apoptotic markers in ethanol-treated
mice brains, which leads to apoptotic cell death and neuronal loss [4,40]. Keeping in mind the role
of these apoptotic markers in ethanol-induced neurodegeneration, we analyzed the expression of
apoptotic markers, including Bax and Bcl-2, Cleaved Caspase-3, and PARP-1 in mice brains. Per our
Western blot results, there was an increased expression of pro-apoptotic markers Caspase-3, Bax, and
PARP-1, and a decreased expression of Bcl-2 (anti-apoptotic marker) in the ethanol-treated mice brains.
However, curcumin regulated the expression of these markers. Moreover, the immunofluorescence
results indicated the increased expression of Caspase-3 and PARP-1 in the ethanol-treated mice brains,
which were inhibited with chronic administration of curcumin (Figure 4).

3.5. Chronic Administration of Curcumin Rescued the Neuronal Cell Loss, as Assessed by Fluoro-Jade B and
Nissl staining

Overall, the neuroprotective effects of curcumin were further confirmed by visualizing the
morphology of hippocampal neurons, by using Nissl and FJB staining on the mice brains, as these
staining protocols have extensively been used to visualize the morphology of neurons in different
experimental settings [41,42]. According to FJB staining, there were increased FJB stained neurons in
the ethanol-treated group, which was significantly inhibited with the administration of curcumin, as
shown (Figure 5A). Similarly, in the Nissl staining, there was a decrease in the Nissl stained neurons in
the ethanol injected group, which was significantly preserved with the administration of curcumin,
as shown (Figure 5B), thereby confirming the hypothesis that curcumin plays a rescuing role against
ethanol-induced neurodegeneration and memory impairment.

3.6. Chronic Administration of Curcumin Reversed Synaptic Dysfunction and Memory Impairment in the
Ethanol-Treated Mouse Brain

Previous studies have shown that ethanol intoxication contributes to the loss of synaptic protein
in animal models [39,43]. To explore the effects of curcumin on synaptic marker ethanol-treated mouse
brains, we evaluated the expression of synaptic proteins via Western blot and confocal microscopy.
According to our findings, the synaptic proteins, including PSD-95, synaptophysin, and SNAP-25,
were significantly downregulated in the ethanol-treated mice brains compared with the control mice.
Interestingly, curcumin significantly inhibited these effects. The confocal microscopic results of PSD-95
showed significant fluorescence in the curcumin- and ethanol-treated group compared with the ethanol
alone group, showing that curcumin preserves the synaptic markers by regulating oxidative stress,
neuroinflammation, and apoptotic cell death in mouse brains (Figure 6). Previously, it has been shown
that chronic ethanol intoxication causes abnormalities in motor functions and impaired spatial learning
and memory [39]. To show whether curcumin could rescue ethanol-induced memory impairment,
we performed the MWM and Y-maze tests. First, we recorded the learning abilities of the mice (n =
12 mice/group) with the MWM test. We found that ethanol-treated mice had an enhanced latency to
reach to the platform, and the mice that had received curcumin (50 mg/kg, i.p., six weeks) showed a
decreased escape latency (Figure 6). Twenty-four hours after the fifth day of training, the platform was
removed and the mice were allowed to swim freely. We found that the ethanol-treated mice spent
less time in the target quadrant and showed less platform crossings, highlighting that ethanol induces
memory impairments. Interestingly, curcumin improved the ethanol-induced memory impairments
by increasing the total time spent in the target quadrant, and the number of crossings of the platform
(Figure 6F,G). After that, we checked the spontaneous alternation behaviors (showing the spatial
working memory or short-term memory) of mice (n = 12 mice/group) in the Y-maze test. In the
ethanol-treated mice, there was a reduction in the spontaneous alternation behaviors compared with
the saline-treated mice, showing a cognition decline in the ethanol treated mice. Interestingly, curcumin
significantly increased the spontaneous alternation behaviors in the ethanol-treated mice compared
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with the ethanol-treated group (Figure 6H). Collectively, our findings showed that the co-administration
of curcumin with ethanol significantly prevents cognitive dysfunctions in mice.

 

Figure 4. Curcumin Abrogated Ethanol-Induced Apoptotic Cell Death in Mouse Brain: (A & B)
Immunoblot results of B-cell lymphoma 2-associated X (Bax); , B-cell lymphoma 2 (Bcl-2), Caspase-3,
and PARP-1 in the brains of the experimental groups, with their relative bra graphs; (C & D)
Immunofluorescence results of activated Caspase-3 and poly (ADP-ribose)polymerase 1 (PARP-1) in
the brains of the experimental mice, with their histograms (n = 12 mice/group), Magnification, 40×,
scale bar 50 μm & 30 μm. Ω, significantly different from the vehicle-treated, Φ, significantly different
from the ethanol-treated group. DG means dentate gyrus, Significance = Φ p < 0.05, Ω, p < 0.05. eth:
ethanol, curc: curcumin.
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Figure 5. Curcumin Ameliorates Neurodegeneration in Mouse Brains, as visualized by Nissl and FJB
staining: (A) FJB stained sections from mice hippocampus, co-stained with DAPI and its histogram, the
differences have been shown in the histogram; (B) Images of the Nissl stained sections (CA1, CA3 and
DG) from different experimental groups with histograms, n = 12 mice/group, scale bar 50 μm & 100 μm,
Ω, significantly different from the vehicle-treated, Φ, significantly different from the ethanol-treated
group. DG means dentate gyrus, Significance = Φ, p < 0.05, Ω, p < 0.05. eth: ethanol, curc: curcumin.
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Figure 6. Curcumin Rescued Ethanol-Induced Synaptic Dysfunction and Memory Impairment in
Mouse: (A & B) Immunoblot results of PSD95, SNAP23 and synaptophysin in mice brain (n = 10), with
histograms; (C) Confocal images of PSD-95 in mouse brains, with its bar graph. Magnification, 40×,
scale bar up to 50 μm; (D). Mean escape latency (shown in seconds) to the platform during a training
session, n = 12 mice/group; (E). Latency on the final day of the probe test; (F). Histograms showing
the number of platform crossings during the probe test; (G) Time spent in the target quadrant during
the probe trial; (H) Spontaneous alternations (in percent) in the Y-maze test; (I & J). Trajectories of
the MWM tests & Y-maze tests, respectively (n = 12 mice/group). Ω, significantly different from the
vehicle-treated, Φ, significantly different from the ethanol-treated group. Significance = Φ p < 0.05, Ω,
p < 0.05. eth: ethanol, curc: curcumin.
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4. Discussion

The current study has the following main findings. (i) Curcumin has strong anti-oxidant potentials
against ethanol-induced oxidative stress, in vivo mouse brains, and in vitro mouse hippocampal HT22
cells, and the antioxidant effects of curcumin are solely dependent on Nrf2. (ii) Curcumin has rescuing
effects against ethanol induced activated astrocytes and microglia, in vivo and in vitro, as revealed by
the reduced expression of TLR4/RAGE, GFAP, and Iba-1. (iii) Curcumin may rescue the mice brain
from ethanol-induced apoptotic cell death, synaptic dysfunction, and memory impairment in mice
brains. Several lines of studies have also reported the neuroprotective effects of curcumin against
neuroinflammation and apoptotic cell death [44–46]. One study completely focused on oxidative stress
mediated neuroinflammation [47]. However, they have not further extended their study to the main
antioxidant enzymes, such as Nrf2/HO-1. Curcumin was administered intraperitoneally, and although
it is considered a parenteral route of administration, the pharmacokinetics of substances administered
intraperitoneally are more similar to those seen after oral administration. In both cases, the primary
route of absorption is into the mesenteric vessels, which drain into the portal vein and pass through
the liver [48].

Curcumin has long since been reported to be a potent antioxidant, but no studies have yet
reported its effects on the endogenous antioxidant mechanisms (Nrf2/HO-1) and TLR4/RAGE mediated
neurodegeneration. A wide range of effects are associated with ethanol intoxication, including oxidative
stress, apoptotic neurodegeneration, excitotoxicity, and the disruption of cell to cell interactions [40,49].
The production of ROS may cause other serious consequences, such as an altered metabolism, deleterious
structural modifications of proteins, DNA mishandlings, and altered mitochondrial homeostasis. Here,
we report that ethanol-induced oxidative stress mediated neuroinflammation via Nrf-2/TLR4 signaling.
The induction of oxidative stress with the administration of ethanol is in accordance with previous
studies [50]. Interestingly, the in vitro findings also support the results, showing antioxidant effects
against ethanol induced oxidative stress. For more confirmatory purposes, we used specific Nrf2
siRNA, and the findings showed that curcumin may relieve the elevated ROS level through Nrf2.

The other outcome of our study is that curcumin may inhibit the TLR4/RAGE triggered
neuroinflammation in mice brains and in in vitro microglial cells. TLR4, which is mainly expressed in
the microglial cells, induces microglial activation and the expression of proinflammatory cytokines,
such as TNF-α and p-NF-kB, in response to a variety of stimuli [51]. Besides TLR4, other receptors
are also involved in neurodegenerative conditions, such as RAGE. Here, we also evaluated the
expression of RAGE in the experimental groups. According to our findings, there was an enhanced
expression of TLR4/RAGE and its downstream inflammatory mediators in the ethanol-treated mice
brain. Interestingly, these markers were significantly reduced with the administration of curcumin. For
more confirmatory purposes, we used a specific TLR4 inhibitor (TAK242). Interestingly, the rescuing
effects of curcumin against TLR4/iba-1 in the microglial cells were comparable to TAK 242. GFAP and
Iba-1, which are the assigned markers for the activated astrocytes and microglia, were significantly
upregulated in the ethanol-treated group, however, there was a significantly lower expression in
the curcumin-treated group. The upregulation of GFAP and Iba1 in the ethanol-treated group is in
accordance with the previous reports [4]. The inhibition of TLR4 further inhibited the expression of its
downstream effectors (Iba-1) in the microglial cells. The upregulation of TLR4, RAGE, and the iba-1 in
the ethanol-treated mice brains is in accordance with the previous reported effects of ethanol [52].

The other inducer of the neurodegenerative conditions are as follows: the phosphorylation of
MAP kinases, which phosphorylates and translocates the NF-kB to the nucleus, playing a pivotal
role in the release of inflammatory mediators [53]. According to our findings, there were enhanced
expressions of p-JNK and p-NF-kB, as well as other inflammatory mediators (TNF-α, Cox-2, and
IL-1β) in the ethanol treated mice, which is in accordance with previous studies [39]. Another main
contributor to the neurodegeneration is apoptotic cell death in neurodegenerative conditions [54],
as apoptotic cell death has closely been linked to the oxidative damage [55]. For the evaluation of
the effects of curcumin against apoptotic cell death, the expression of proapoptotic (Bax, Caspase-3,
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and PARP-1) and antiapoptotic (Bcl-2) markers were evaluated; according to our findings, ethanol
promoted proapoptotic cell death, which was significantly inhibited with the administration of
curcumin. For more confirmatory purposes, we performed Nissl and FJB staining, which showed
that curcumin significantly inhibited the neurotoxic effects of ethanol on mice brains. The ultimate
consequence of neurodegeneration is synaptic dysfunction and loss of memory, which have been
extensively reported with ethanol intoxication [56].

For the evaluation of synaptic dysfunction and memory impairment, we performed behavioral
studies in Morris water maze and Y-maze tests, as well as the protein markers related to
synaptotoxicity. According to our results, curcumin significantly improved the behavioral alterations
and synaptic markers (postsynaptic density protein-95, SNAP-23, and synaptophysin) in the mice
brain. The protective effects of curcumin on the behavioral changes and synaptic dysfunction are in
accordance with previous studies [43,57].

5. Conclusions

Altogether, our findings support the hypothesis that the chronic administration of curcumin
may protect mice brains against the detrimental effects of ethanol, by serving as a strong antioxidant,
anti-inflammatory, and antiapoptotic agent in vivo mice brains and in vitro cells.

Author Contributions: M.I designed and conducted the experiments, and wrote manuscript; K.S., and M.S.K.
conducted the experiments; A.K., T.M., M.G.J., and S.U.R. conducted the statistical analysis, reviewed and edited
the manuscripts; M.O.K. supervised and organized the final version of the manuscript. All of the authors reviewed
and approved the paper.

Funding: This research was supported by the Brain Research Program through the National Research Foundation
of Korea (NRF), funded by the Ministry of Science—ICT (2016M3C7A1904391).

Conflicts of Interest: The authors declare no competing financial interests.

References

1. Kohnke, M.D. Approach to the genetics of alcoholism: A review based on pathophysiology. Biochem.
Pharmacol. 2008, 75, 160–177. [CrossRef] [PubMed]

2. Lee, J.W.; Lee, Y.K.; Lee, B.J.; Nam, S.Y.; Lee, S.I.; Kim, Y.H.; Kim, K.H.; Oh, K.W.; Hong, J.T. Inhibitory effect
of ethanol extract of Magnolia officinalis and 4-O-methylhonokiol on memory impairment and neuronal
toxicity induced by β-amyloid. Pharmacol. Biochem. Behav. 2010, 95, 31–40. [CrossRef] [PubMed]

3. Badshah, H.; Kim, T.H.; Kim, M.J.; Ahmad, A.; Ali, T.; Yoon, G.H.; Naseer, M.I.; Kim, M.O. Apomorphine
attenuates ethanol-induced neurodegeneration in the adult rat cortex. Neurochem. Int. 2014, 74, 8–15.
[CrossRef] [PubMed]

4. Saito, M.; Chakraborty, G.; Hui, M.; Masiello, K.; Saito, M. Ethanol-induced neurodegeneration and glial
activation in the developing brain. Brain Sci. 2016, 6. [CrossRef]

5. Naseer, M.I.; Ullah, I.; Narasimhan, M.L.; Lee, H.Y.; Bressan, R.A.; Yoon, G.H.; Yun, D.J.; Kim, M.O.
Neuroprotective effect of osmotin against ethanol-induced apoptotic neurodegeneration in the developing
rat brain. Cell Death Dis. 2014, 5, e1150. [CrossRef] [PubMed]

6. von Haefen, C.; Sifringer, M.; Menk, M.; Spies, C.D. Ethanol enhances susceptibility to apoptotic cell death
via down-regulation of autophagy-related proteins. Alcohol. Clin. Exp. Res. 2011, 35, 1381–1391. [CrossRef]

7. Menetski, J.; Mistry, S.; Lu, M.; Mudgett, J.S.; Ransohoff, R.M.; Demartino, J.A.; Macintyre, D.E.; Abbadie, C.
Mice overexpressing chemokine ligand 2 (CCL2) in astrocytes display enhanced nociceptive responses.
Neuroscience 2007, 149, 706–714. [CrossRef] [PubMed]

8. Lucas, S.M.; Rothwell, N.J.; Gibson, R.M. The role of inflammation in CNS injury and disease. Br. J. Pharmacol.
2006, 147 (Suppl. 1), S232–S240. [CrossRef]

9. Manoharan, J.P.S.; Subramaniyan, A.V.D. Neuroprotective Effects of pterois volitans venom against alcohol
induced oxidative dysfunction in Rats. J. Environ. Anal. Toxicol. 2015, 5. [CrossRef]

10. Ojala, J.; Sutinen, E. The role of interleukin-18, oxidative stress and metabolic syndrome in Alzheimer’s
disease. J. Clin. Med. 2017, 6, 55. [CrossRef] [PubMed]

73



Nutrients 2019, 11, 1082

11. Bent, S. Herbal medicine in the United States: Review of efficacy, safety, and regulation: Grand rounds at
University of California, San Francisco Medical Center. J. Gen. Intern. Med. 2008, 23, 854–859. [CrossRef]

12. Jun, Y.L.; Bae, C.H.; Kim, D.; Koo, S.; Kim, S. Korean Red Ginseng protects dopaminergic neurons by
suppressing the cleavage of p35 to p25 in a Parkinson’s disease mouse model. J. Ginseng Res. 2015, 39,
148–154. [CrossRef] [PubMed]

13. Begum, A.N.; Jones, M.R.; Lim, G.P.; Morihara, T.; Kim, P.; Heath, D.D.; Rock, C.L.; Pruitt, M.A.; Yang, F.;
Hudspeth, B.; et al. Curcumin structure-function, bioavailability, and efficacy in models of neuroinflammation
and Alzheimer’s disease. J. Pharmacol. Exp. Ther. 2008, 326, 196–208. [CrossRef]

14. Sompamit, K.; Kukongviriyapan, U.; Nakmareong, S.; Pannangpetch, P.; Kukongviriyapan, V. Curcumin
improves vascular function and alleviates oxidative stress in non-lethal lipopolysaccharide-induced
endotoxaemia in mice. Eur. J. Pharmacol. 2009, 616, 192–199. [CrossRef] [PubMed]

15. Ng, Q.; Soh, A.; Loke, W.; Venkatanarayanan, N.; Lim, D.; Yeo, W.-S. A meta-analysis of the clinical use of
curcumin for irritable bowel syndrome (IBS). J. Clin. Med. 2018, 7, 298. [CrossRef] [PubMed]

16. Weber, W.M.; Hunsaker, L.A.; Gonzales, A.M.; Heynekamp, J.J.; Orlando, R.A.; Deck, L.M.; Vander Jagt, D.L.
TPA-induced up-regulation of activator protein-1 can be inhibited or enhanced by analogs of the natural
product curcumin. Biochem. Pharmacol. 2006, 72, 928–940. [CrossRef]

17. Ataie, A.; Sabetkasaei, M.; Haghparast, A.; Moghaddam, A.H.; Kazeminejad, B. Neuroprotective effects of
the polyphenolic antioxidant agent, Curcumin, against homocysteine-induced cognitive impairment and
oxidative stress in the rat. Pharmacol. Biochem. Behav. 2010, 96, 378–385. [CrossRef] [PubMed]

18. Venkatesan, R.; Ji, E.; Kim, S.Y. Phytochemicals that regulate neurodegenerative disease by targeting
neurotrophins: A comprehensive review. BioMed Res. Int. 2015, 2015, 814068. [CrossRef]

19. Thiyagarajan, M.; Sharma, S.S. Neuroprotective effect of curcumin in middle cerebral artery occlusion
induced focal cerebral ischemia in rats. Life Sci. 2004, 74, 969–985. [CrossRef] [PubMed]

20. Nakano, Y.; Shimazawa, M.; Ojino, K.; Izawa, H.; Takeuchi, H.; Inoue, Y.; Tsuruma, K.; Hara, H. Toll-like
receptor 4 inhibitor protects against retinal ganglion cell damage induced by optic nerve crush in mice. J.
Pharmacol. Sci. 2017, 133, 176–183. [CrossRef]

21. Frasnelli, S.C.; de Medeiros, M.C.; Bastos Ade, S.; Costa, D.L.; Orrico, S.R.; Rossa Junior, C. Modulation of
immune response by RAGE and TLR4 signalling in PBMCs of diabetic and non-diabetic patients. Scand. J.
Immunol. 2015, 81, 66–71. [CrossRef] [PubMed]

22. Sorrenti, V.; Contarini, G.; Sut, S.; Dall’Acqua, S.; Confortin, F.; Pagetta, A.; Giusti, P.; Zusso, M.
Curcumin prevents acute neuroinflammation and long-term memory impairment induced by systemic
lipopolysaccharide in mice. Front. Pharmacol. 2018, 9, 183. [CrossRef] [PubMed]

23. Jackson-Lewis, V.; Przedborski, S. Protocol for the MPTP mouse model of Parkinson’s disease. Nat. Protoc.
2007, 2, 141–151. [CrossRef] [PubMed]

24. Badshah, H.; Ullah, I.; Kim, S.E.; Kim, T.H.; Lee, H.Y.; Kim, M.O. Anthocyanins attenuate body weight gain
via modulating neuropeptide Y and GABAB1 receptor in rats hypothalamus. Neuropeptides 2013, 47, 347–353.
[CrossRef] [PubMed]

25. Khan, A.; Ali, T.; Rehman, S.U.; Khan, M.S.; Alam, S.I.; Ikram, M.; Muhammad, T.; Saeed, K.; Badshah, H.;
Kim, M.O. Neuroprotective effect of quercetin against the detrimental effects of LPS in the adult mouse brain.
Front. Pharmacol. 2018, 9, 1383. [CrossRef]

26. Badshah, H.; Kim, T.H.; Kim, M.O. Protective effects of anthocyanins against amyloidβ-induced neurotoxicity
in vivo and in vitro. Neurochem. Int. 2015, 80, 51–59. [CrossRef]

27. Lee, Y.; Chun, H.J.; Lee, K.M.; Jung, Y.S.; Lee, J. Silibinin suppresses astroglial activation in a mouse model
of acute Parkinson’s disease by modulating the ERK and JNK signaling pathways. Brain Res. 2015, 1627,
233–242. [CrossRef]

28. Amin, F.U.; Shah, S.A.; Kim, M.O. Vanillic acid attenuates Aβ1-42-induced oxidative stress and cognitive
impairment in mice. Sci. Rep. 2017, 7, 40753. [CrossRef] [PubMed]

29. Ikram, M.; Muhammad, T.; Rehman, S.U.; Khan, A.; Jo, M.G.; Ali, T.; Kim, M.O. Hesperetin confers
neuroprotection by regulating Nrf2/TLR4/NF-κB signaling in an Aβ mouse model. In Molecular Neurobiology;
Springer: Berlin, Germany, 2019.

30. Khan, M.; Shah, S.A.; Kim, M.O. 17β-Estradiol via SIRT1/Acetyl-p53/NF-kB signaling pathway rescued
postnatal rat brain against acute ethanol intoxication. Mol. Neurobiol. 2017. [CrossRef] [PubMed]

74



Nutrients 2019, 11, 1082

31. Lin, Y.-T.; Wu, Y.-C.; Sun, G.-C.; Ho, C.-Y.; Wong, T.-Y.; Lin, C.-H.; Chen, H.-H.; Yeh, T.-C.; Li, C.-J.; Tseng, C.-J.
Effect of resveratrol on reactive oxygen species-induced cognitive impairment in rats with angiotensin
II-induced early alzheimer’s disease. J. Clin. Med. 2018, 7, 329. [CrossRef] [PubMed]

32. Rehman, S.U.; Ahmad, A.; Yoon, G.-H.; Khan, M.; Abid, M.N.; Kim, M.O. Inhibition of c-Jun N-Terminal
kinase protects against brain damage and improves learning and memory after traumatic brain injury in
adult mice. Cereb. Cortex 2017. [CrossRef] [PubMed]

33. Ayaz, M.; Junaid, M.; Ullah, F.; Subhan, F.; Sadiq, A.; Ali, G.; Ovais, M.; Shahid, M.; Ahmad, A.; Wadood, A.;
et al. Anti-Alzheimer’s studies on β-Sitosterol isolated from Polygonum hydropiper L. Front. Pharmacol. 2017,
8, 697. [CrossRef]

34. Muhammad, T.; Ali, T.; Ikram, M.; Khan, A.; Alam, S.I.; Kim, M.O. Melatonin rescue oxidative stress-mediated
neuroinflammation/neurodegeneration and memory impairment in scopolamine-induced amnesia mice
model. J. Neuroimmune Pharmacol. 2018. [CrossRef] [PubMed]

35. Bauer, A.K.; Fitzgerald, M.; Ladzinski, A.T.; Lenhart Sherman, S.; Maddock, B.H.; Norr, Z.M.; Miller, R.R., Jr.
Dual behavior of N-acetylcysteine during ethanol-induced oxidative stress in embryonic chick brains. Nutr.
Neurosci. 2017, 20, 478–488. [CrossRef]

36. Jo, M.G.; Ikram, M.; Jo, M.H.; Yoo, L.; Chung, K.C.; Nah, S.Y.; Hwang, H.; Rhim, H.; Kim, M.O. Gintonin
mitigates MPTP-induced loss of nigrostriatal dopaminergic neurons and accumulation of alpha-synuclein
via the Nrf2/HO-1 pathway. Mol. Neurobiol. 2018. [CrossRef]

37. Ali, T.; Kim, T.; Rehman, S.U.; Khan, M.S.; Amin, F.U.; Khan, M.; Ikram, M.; Kim, M.O. Natural
dietary supplementation of anthocyanins via PI3K/Akt/Nrf2/HO-1 pathways mitigate oxidative stress,
neurodegeneration, and memory impairment in a mouse model of alzheimer’s disease. Mol. Neurobiol. 2018,
55, 6076–6093. [CrossRef] [PubMed]

38. Fernandez-Lizarbe, S.; Pascual, M.; Guerri, C. Critical role of TLR4 response in the activation of microglia
induced by ethanol. J. Immunol. 2009, 183, 4733–4744. [CrossRef]

39. Shah, S.A.; Yoon, G.H.; Kim, M.O. Protection of the developing brain with anthocyanins against
ethanol-induced oxidative stress and neurodegeneration. Mol. Neurobiol. 2015, 51, 1278–1291. [CrossRef]
[PubMed]

40. Crews, F.T.; Nixon, K. Mechanisms of neurodegeneration and regeneration in alcoholism. Alcohol. Alcohol.
2009, 44, 115–127. [CrossRef] [PubMed]

41. Damjanac, M.; Rioux Bilan, A.; Barrier, L.; Pontcharraud, R.; Anne, C.; Hugon, J.; Page, G. Fluoro-Jade
B staining as useful tool to identify activated microglia and astrocytes in a mouse transgenic model of
Alzheimer’s disease. Brain Res. 2007, 1128, 40–49. [CrossRef]

42. Ullah, N.; Naseer, M.I.; Ullah, I.; Kim, T.H.; Lee, H.Y.; Kim, M.O. Neuroprotective profile of pyruvate against
ethanol-induced neurodegeneration in developing mice brain. Neurol. Sci. 2013, 34, 2137–2143. [CrossRef]

43. Muhammad, T.; Ikram, M.; Ullah, R.; Rehman, S.U.; Kim, M.O. Hesperetin, a citrus flavonoid, attenuates
lps-induced neuroinflammation, apoptosis and memory impairments by modulating TLR4/NF-κB signaling.
Nutrients 2019, 11. [CrossRef] [PubMed]

44. Fan, C.; Song, Q.; Wang, P.; Li, Y.; Yang, M.; Yu, S.Y. Neuroprotective effects of curcumin on IL-1β-induced
neuronal apoptosis and depression-like behaviors caused by chronic stress in rats. Front. Cell. Neurosci. 2018,
12, 516. [CrossRef]

45. Xu, L.; Ding, L.; Su, Y.; Shao, R.; Liu, J.; Huang, Y. Neuroprotective effects of curcumin against rats with focal
cerebral ischemia-reperfusion injury. Int. J. Mol. Med. 2019. [CrossRef]

46. Cole, G.M.; Teter, B.; Frautschy, S.A. Neuroprotective effects of curcumin. In The Molecular Targets and
Therapeutic Uses of Curcumin in Health and Disease; Springer: Boston, MA, USA, 2007; pp. 197–212.

47. Tiwari, V.; Chopra, K. Protective effect of curcumin against chronic alcohol-induced cognitive deficits and
neuroinflammation in the adult rat brain. Neuroscience 2013, 244, 147–158. [CrossRef]

48. Turner, P.V.; Brabb, T.; Pekow, C.; Vasbinder, M.A. Administration of substances to laboratory animals:
Routes of administration and factors to consider. J. Am. Assoc. Lab. Anim. Sci. 2011, 50, 600–613. [PubMed]

49. Goldowitz, D.; Lussier, A.A.; Boyle, J.K.; Wong, K.; Lattimer, S.L.; Dubose, C.; Lu, L.; Kobor, M.S.; Hamre, K.M.
Molecular pathways underpinning ethanol-induced neurodegeneration. Front. Genet. 2014, 5, 203. [CrossRef]

50. Comporti, M.; Signorini, C.; Leoncini, S.; Gardi, C.; Ciccoli, L.; Giardini, A.; Vecchio, D.; Arezzini, B.
Ethanol-induced oxidative stress: Basic knowledge. Genes Nutr. 2010, 5, 101–109. [CrossRef] [PubMed]

75



Nutrients 2019, 11, 1082

51. McColl, B.W.; Allan, S.M.; Rothwell, N.J. Systemic infection, inflammation and acute ischemic stroke.
Neuroscience 2009, 158, 1049–1061. [CrossRef] [PubMed]

52. Crews, F.T.; Vetreno, R.P. Mechanisms of neuroimmune gene induction in alcoholism. Psychopharmacology
2016, 233, 1543–1557. [CrossRef]

53. Saha, R.N.; Jana, M.; Pahan, K. MAPK p38 regulates transcriptional activity of NF-κB in primary human
astrocytes via acetylation of p65. J. Immunol. 2007, 179, 7101–7109. [CrossRef] [PubMed]

54. Radi, E.; Formichi, P.; Battisti, C.; Federico, A. Apoptosis and oxidative stress in neurodegenerative diseases.
J. Alzheimers Dis. 2014, 42 (Suppl. 3), S125–S152. [CrossRef]

55. Khan, A.; Ikram, M.; Muhammad, T.; Park, J.; Kim, M.O. Caffeine modulates cadmium-induced oxidative
stress, neuroinflammation, and cognitive impairments by regulating Nrf-2/HO-1 in vivo and in vitro. J. Clin.
Med. 2019, 8, 680. [CrossRef]

56. Wang, P.; Luo, Q.; Qiao, H.; Ding, H.; Cao, Y.; Yu, J.; Liu, R.; Zhang, Q.; Zhu, H.; Qu, L. The neuroprotective
effects of carvacrol on ethanol-induced hippocampal neurons impairment via the antioxidative and
antiapoptotic pathways. Oxid. Med. Cell. Longev. 2017, 2017, 4079425. [CrossRef] [PubMed]

57. Wang, X.S.; Zhang, Z.R.; Zhang, M.M.; Sun, M.X.; Wang, W.W.; Xie, C.L. Neuroprotective properties of
curcumin in toxin-base animal models of Parkinson’s disease: A systematic experiment literatures review.
BMC Complement. Altern. Med. 2017, 17, 412. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

76



nutrients

Article

The Chinese Herbal Formula PAPZ Ameliorates
Behavioral Abnormalities in Depressive Mice

Huiling Chen 1, Qing Huang 1,2, Shunjia Zhang 1,3, Kaiqiang Hu 1, Wenxiang Xiong 1,

Lingyun Xiao 4, Renhuai Cong 4, Qingfei Liu 1,* and Zhao Wang 1,*

1 MOE Key Laboratory of Protein Science, School of Pharmaceutical Sciences, Tsinghua University,
Beijing 100084, China; chenhl16@mails.tsinghua.edu.cn (H.C.); qinghuangfgh@163.com (Q.H.);
shunjia.zhang@yale.edu (S.Z.); hkq15@mails.tsinghua.edu.cn (K.H.); xiongwxiang@163.com (W.X.)

2 School of Life Science and Technology, Tokyo Institute of Technology, Yokohama 2668501, Japan
3 Environmental Health Science, School of Public Health, Yale University, New Haven, CT 06520, USA
4 Research & Development Centre, Infinitus (China) Company Ltd., Guangzhou 510663, China;

xiaolingyun12@126.com (L.X.); Renhuai.Cong@infinitus-int.com (R.C.)
* Correspondence: liuqf@tsinghua.edu.cn (Q.L.); zwang@tsinghua.edu.cn (Z.W.); Tel: +86-10-62772241 (Q.L. & Z.W.)

Received: 11 March 2019; Accepted: 12 April 2019; Published: 16 April 2019

Abstract: Major depressive disorder (MDD) is a chronic mental disorder characterized by mixed
symptoms and complex pathogenesis. With long history of practical application, traditional Chinese
medicine (TCM) offers many herbs for the treatment and rehabilitation of chronic disease. In this
study, we developed a modified Chinese herbal formula using Panax ginseng, Angelica Sinensis,
Polygala tenuifolia Willd, and Ziziphi spinosae Semen (PAPZ), based on an ancient TCM prescription.
The antidepressant effects of PAPZ were investigated with a corticosterone (CORT) model of depression
in mice. Our results showed that administration of PAPZ ameliorated depression-like phenotypes in
the CORT model. An anatomic study showed that chronic PAPZ administration upregulated the
protein expression of brain-derived neurotrophic factor (BDNF) in hippocampal tissue. The enzyme
activity of superoxide dismutase was enhanced in hippocampal tissue, in line with a decreased
malondialdehyde level. Taken together, these findings suggested that PAPZ has therapeutic effects
in a mice depression model through increasing protein expression of BDNF and improving the
anti-oxidation ability of the brain.

Keywords: major depressive disorder; Chinese herbal formula; corticosterone; BDNF; oxidative stress

1. Introduction

Major depressive disorder (MDD) or depression, which has an estimated global prevalence of
4.7%, is a mental disorder that affects human thoughts, mood, and physical health. It can occur at
as early as 3 years of age, and appears across all world regions [1,2]. The global burden of disease
(GBD) in 2010 identified MDD as a leading contributor to the global disease burden [3]. Similar to
anxiety disorder, MDD has been reported to cause brain injury, especially damaging the hippocampus
region of the brain, causing neuronal dysfunction or affecting neural plasticity [4]. Brain-derived
neurotrophic factor (BDNF) plays a critical neurotrophic role in neural plasticity [5,6]. In prior studies,
bdnf has been identified as a target gene in depression treatment [5,7,8]. Adachi et al. [9] reported
that the loss of BDNF in the hippocampal tissue contributed to increasing vulnerability to depression,
whereas upregulation mediated antidepressant efficacy.

MDD has been thought to be a heterogeneous disease with diverse etiological and multifactorial
pathogenesis [10,11]. Modern medicine has primarily focused on symptomatic treatment, and drugs
are mainly applied in single-target and single-factor therapy. Traditional Chinese medicine (TCM),
whose treatments are designed systematically based upon the constitution of patients, has a long history
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and the potential to treat many diseases including depressive-like syndromes [10,12]. Chinese herbal
medicine is the major form of prescription of TCM. Chinese herbal formulas (CHFs), which aim to
help patients re-achieve the Yin–Yang balance of the body, usually consist of multiple herbs that
synchronize with one other when administered. Considerable progress has occurred not only in basic
research, but also in clinical research, with a better understanding of the underlying neurobiological
basis of CHFs. It is believed that a multi-component and multi-target mechanism may be the essential
mechanism through which CHF achieve holistic effects [13].

The most common traditional method of preparing CHFs is through the water decocting method.
In brief, prepared slices of medical herbs are boiled in hot water, and the decoction administrated
orally [14]. Aiming to seek CHFs that have the potential to serve as alternatives for MDD treatment,
Infinitus (China) Co., Ltd. offered 22 modified CHFs for regulating mood. We then explored
whether the decoction of them had protective effects on hippocampal neuronal cell line (HT22)
against corticosterone (CORT)-induced apoptosis (Supplementary Table S1). We found that the
formula WXJ-17-001, which comprises Panax ginseng, Angelica ginensis, Polygala tenuifolia Willd,
and Ziziphi spinosae Semen, had the best protection effect among them. We then renamed the formula
according to its composing as PAPZ.

Each single herb of PAPZ is beneficial for central nervous system disorders and widely used in an
Asian-medicated diet. P. ginseng is a widely-used medicinal plant in Asian countries; it has various
pharmacological effects such as neuroprotection, endocrine modulation, cardiovascular protection,
and immunoregulation [10]. Many research articles have reported that P. ginseng or its components are
beneficial to the central nervous system, and have therapeutic effects on neuropsychiatric disorders [15].
A. sinensis, known as Dong-Gui, is served as a healthy food and is also a common traditional
medicine used for the treatment of cerebrovascular diseases [16,17]. A study showed that the formula
Dang-Gui-Shao-Yao-San, of which the major active component is A. sinensis, had pharmaceutical effects
on depression [18]. P. tenuifolia Willd is used as an expectorant, tonic, tranquillizer, or antipsychotic
agent in TCM [19]. Senegenin, extracted from P. tenuifolia Willd, shows an antidepressant effect
by inhibiting the nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) pathway [20].
Z. spinosae Semen is the mature seed of sour jujube, and is used as a sedative agent in TCM [21–23].
Z. spinosae Semen could improve learning and memory of mice [24]. It has been reported to have an
antidepressant effect in a rat depressive model [25]. However, whether a formula of these herbs would
have antidepressant effects, and the underlying molecular mechanism, remains unclear.

In the present study, chronic treatment with corticosterone (CORT), which is a common inducer
of depression-related behavior both in rats and mice [26,27], was used to establish a depressive-like
mice model. A hippocampus-derived HT22 cell line was applied to in vitro experiments. Our results
showed that administration of PAPZ ameliorated depressive-like phenotypes by improving the protein
expression of BDNF and the activity of superoxide dismutase (SOD) of hippocampal tissue in mice.
PAPZ also attenuated CORT-induced apoptosis in HT22 cell in vitro. Taken together, the results
demonstrated the neuroprotective effect of PAPZ, which suggested PAPZ is a good candidate for
treatment of depressive disorders.

2. Materials and Methods

2.1. Materials

CORT was purchased from Takyo Chemical Industry Co., Ltd. (Shanghai, China). The Chinese
herbs P. ginseng, A. sinensis, P. tenuifolia Willd, and Z. spinosae Semen were purchased from Beijing
Tong Ren Tang Guangzhou Pharmaceutical chain Co., Ltd. (Guangzhou, China). The HT22 cell
line was purchased from Tong Pai Biotechnology Co., Ltd. (Shanghai, China). Dulbecco’s Modified
Eagle Medium (DMEM) and penicillin/streptomycin were obtained from Corning Incorporated
(Corning, NY, USA). Fetal bovine serum (FBS) was purchased from Invitrogen Corporation
(Carlsbad, CA, USA). The cell counting kit-8 (CCK-8) and fluorescein isothiocyanate (FITC)-Annexin V
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apoptosis detection kit were purchased from Beyotime Biotechnology (Shanghai, China). Real-time
quantitative polymerase chain reaction (qPCR)-related kits, the FastQuant RT kit, and Super Real
PreMix Plus were purchased from Tiangen Biotech CO., Ltd. (Beijing, China). The SOD assay kit and
malondialdehyde (MDA) assay kit were obtained from Nanjing Jiancheng Biotechnology Co., Ltd.
(Nanjing, China). Anti-BDNF and anti-β-tubulin were purchased from Cell Signaling Technology
(Danvers, MA, USA). All other chemicals were of analytical grade and used as received.

2.2. Preparation of CHFs and CORT

All CHFs used in this study were prepared using the water decocting method from dried medical
herbs purchased in the form of prepared slices. Water was added to the mixture of prepared slices of
the herbs in a 1:10 (g/mL) ratio of materials to liquid and boiled for 2 h. The decoction was collected
and the same amount of water was added to the residue. Then, the mixture was boiled for another 2 h.
Next, the decoctions were combined and concentrated to a constant volume. The water extract was
centrifuged (13,000 rpm, 10 min, 4 ◦C) to separate any insoluble materials, and then the supernatant
was filtered through a 0.2 μm syringe filter before use. The prepared water extract was frozen at −20 ◦C
for storage. Four Chinese medicine herbs, P. ginseng, A. sinensis, P. tenuifolia Willd, and Z. spinosae
Semen, were included in PAPZ (Table 1). The dosage of PAPZ described in this paper was in the form
of equivalent dry herb amount.

Corticosterone (CORT) powder was suspended in 0.9% (w/v) physiological saline with 0.1%
dimethyl sulfoxide (DMSO) acting as a cosolvent

Table 1. Chinese herbs included in PAPZ.

Scientific Name Family Name Source Proportion of PAPZ

Panax ginseng C.A. Meyer Araliaceae Beijing, China 25%
Angelica sinensis (Oliv.) Diels Umbelliferae Gansu, China 25%

Polygala tenuifolia Willd Polygalaceae Shanxi, China 25%
Ziziphi spinosae Semen Rhamnaceae Hebei, China 25%

2.3. Animals and Treatment

Male C57BL/6J mice weighing 18–22 g were obtained from the laboratory animal center of
Tsinghua University (Beijing, China) and were housed in cages with free access to food and water in
a room with an ambient temperature of 22 ± 2 ◦C and a 12 h light/dark cycle. All animal experiments
were conducted according to the relevant guidelines and regulations and with the approval of the
Institutional Ethical Committee of China.

After an adaptive phase of 3 days, the mice were randomly divided into the control, CORT,
and PAPZ+CORT group (n = 10/group). The dose of CORT (40 mg/kg) was selected based on data from
the literature [28,29] and PAPZ (1000 mg/kg) treatment was calculated by extrapolating the human
recommended daily dosage of the single herb according to the Chinese Pharmacopoeia. For the control
group and CORT group, normal saline was administrated to mice by oral gavage first, and 30 min later,
the mice were subcutaneously injected with saline or CORT. For the PAPZ+CORT group, the mice
were administrated with PAPZ by oral gavage 30 min prior to CORT supplement. All drugs were
administrated at a volume of 10 mL/kg. During behavioral assessments, the administration of all
drugs continued.

2.4. Open Field Test

An open field test (OFT) was conducted 24 h after the 21 days of CORT treatment. An open box
(60 × 60 × 50 cm) was used in the OFT. At the beginning of the test period, mice were placed in the
center of the box to adapt for 3 min. The experimental parameters were set, and the test time was set
to 10 min. The locomotor activity (movement distance, movement speed, and other indicators) was
monitored and traced with an automated video-tracking system. Between one mouse and the next
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one, the apparatus was thoroughly cleaned with 75% ethanol, followed by distilled water and dried
before using.

2.5. Novel Object Recognition Test

A novel object recognition (NOR) test was conducted after OFT. NOR is a commonly used
behavioral assay for the investigation of various aspects of learning and memory level in mice. NOR is
fairly simple and can be completed over 5 days: habituation (3 days), training (day 4), and testing day
(day 5). During training, the mouse was allowed to explore two identical objects in the open field area
(50 × 50 cm). On testing day, one of the training objects was replaced with a novel object. The exploring
time of the novel object and familiar object was recorded within 5 min. The discrimination index
(DI) was used to evaluate the learning and memory ability of animals. The DI calculation formula is
as follows:

DI = (N - F) / (N + F) × 100%,

where N is the time spent on novel location/object exploration and F is the time spent on familiar
location/object exploration.

2.6. Tail Suspension Test

A tail suspension test (TST) was conducted after NOR. Briefly, mice were individually suspended
5 cm above the bottom of the TST box. The tip of the tail was stuck with adhesive tape. Immobility time
was detected during the last 4 min of total 6 min test.

2.7. Morris Water Maze Experiment

A Morris water maze (MWM) experiment was conducted in submerged platform following
standard procedures and it was conducted after TST. The hidden-platform was fixed in the center of
one of quadrants and 1.5 cm below the water surface. Mice underwent three trials each day for 6 days.
Each time, mice were placed into the water from other three quadrants. Before and after each test,
mice were placed on the platform to adapt for 20 s. Mice that remained on the platform for more than
5 s were considered to have searched platform successfully during the 90 s of detection. The mice were
deeply anesthetized and sacrificed by cervical dislocation after MWM test was finished.

Once the mice were sacrificed, the hippocampal tissues were quickly dissected and immersed
immediately in liquid nitrogen and then transferred to refrigerator at −80 ◦C until being used.

2.8. Real-time Quantitative PCR and Western Blotting

For qPCR analysis, total RNA from hippocampal tissues were extracted using trizol regent
according to the manufacturer’s instructions. Complementary deoxyribonucleic acid (cDNA) was
obtained by using a FastQuant RT Kit and real-time PCR analysis was used with SuperReal PreMix
Plus according to the 2-step reaction program. qPCR analysis was conducted using primers as follows:
gapdh forward 5′-CATGGCCTTCCGTGTTCCTA-3′, reverse 5′-CCTGCTTCACCACCTTCTTGAT-3′,
bdnf forward 5′-GCCTTCATGCAACCGAAGTA-3′, reverse 5′-TGAGTCTCCAGGACAGCAAA-3′.

For immunoblot analysis, hippocampal tissues were resuspended with lysis buffer. The protein
was extracted and samples were resolved on 10% sodium dodecyl sulfonate–polyacrylamide gel
(SDS-PAGE) and then transferred to polyvinylidene fluoride (PVDF) membranes. Antibodies against
the following proteins were used: BDNF and β-tubulin goat anti-rabbit immunoglobulin G (IgG).

2.9. SOD and MDA Assay

The supernatant of hippocampal tissues was used to detect SOD activity and MDA level using
SOD assay kit and MDA assay kit, respectively, following the manufacturer’s instructions.
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2.10. Determination of Cell Viability

HT22 cells were seeded into 10-cm dishes and cultured in DMEM supplemented with 10% FBS
and 1% penicillin-streptomycin at 37 ◦C in a humidified incubator containing 5% CO2.

Cell viability was measured by CCK-8 assay. Briefly, the cells were cultured at a density of 5 × 103

cells per well into 96-well plates. When the cells reached 70–80% confluence, they were pre-treated with
400 μM CORT for 24 h, and then treated with PAPZ with concentrations of 0.5, 5.0, and 10.0 mg/mL
for 24 h in the presence of CORT. In this study, 400 μM CORT was determined as the optimal dose of
cell damage model through preliminary experiments (Supplementary Figure S1). The absorbance at
450 nm was measured in an enzyme standard instrument.

2.11. Determination of Cell Apoptosis by Flow Cytometry

The apoptotic cells were measured using the FITC-Annexin V Apoptosis Detection Kit. After drug
treatment as a cell viability experiment, cells were harvested and then washed with 1 mL PBS. Next,
cells were resuspended in 195 μL FITC-Annexin V binding buffer, and then 5 μL of FITC-Annexin V and
10 μL propidium iodide (PI) incubation buffer were added according to the manufacturer’s instructions.
The cells were incubated for 15 min at room temperature and protected from light. Samples were not
stored, but analyzed immediately. Samples were analyzed with an imaging flow cytometer.

2.12. Statistical Analysis

Results are presented as mean± SEM. For the in vitro experiments, all results reported were formed
at least three independent experiments (n = 6 for each group). For the in vivo animal experiments,
each group contained 10 mice. Data were analyzed with Graph-Pad Prism 5.0 software (GraphPad
Software Inc., San Diego, CA, USA). Two-tailed, unpaired t-tests were used to compare two groups.
Differences were considered significant when p < 0.05. To directly compare the effect of PAPZ treatment,
data from the CORT group and PAPZ+CORT group were normalized to the control group.

3. Results

3.1. Antidepressant Effects of PAPZ

To investigate the effect of PAPZ on depressive-like behavior, we chose the chronic CORT model
of depression, which has been widely used in depression-related research (Figure 1). Mice were
administrated subcutaneously with CORT once daily for 21 consecutive days, and PAPZ were
administered by oral gavage 30 minutes prior to the CORT injection. Behavioral tests were
performed after the treatments had finished (Figure 1a). The chronic CORT injection resulted in
a significant prolonged immobility time in the TST when compared with the control group (Figure 1b).
The PAPZ+CORT treated group exhibited a significantly decreased immobility time compared with
the model group, which suggested that PAPZ could protect against the CORT-induced depressive-like
behavior in the TST test. An OFT was conducted to assess the influence of PAPZ on the locomotor
activities of mice. PAPZ administration had no significant impact on the total distance and movement
speed of mice spent in the zone in the OFT (Figure 1c,d).
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Figure 1. PAPZ ameliorated depressive-like behavior induced by corticosterone (CORT) in mice.
(a) Schematic representation of the treatment protocol. (b) The immobility time in the tail suspension
test (TST). (c) Total distance travelled in the open field test (OFT). (d) Movement speed during bouts of
walking in the OFT. Data from the CORT group and PAPZ+CORT group were normalized to the control
group and data are expressed as mean ± SEM. * p < 0.05, ** p < 0.01 represent significant differences.
s.c.: sub-cutaneous.

3.2. Effects of PAPZ on Learning and Memory Capacity

We evaluated the effect of PAPZ on cognitive capacity in CORT-induced mice using the NOR test
and learning, and memory ability using the MWM test, respectively (Figure 2). The discrimination index
(DI), representing cognitive ability, was determined from the NOR task. CORT induced a significant
decrease in the DI score for the novel object when compared with the control group. As expected,
we found a significant increase in the DI score for the novel object in the PAPZ+CORT treated group
when compared to the group treated with CORT alone. The DI score for the novel location in the
CORT-treated group demonstrated a decreasing tendency, although there was no significant difference
when compared with the control group (Figure 2a). Treatment with PAPZ significantly increased the
DI score for the novel location when compared with the CORT group (Figure 2b). In the MWM test,
latency refers to the time spent by the mouse to find the platform. There was a relative increasing
tendency of latency in the chronic CORT-treated group when compared with the control group.
PAZA treatment significantly decreased the latency when compared with the CORT-treated group,
especially on the fifth and sixth day (Figure 2c). All these results indicated that PAPZ could ameliorate
depressive-like behavior and improve cognitive capacity and learning ability in depressive-like mice
induced by the chronic administration of CORT.
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Figure 2. PAPZ ameliorated learning and memory impairment induced by CORT in mice.
(a,b) The relative discrimination index (DI) for the novel object, (a) for novel location and (b) in
the novel object recognition (NOR) test. (c) The total latency in the Morris water maze (MWM) test.
Data from the CORT group and PAPZ+CORT group were normalized to the control group and data are
expressed as mean ± SEM. * p < 0.05 represents a significant difference.

3.3. Molecular Mechanism of the Cerebral Protection Effect of PAPZ

To investigate the underlying molecular mechanism of PAPZ in CORT-induced depressive-like
mice, we examined the effect of PAPZ on the expression of bdnf on hippocampal tissue in mice (Figure 3).
The real-time qPCR result demonstrated that the mRNA level of bdnf significantly decreased by almost
50% when compared with the non-treated control group. Treatment with PAPZ showed that the bdnf
values were significantly increased when compared with the CORT group, which indicated that the
PAPZ could promote the expression of bdnf at the level of transcription (Figure 3a). We next detected
the expression of BDNF protein. The immunoblot result was consistent with the qPCR result (Figure 3b)
and revealed that the expression of BDNF protein in the model group significantly decreased after
treatment with CORT, and PAPZ could enhance the expression of BDNF protein, which indicates that
PAPZ could ameliorate the damage of CORT to hippocampus tissues.

Figure 3. PAPZ enhanced the expression of brain-derived neurotrophic factor BDNF in hippocampal
tissue. (a) Real-time quantitative polymerase chain reaction (qPCR) analysis of bdnf gene in the
hippocampal tissues in mice. (b) Representative Western blots show the difference of BDNF protein
expression in hippocampal tissue. Data from the CORT group and PAPZ+CORT group were normalized
to the control group and data are expressed as mean ± SEM. * p < 0.05 represents a significant difference.

3.4. PAPZ Enhanced Cerebral Antioxidant Ability of Tested Mice

Oxidative stress has been shown to cause neuronal degeneration and to play a role in the
pathogenesis of anxiety and depression [30,31]. We hypothesized that PAPZ exerted neuroprotective
effects by reducing cerebral oxidative stress and verified the hypothesis by SOD and MDA assays
(Figure 4). Reactive oxygen species (ROS) are a kind of free radical that can damage cells through
enzyme inactivation, lipid peroxidation, DNA modification, and other pathways [32]. Studies have
reported that SOD is an important endogenous antioxidant enzyme and an important part of the
first-line defense system against ROS [33,34]. Therefore, the SOD viability of hippocampal tissue was

83



Nutrients 2019, 11, 859

detected in mice. CORT treatment significantly deceased the SOD viability when compared with the
control group, and PAPZ treatment significantly increased the SOD viability when compared with the
CORT-treated group (Figure 4a). These results indicate that PAPZ could improve the SOD viability of
mice in vivo.

Figure 4. PAPZ enhanced superoxide dismutase (SOD) viability and decreased malondialdehyde
(MDA) level in depressive-like mice. (a) The SOD activity of hippocampal tissue in mice was measured
by the SOD assay kit. (b) The MDA activity of hippocampal tissue in mice was measured by the MDA
assay kit. Data from the CORT group and PAPZ+CORT group were normalized to the control group
and data are expressed as mean ± SEM. * p < 0.05, ** p < 0.01 represent significant differences.

MDA is a metabolite of lipid peroxidation, and its content can indirectly reflect the degree of
damage of lipid peroxidation. Studies have reported that MDA concentrations in depressed patients
increased when compared with healthy control groups [35,36]. The concentration of MDA in the
hippocampal tissue in the CORT group significantly increased after treatment with CORT when
compared with that in the control group. The change in MDA content in the PAPZ+CORT group was,
as opposed to SOD, markedly decreased when compared with that in the CORT group (Figure 4b).
All the results indicated that PAPZ could enhance the cerebral antioxidant ability in mice treated
with CORT.

3.5. PAPZ Protected Neurons In Vitro

The HT22 cell line is a widely used model to evaluate the pharmacological effects of potential
antidepressant drugs [37,38]. To detect the effect of PAPZ on CORT-induced HT22 cells death (Figure 5),
we selected 400 μM CORT, which decreased the viability of the HT22 cells by 30% (Supplementary
Figure S1), as the optimal dose of the cell model to detect the effect of PAPZ on CORT-induced HT22
cells death. At these experimental conditions, the viability of the HT22 cells was significantly reduced
in the CORT group when compared to the control group. Co-treatment with PAPZ increased the
viability of HT22 cells in a dose-dependent manner when compared with CORT-only treated HT22
cells. The viability of HT22 cells in the PAPZ+CORT treated group was significantly higher than that in
the CORT group, which indicated that PAPZ promoted the cell proliferation of HT22 cells (Figure 5a).
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Figure 5. PAPZ attenuated CORT-induced apoptosis in HT22 cells. (a) Effects of different concentrations
of PAPZ on CORT-induced HT22 cell viability determined by cell counting kit-8 (CCK-8 assay).
(b) Fluorescein isothiocyanate (FITC)-Annexin V and propidium iodide (PI) staining followed by flow
cytometry was performed to evaluate cell apoptosis of the HT22 cells. Living cells can be categorized
as double negative (Q1). Early apoptotic cells can be classified as single positive or FITC-Annexin
V positive (Q2). Late apoptotic cells are double positive (Q3). Dead cells can be categorized as
single positive or PI positive (Q4). (c) The statistical analysis of total apoptosis in flow cytometry test.
Data from the CORT group and PAPZ+CORT group were normalized to the control group and data are
presented as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 represent significant differences.

Flow cytometry analysis using conventional FITC-Annexin V and PI staining was performed
to characterize three types of neuronal death. Total apoptosis in HT22 cells treated with CORT
showed a significant increase when compared with the control group. PAPZ treatment decreased
the percentage of both early and late apoptosis in HT22 cells when compared to the CORT group
(Figure 5b). The statistical analysis of total apoptosis is provided in Figure 5c. The results suggested
that HT22 cells were likely to undergo apoptotic rather than necrotic death when treated with CORT.
Treatment with PAPZ could prevent against apoptosis induced by CORT. Our results suggested that
PAPZ exerted a neuroprotective effect through inhibiting the apoptosis of HT22 cells induced by CORT.

4. Discussion

Given its long history usage in Asia, a reliable amount of clinical experience with TCM has been
accumulated, forming a comprehensive and vital medical and cultural system. Chinese herbal medicine
is the fundamental of TCM, which includes several medicinal herbs. The typical characteristics of
TCM treatments are “multi-component, multi-channel, and multi-target”, which is a requirement for
treating complex diseases including depression or MDD [39].

Repeated CORT injection in rodents have been considered as a reliable animal model for evaluating
chronic stress depressive disorder [27]. The TST test is one of the classic experiments used to evaluate
the anti-depression pharmacology of drugs and has often been used to observe the anti-depression
effect of drugs by causing behavioral despair in animals [40,41]. In the present study, compared with the
control group, a significant prolonged immobility time in the TST test was observed in the CORT-treated
group mice. As expected, the mice treated with PAPZ+CORT exhibited a significant decrease in
immobility time as compared to the CORT group (Figure 1b). PAPZ showed minor side effects on
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locomotor activities at the indicated dose (Figure 1c,d). Depression is often accompanied by cognitive
impairment, and especially obvious learning and memory impairment [42]. In this study, the NOR
test and MWM test were used to evaluate the learning and memory ability of mice. A significant
increase in the DI score for new objects and new locations was shown in the PAPZ+CORT-treated
group compared with the CORT-only treated group (Figure 2a,b). From the MWM results (Figure 2c),
we found that the latency period of escape increased in the model group even though there was no
statistical difference, whereas treatment with PAPZ significantly decreased the latency. These results
demonstrated that PAPZ slightly decreased the progression of the chronic treatment of CORT-induced
mild stress-mediated depressive-like behaviors as observed by the TST, NOR, and MWM tests.

Studies have shown that various pathophysiological mechanisms are involved in depression
and cognitive impairment. Synaptic dysfunction and structural damage have become the focus of
research. BDNF functions as an endogenous growth factor within the central nervous system [43],
playing a key role in processes such as neuronal differentiation and growth, synapse formation and
synaptic plasticity, and higher cognitive functions [44,45]. BDNF has also been implicated in a number
of psychiatric disorders, including schizophrenia, and the development of mood disorders such as
MDD and its treatment [46]. Many experiments have shown that chronic stress can down-regulate the
expression of BDNF protein in the hippocampus, and this phenomenon can be effectively reversed
by antidepressant therapy [47–49]. Neto et al. [49] found that up-regulation of neurotrophic factor
expression and its signaling pathway activity could be a common pathway of antidepressant action.
Therefore, we speculated that PAPZ may promote neurogenesis or change neuroplasticity by increasing
the level of BDNF protein, and thus play an antidepressant role in reversing hippocampal atrophy
and cell damage. According to the results of the qPCR and Western blot tests, we found that the
expression of hippocampal BDNF protein in the repeated CORT injection group significantly decreased
when compared with the control group. Treatment with PAPZ showed significantly increased the
expression of BDNF in the hippocampal tissue when compared to the CORT group (Figure 3).
Therefore, we concluded that PAPZ might exert an antidepressant role by up-regulating the expression
of BDNF.

The antioxidant defense system is comprised of a series of enzymatic and non-enzymatic
components. SOD is a critical antioxidant enzyme that can remove oxygen free radicals produced
by the body and protect tissues from damage. Maes et al. [50] revealed that the pathogenesis of
MDD might primarily or secondarily be related to oxidative stress. Antidepressant drugs function by
affecting the oxidative or antioxidative systems [51], and are partly connected with their effects on
the immune system [52]. Many reports have shown that disturbances in SOD activity are generally
dysregulated in depressed populations. For example, the SOD activity of a red blood cell was reported
to be lower in MDD patients [53]. Freitas et al. [2] reported that acute restraint stress can increase
SOD activity and this effect can be abrogated by treatment with agmatine; however, no changes
were observed in the unstressed animals. These disagreements in the data on SOD activity could be
explained by means of variations in different drugs or a different administration period.

The results of our study showed that the SOD activity of hippocampal tissue in the CORT group
mice significantly decreased, indicating that the function of the oxygen free radical defense system
of depressed mice was significantly reduced, and the oxygen free radicals could not be effectively
removed. PAPZ administration could reverse the trend of SOD activity. The increased SOD activity
was in line with a decreased MDA level (Figure 4). Therefore, we concluded that the role of PAPZ
in anti-depression could be related to the involvement of SOD and MDA. The results (Figure 5)
demonstrated that PAPZ significantly attenuated CORT-induced neuroexcitotoxicity in HT22 cells,
which was indicated that PAPZ could protect HT22 cells in vitro. However, the complex mechanism
of PAPZ are not yet completely clear, which need to be explored in further study. In future studies,
we will pay more attention to the exploration of the relevant herb of PAPZ under the guidance of
the theory and practice of TCM, and clarify the role of each herb and the relationship and influences
among them.
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5. Conclusions

In summary, a modified TCM formula (PAPZ) protected HT22 cells from CORT-induced apoptosis.
PAPZ ameliorated behavioral changes induced by chronic CORT injections in the TST, NOR, and MWM
tests. The essential mechanism involved in the protective effects of PAPZ in vivo included augmentation
of the BDNF level and SOD activity in the hippocampal tissue. These findings provide scientific
evidence for the neuroprotective and antidepressant effects of PAPZ, which suggest potential benefits
of using PAPZ in the treatment or rehabilitation of MDD patients.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/4/859/s1.
Figure S1: Effects of different concentrations of CORT on TH22 cell viability determined by CCK-8 assay; Table S1:
Effects of different concentrations of CHFs on CORT-induced HT22 cell viability determined by CCK-8 assay.
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Abstract: Goat’s (GM) and cow’s milk (CM) are dietary alternatives with select health benefits shown
in human and animal studies. Surprisingly, no systematic analysis of palatability or preference for GM
vs. CM has been performed to date. Here, we present a comprehensive investigation of short-term
intake and palatability profiles of GM and CM in laboratory mice and rats. We studied consumption
in no-choice and choice scenarios, including meal microstructure, and by using isocaloric milks and
milk-enriched solid diets. Feeding results are accompanied by qPCR data of relevant genes in the
energy balance-related hypothalamus and brain stem, and in the nucleus accumbens, which regulates
eating for palatability. We found that GM and CM are palatable to juvenile, adult, and aged rodents.
Given a choice, animals prefer GM- to CM-based diets. Analysis of meal microstructure using licking
patterns points to enhanced palatability of and, possibly, greater motivation toward GM over CM.
Most profound changes in gene expression after GM vs. CM were associated with the brain systems
driving consumption for reward. We conclude that, while both GM and CM are palatable, GM is
preferred over CM by laboratory animals, and this preference is driven by central mechanisms
controlling eating for pleasure.

Keywords: milk; hypothalamus; nucleus accumbens; reward; appetite; palatability

1. Introduction

Milk is a widely consumed, affordable, and highly nutritive food, which serves as a key source
of, among others, protein, calcium, potassium, magnesium, and vitamins (especially A and D) in
industrialized countries [1–6]. In Western societies, cow’s milk (CM) products represent the largest
share of dairy available on the market, and cow’s skim milk varieties have become common. However,
recent years have generated interest in milk from other species, such as goat’s milk (GM). The use
of GM as an alternative to CM has been driven by the findings in humans and laboratory animals
showing potential beneficial nutritive consequences of GM intake and differences in physiological
responses to GM or CM consumption, (for review, see [7]). For example, Bellioni-Businco et al.
reported that individuals with a CM allergy were able to drink five times more GM than CM before the
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symptoms of an allergic response appeared [8]. In studies utilizing rodent models, Barrionuevo et al.
demonstrated that GM increases utilization of copper, zinc, and selenium [9]. Bioavailability of iron
and copper was found to be improved in GM-fed rodents suffering from malabsorptive syndrome and
in healthy controls [9,10]. Finally, GM improved bone turnover in iron-deficient rats compared to rats
fed CM [11,12].

Surprisingly, little is known about GM’s acceptance and preference relative to the main dairy
product in today’s food environment in the Western world. There is no systematic analysis of
propensity to ingest GM and CM or relative palatability of GM vs. CM in either humans or in laboratory
animal models. Consequently, our understanding of acceptance and palatability of GM compared to
CM is still mainly based on anecdotal evidence and on market availability, both heavily influenced by
local cultural or environmental aspects (such as in Western vs. Asian countries) and habituation-driven
intake of a specific milk type [13]. This is a major gap in knowledge as palatability affects, among others,
the amount of food eaten in a single meal, the rate of consumption, food anticipation, and satiety. It has
a profound effect on activity of brain circuits responsible for processing energy intake (including the
hypothalamus (HYP) and brain stem (BS)) and reward (such as the nucleus accumbens; NAcc) [14–16].
These parameters can, in turn, impact a plethora of mechanisms outside the central nervous system
(CNS), via neural and hormonal interactions linking the brain and peripheral tissues [17–19].

Here, we present for the first time a comprehensive investigation of short-term intake and
palatability profiles of GM and CM in laboratory rodent models (mice and rats) using skim
milks. We report consumption data on the acceptance (no-choice) and preference (choice) scenarios
of calorie-matched milks and milk-enriched solid diets. Consumption data are accompanied
by the analysis of expression of appetite-related genes in the HYP and BS, two brain regions
predominantly involved in energy balance control, and in the NAcc, a key site that regulates eating
for palatability [15,16]. We examined mRNA levels of genes involved in promoting consumption,
such as those encoding neuropeptide Y (NPY), Agouti-related protein (AgRP), ghrelin receptor,
orexin, opioid peptides/receptors, and gap junction protein, connexin 36 (Cx36). The analysis
also included transcripts related to decreased appetite and termination of consumption, such as
oxytocin, melanocortin receptors 3 (MC3R) and 4 (MC4R), and proopiomelanocortin (POMC). Typically,
presentation of tastants that differ in palatability and composition, among other traits, evokes some
changes in expression within this subset of genes, reflecting a different propensity of an animal
to ingest specific diets [16,20]. A number of physiological functions by the brain vary with age,
including appetite. Weight is typically gained throughout early and middle age, followed by
gradual, age-associated anorexia. In line with that, a drive to consume food (and responsiveness
to palatability) is high during the earlier stages of life, whereas in aged animals, anhedonia and
decreased responsiveness to rewarding diets and to drugs that promote eating for pleasure ensue (e.g.,
see [21–23]). Therefore, in our feeding experiments, we studied rodents that belong to three distinct age
groups: adolescents, adults, and aged animals. It should also be noted that rats and most mammals,
other than select groups of humans, poorly digest lactose post-weaning. Though lactase activity in
adult rats is residual, rats fed as much as 30% lactose in their daily diet from post-weaning to day 98
had normal body growth or body weight course (their body weight was somewhat lower) [24]. Taking
it into consideration, however, in this current study we focused on short-term rather than long-term
exposure to milk or milk containing chow.

2. Materials and Methods

2.1. Animals

Male Sprague-Dawley rats and C57Bl mice (all weaned on day 21) used in these studies were
single-housed in a temperature-controlled (22 ◦C) animal facility with a 12:12-h LD cycle (lights on
at 07:00). Standard chow (Diet 86, Sharpes Stock Feed, Wairarapa, New Zealand) and water were
available ad libitum unless indicated otherwise. The University of Waikato animal ethics committee
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had approved the procedures (ethics approval numbers: 1020, 1043, and 1057), and they are compliant
with the NIH Guide for the Care and Use of Laboratory Animals (NIH Publ., no. 80–23, rev. 1996).
Feeding experiments were performed in separate cohorts of animals unless specified otherwise. The age
of animals included in the adolescent (5–6 weeks), adult (3–5 months), and aged (25–27 months)
categories was based on previous publications pertaining to the aging process in rodents [25]. It should
be noted that despite poor digestibility of lactose post-weaning, we did not observe any signs of
gastrointestinal discomfort or sickness, which is in line with previous studies showing that rats fed as
much as 30% lactose in their daily diet (thus, more than given here) for several weeks displayed good
tolerance of the carbohydrate [24].

2.2. Episodic Intake of Individually Presented GM and CM in Sated Adult Mice and Rats

We based the protocol on previous studies assessing episodic intake of palatable tastants [26–28].
Individually housed mice and rats were accustomed (in homecages) to receiving one of the four
isocaloric (0.6 kcal/g) solutions for 2 h/day on 2 days (10:00–12:00) prior to the experiments using their
usual 250 mL sized water bottles (used for all bottle scenarios) to avoid neophobia(mice: n = 8–9/group;
rats: 8–10/group): GM, CM, an energy-equivalent 15% sucrose solution (a reference palatable solution),
or a 15% cornstarch (CS) suspension (a negative control for palatability; as CS is insoluble in water,
0.3% xanthan gum was added to this liquid in this experiment as described previously in [29]). On the
experimental day, bottles with the solutions (at room temperature) were placed in the cages and water
and chow were removed for the 2-h experimental session. Spillage (g) from each individual bottle
was recorded before placement into cage. Intakes were measured after 2 h using a digital scale and
expressed in grams per gram of body weight. This feeding experiment was conducted in a separate
cohort of animals. Composition of the milks are shown in Table 1.

Table 1. CM and GM milk powder composition.

Sample Protein Fat Carbohydrate (Lactose) Ash Moisture

CM 37.1 1.1 51 6.5 4.3
GM 36.1 0.9 49.9 9.5 3.6

2.3. Energy Deprivation-Induced Intake of Individually Presented GM and CM in Mice and Rats

Mice and rats previously exposed in their homecages to GM, CM, cornstarch, and sucrose were
deprived of standard chow overnight (food taken away at 16:00). On the next day (10:00), water bottles
were removed and replaced with bottles (at room temperature) containing one of the four treatments
(mice: n = 8–10/group; rats: 7–8/group). Spillage (g) from each individual bottle was recorded before
placement into cage. Intakes were measured using a digital scale after 2 h and expressed in grams per
gram of body weight. This feeding experiment was conducted in a separate cohort of animals.

2.4. Episodic Intake of Individually Presented GM- and CM-Enriched Chow in Sated Adult Mice and Rats

Rats and mice were given episodic access to the chow enriched with GM or CM according to the
protocol described above, where, instead of GM or CM, a GM- or CM-enriched chow (see Table 2 for
composition of GM and CM chow) was presented for 2 h (10:00). Standard chow pellets were removed
during this 2-h meal, but water was left in the cages. Intake of chow pellets (at room temperature) was
measured using a digital scale after 2 h and expressed in grams per gram of body weight. In order to
assess baseline intake, a control group of animals had a fresh batch of the standard chow placed in the
hopper for 2 h (n = 7–8/group for both mice and rats). This feeding experiment was conducted in a
separate cohort of animals.
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Table 2. Composition of CM- and GM-enriched chow.

Base Skim Milk Powder
Composition (1% Milk Fat)

Goat Skim Milk Powder (SMP) Cow SMP

% g/kg % g/kg

Protein 37.8 120 37.1 120
Fat 1.7 5.40 0.86 2.78
Ash 9.4 29.84 7.3 23.61

Moisture 4.1 13.02 4.2 13.58
Lactose 47 149.21 50.54 163.47

Total 100 317.46 100 323.45

Goat SMP Cow SMP

Skim Milk Chow—Ingredient g/kg g/kg

Goat SMP—to supply 12% protein 317.46
Cow SMP—to supply 12% protein 323.45

Vitamin mix 50.00 50.00
Salt mix 50.00 50.00

Corn oil (added to make 5% fat) 44.60 47.22
Starch 447.15 452.80

Lactose (added to make 16.5%) 15.79 1.53
Cellulose 75.00 75.00
Moisture

1000.00 1000.00

Target Dietary Content

Protein 12% 12%
Fat 5% 5%

Lactose 16.50% 16.50%
Fiber 7.50% 7.50%
Starch 44.7% 45.3%

Calories

Protein (4 cal/g) 48 48
Fat (9 cal/g) 45 45

Lactose (4 cal/g) 66 66
Fiber (2 cal/g) 15 15
Starch (4 cal/g) 179 181
Calories/100 g 353 355

% calories

Protein 14% 14%
Fat 13% 13%

Lactose 19% 19%
Fiber 4% 4%
Starch 51% 51%

Skim Milk Powder (1% Milk Fat) Goat SMP Cow SMP

Ingredients g/kg g/kg

Goat SMP 317.46
Cow SMP 323.45

Vitamin mix 50.00 50.00
Salt mix 50.00 50.00
Corn oil 44.60 47.22
Starch 447.15 452.80

Lactose 15.79 1.53
Cellulose 75.00 75.00
Moisture

1000.00 1000.00
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Table 2. Cont.

Base Skim Milk Powder
Composition (1% Milk Fat)

Goat Skim Milk Powder (SMP) Cow SMP

Target Dietary Content

Protein 12% 12%
Fat 5% 5%

Lactose 16.50% 16.50%
Fiber 7.50% 7.50%
Starch 44.7% 45.3%

Calories

Protein (4 cal/g) 48 48
Fat (9 cal/g) 45 45

Lactose (4 cal/g) 66 66
Fiber (2 cal/g) 15 15
Starch (4 cal/g) 179 181
Calories/100 g 353 355

% calories

Protein 14% 14%
Fat 13% 13%

Lactose 19% 19%
Fiber 4% 4%
Starch 51% 51%

2.5. Energy Deprivation-Induced Intake of Individually Presented GM- and CM-Enriched Chow in Sated Adult
Mice and Rats

Rats and mice previously exposed to GM- and CM-enriched chow (pre-exposure to both chow
types was simultaneous) were deprived of standard chow overnight (food taken away at 16:00).
On the next day (10:00), animals received either standard chow, GM- or CM-enriched pellets (mice:
n = 7–8/group; rats: n = 8–9/group) at room temperature. Intakes were measured using a digital scale
after 2 h and expressed in grams per gram of body weight. This feeding experiment was conducted in
a separate cohort of animals.

2.6. Episodic Intake of Individually Presented GM and CM in Sated Adolescent and Aged Rodents

Mice and rats aged 5–6 weeks (n = 9–11/group for each species) were used in the study on
adolescent animals, whereas 25-month old mice and 26-month old rats (n = 8–9/group for each species)
were used as the aged cohorts. The feeding experiments utilizing individually presented cornstarch,
sucrose, GM, and CM solutions followed the protocol described above for the relevant studies in adult
sated rodents that received one of the four solutions for 2 h. This feeding experiment was conducted
in a separate cohort of animals.

2.7. Episodic Intake of GM and CM Presented Simultaneously in Sated Adolescent, Adult, and Aged Rodents

Mice (n = 20) and rats (n = 21) aged 5–6 weeks were used in the study on adolescent animals,
16–18-week old mice (n = 10) and rats (n = 12) were included in the study on adults, whereas
25-month old mice (n = 12) and 26-month old rats (n = 11) were used as the aged cohorts. Adult and
adolescent rats and mice had been previously exposed to GM and CM (pre-exposure to both milk
types was simultaneous). The aged animals came from the cohorts described above (pt. 2.6), however,
a week-long ‘washout’ period was allowed between the previous experiment and this study. First,
the animals were accustomed to simultaneously receiving GM and CM as a two-bottle choice (bottles
placed next to each other; random order) for circa 1 h per day on two days in their homecage. Then,
on the experimental day, chow and water were removed from cages and GM and CM (at room
temperature) were given to the animals for 2 h (11:00–13:00). Spillage (g) from each individual bottle
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was recorded before placement into cage. Intakes were measured using a digital scale after 2 h and
expressed in grams per gram of body weight. This feeding experiment was conducted in a separate
cohort of adolescent and adult animals.

2.8. Episodic Intake of GM- and CM-Enriched Chow Presented Simultaneously in Sated Adult and
Aged Rodents

Mice and rats aged 18–20 weeks old mice (n = 8) and rats (n = 8) were included in the study
on adults, whereas 25-month old mice (n = 9) and 27-month old rats (n = 10) were used as the aged
cohorts. Adult rats and mice had been previously exposed to GM and CM chow (pre-exposure to
both chow types was simultaneous). The aged animals came from the same cohort as in the GM/CM
chow experiment described above (Section 2.5), however, a two-week-long ‘washout’ period was
allowed between the previous experiment and this study. First, the animals were accustomed to
receiving simultaneously CM- and GM-enriched chow in a subdivided hopper in their homecages
(placement of GM/CM pellets was random; standard chow was removed) for circa 1 h per day on two
days. Then, on the experimental day, after removal of standard chow, CM- and GM-enriched pellets
(at room temperature) were given to the animals for 2 h (10:00–12:00). Intakes were measured using a
digital scale after 2 h and expressed in grams per gram of body weight. This feeding experiment was
conducted in a separate cohort of adult animals.

2.9. Lickometer-Assessed Preference for Simultaneously Presented GM and CM in Sated Adult Rats

Six 12-week old male rats were housed individually in cages equipped with bottles attached to
lickometers (Lafayette Instruments, Lafayette, IN, USA). The animals were previously given GM and
CM to prevent neophobia (the pre-exposure was simultaneous). They were accustomed to receiving a
choice between GM and CM on two separate days for 30 min (random order of bottles) in lickometer
cages. On the experimental day, standard chow and water were removed from the cages and animals
were given simultaneous access to GM and CM (room temperature) for 30 min. The number of licks
on each bottle was counted and analyzed (Scurry Activity Monitoring software, Lafayette, IN, USA),
both as total number of licks as well as number of licks per 5-minute interval. We also assessed the
cluster number (number of bouts of licking—each bout was defined as continuous licking interspaced
by no more than 0.5 s between each other) and an average cluster length (bout duration measured in
seconds) of GM vs. CM. This feeding experiment was conducted in a separate cohort of animals.

2.10. 72-h Cumulative Intake of Simultaneously Presented CM- and GM-Enriched Chow in Adult Rats

First, the animals were accustomed to receiving two types of chow pellets (room temperature)
simultaneously in a subdivided hopper in their homecage (placement of pellets was random) for
circa 2 h per day on two days. On the experimental day 1 (17:00), animals received a choice of either
standard/CM chow (n = 9), standard/GM chow (n = 10), or GM/CM chow for 72 h (pellets were
exchanged daily; n = 16). Cumulative 72-h intakes were recorded in grams. This feeding experiment
was conducted in a separate cohort of animals.

2.11. Effect of 24-h CM vs. GM Consumption on Feeding-Related Gene Expression in the Brain Circuit

In order to assess the effect of 24-h intake of GM and CM solutions on the expression of
feeding-related genes in the brain, mice were given CM or GM (at room temperature) as the only tastant
(starting at 10:00). Animals given water served as baseline controls. At 10:00 on the subsequent day
(thus, 24 h after milk presentation), the animals were sacrificed via cervical dislocation. Brains were
dissected out and the hypothalamus, nucleus accumbens, and brain stem excised and stored in
RNAlater at −80 ◦ C until further processing. This experiment was conducted in a separate cohort
of animals.

Tissues were homogenized in Trizol (Ambien), 1 mL per 0.1 g tissue. 0.2 mL chloroform was
added and samples were centrifuged at room temperature for 10 min at 10,000× g. The clear phase
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containing RNA was isolated and 0.5 mL of isopropanol was added. RNA was precipitated in an ice
bath for 10 min then centrifuged at 4 ◦C for 20 min at 10,000× g. Aqueous phase was removed from
the pellets, which were then resuspended in 0.3 mL of ethanol and centrifuged at 4 ◦C for 10 min at
10,000× g. Liquid was removed and pellets were air-dried.

Pellets were dissolved in 8 μL DEPC water and 1 μL DNAse buffer (dNature). Samples were then
incubated with 1 μL DNAse (dNature) at 37 ◦C for 30 min. DNAse was inactivated via addition of stop
buffer (dNature) and incubation at 67 ◦C for 10 min. Removal of DNA was confirmed via PCR using
HOT FIREPol Blend Master Mix (dNature), followed with agarose gel electrophoresis. Concentrations
of RNA were measured with a nanodrop.

cDNA was synthesized from RNA samples with iScript Advanced cDNA synthesis kit (BioRad).
Synthesis of cDNA was confirmed with PCR followed by agarose gel electrophoresis.

Quantitative RT-PCR (qPCR) was used to determine relative expression levels of housekeeping
genes (ActB, GAPDH, β-tubulin) and of genes of interest. Reactions contained 4 μL of 25 ng/μL
sample cDNA, 1 μL of each forward and reverse primers (5 μM), 10 μL iTaq Universal SYBR
Green Supermix (BioRad) and 4 μL MilliQ water. qPCR experiments were performed in duplicates
alongside negative controls of MilliQ water for each primer pair. Amplification protocol was
initiated at 95 ◦C for 15 min, followed by 45 cycles of 15 s at 95 ◦C, 15 s at the primer-specific
annealing temperature and 30 s at 72 ◦C. Primers used: GADPH F: 5′-AAGGTCATCCCAGAGC
TGAA-3′, R: 5′-CTGCTTCACCACCTTCTTGA-3′; ActB F: 5′-AGTGTGACGTTGACATCCGT-3′,
R: 5′-TGCTAGGAGCCAGAGCAGTA-3′; POMC F: 5′-GACACTGGCTGCTCTCCAG-3′,
R: 5′-AGCAGCCTCCCGAGACA-3′; Agrp F: 5′-GGATCTGTTGCAGGAGGCTCAG-3′, R:
5′-TGAAGAAGCGGCAGTAGCACGT-3′; NPY F: 5′-GGTCTTCAAGCCGAGTTCTG-3′,
R: 5′-AACCTCATCACCAGGCAGAG-3′; MC4R F: 5′-CTTATGATGATCCCAACCCG-3′,
R: 5′-GTAGCTCCTTGCTTGCATCC-3′; β-tubulin F: 5′-CGGAAGGAGGCGGAGAGC-3′,
R: 5′-AGGGTGCCCATGCCAGAGC-3′; GHSR F: 5′-TCCGATCTGCTCATCTTCCT-3′, R:
5′- GGAAGCAGATGGCGAAGTAG-3′; ORX F: 5′-GCCGTCTCTACGAACTGTTGC-3′,
R: 5′-CGCTTTCCCAGAGTCAGGATA-3′; OXT F: 5′-CCTACAGCGGATCTCAGACTG-3′,
R: 5′-TCAGAGCCAGTAAGCCAAGCA-3′; OXTR F: 5′-TCTTCTTCGTGCAGATGTGG-3′,
R: 5′-CCTTCAGGTACCGAGCAGAG-3′; PENK F: 5′-CGACATCAATTTCCTGGCGT-3′,
R: 5′-AGATCCTTGCAGGTCTCCCA-3′; DYN F: 5′-GACAGGAGAGGAAGCAGA-3′,
R: 5′-AGCAGCACACAAGTCACC-3′; GHRL F: 5′-CCATCTGCAGTTTGCTGCTA-3′,
R: 5′-GCTTGTCCTCTGTCCTCTGG-3′; MOR F: 5′-CCTGCCGCTCTTCTCTGG-3′, R:
5′-CGGACTCGGTAGGCTGTAAC-3′; KOR F: 5′-CACCTTGCTGATCCCAAAC-3′, R:
5′-TTCCCAAGTCACCGTCAG-3′; PNOC F: 5′-AGCACCTGAAGAGAATGCCG-3′, R:
5′-CATCTCGCACTTGCACCAAG-3′; ORLP F: 5′-ATGACTAGGCGTGGACCTGC-3′, R: 5′-
GATGGGCTCTGTGGACTGACA-3′; GLP1R F: 5′-ATGGCCAGCACCCCAAGCCTCC-3′, R:
5′-TCAGCTGTAGGAACTCTGG-3′; Cx36 F: 5′-CCAGTAAGGAGACAGAACCAGAT-3′, R:
5′-GATGATGTAGAAGCGGGAGATAC-3′.

2.12. Data Analysis

Analyses of qPCR data utilized BioRad CFX Manager software (BioRad); one-way ANOVA
followed by Bonferroni’s test with the correction for multiple comparisons was used, with p < 0.05 set
as criterion of statistical significance. Feeding data from studies comparing two groups were analyzed
using a t-test, whereas comparisons between three or more groups were done with ANOVA followed
by Bonferroni’s post-hoc test, with differences considered significant when p < 0.05.

3. Results

In the non-choice acceptance tests, sated adult mice and rats showed very low levels of
consumption of a ‘bland’ cornstarch emulsion, whereas intakes of the GM (mice, F(3,30) = 62.8,
p < 0.001; rats, F(3,32) = 25.5, p < 0.001) and CM (mice, p < 0.001; rats, p < 0.001), as well as of the sucrose
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solution (mice, p < 0.001; rats, p < 0.001), were several times higher than of cornstarch. Energy-deprived
animals had a higher baseline intake of cornstarch, but consumed significantly more sucrose (mice,
F(3,32) = 9.77, p ≤ 0.001; rats, F(3,26) = 5.5, p = 0.039), GM (mice, p < 0.001; rats, p = 0.0023), and CM
(mice, p = 0.034; rats, p = 0.0083; Figure 1A–D). Similarly, both deprived and sated adult individuals ate
more GM- and CM-enriched pellets than standard chow (sated mice: F(2,19) = 5.9, GM, p = 0.029 and
CM, p = 0.011; sated rats: F(2,19) = 20.5, GM, p < 0.001 and CM, p = 0.0011; deprived mice: F(2,19) = 6.5,
GM, p = 0.0058 and CM, p = 0.034; deprived rats: F(2,22) = 10.8, GM, p < 0.001 and CM, p = 0.0442;
Figure 1E–H). Adolescent and aged sated mice and rats (Figure 2A,B,E,F) given episodic 2-h access to
one of the solutions, consumed more GM (adolescent mice, F(3,35) = 42.7, p < 0.001; rats, F(3,36) = 16.9,
p < 0.001; aged mice, F(3,29) = 31.2, p < 0.001; rats, F(3,29) = 18.9, p < 0.001), CM (adolescent mice,
p < 0.001; rats, p < 0.001; aged mice, p < 0.001; rats, p < 0.001) and sucrose (adolescent mice, p < 0.001;
rats, p < 0.001; aged mice, p < 0.001; rats, p < 0.001) than cornstarch.

When given a 2-h episodic choice between GM and CM, all age cohorts of rats (adolescent,
p < 0.001; adult, p < 0.001; aged, p < 0.001) and adult and aged mice (p = 0.012 and 0.011, respectively)
preferred GM (Figure 2C,D,G,H and Figure 3A,B). During a brief, 30-min exposure to both GM and CM
in cages equipped with lickometers, adult rats exhibited a more robust response to GM cumulatively
over that period (p = 0.01) as well as during the first (p = 0.037) and second (p = 0.05) 5-min time
interval of the meal (Figure 3C,D). There was a trend approaching significance (p = 0.088) toward an
increase in the cluster number (number of licking bouts) of GM over CM, and a significantly greater
cluster length of each GM than CM bout (p = 0.022; Figure 3E,F). In choice experiments involving
GM- and CM-enriched chow, adult and aged rats (p = 0.009 and 0.023, respectively) and adult mice
(p = 0.028) preferred GM chow, whereas in aged mice, a trend toward GM preference was detected
(p = 0.059) (Figure 4A,B). Adult rats given a 72-h uninterrupted access to a choice between GM and
CM chow preferred GM chow (p < 0.001), while both GM (p = 0.015) and CM pellets (p < 0.001) were
preferred over standard food during a similar time of exposure (Figure 4C).

Real-time PCR analysis after consumption of the two milk formulations (GM: 19.27 +/− 0.18 g;
CM: 18.44 +/− 0.17 g) revealed that GM upregulated in the nucleus accumbens PNOC (p = 0.0164),
ORL1 (p = 0.0042), Cx36 (p = 0.0017), GLP1R (p = 0.0015), MC4R (p = 0.002), OXT (p < 0.001), and GHSR
(p < 0.001) genes, whereas mRNA levels of PENK were lower (though it did not reach significance with
a p value of 0.01), compared with CM consumption. In the hypothalamus, MOR (p = 0.045) and KOR
(p = 0.017) transcript levels were higher after GM consumption, and in the brain stem there was a trend
toward upregulation of the MC4R (p = 0.099) and the MC3R was upregulated (p = 0.0275; Figure 5).
Compared to water controls, in the nucleus accumbens, GM affected expression of ORL1 (p = 0.012),
Cx36 (p = 0.0052), GLP1R (p = 0.0042), MC4R (p = 0.0053), OXT (p = 0.0149), and GHSR (p < 0.001);
in the hypothalamus, ORX (p = 0.0164), KOR (p = 0.0399), and MC4R (p = 0.0403). On the other hand,
hypothalamic expression of the MC4R gene was elevated by CM intake (p = 0.041; Figure 5).
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Figure 1. Episodic 2-h consumption of individually presented (acceptance) cornstarch, sucrose, GM,
and CM isocaloric solutions (A–D), and of standard, GM- and CM-enriched chow (E–H) in sated
(nondeprived) and energy-deprived mice (left panel) and rats (right panel).*, p ≤ 0.05; **, p ≤ 0.01;
***, p ≤ 0.001.
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Figure 2. Episodic 2-h consumption of individually presented cornstarch, sucrose, GM, and CM
isocaloric solutions (A,B,E,F: acceptance) and simultaneously given GM and CM (C,D,G,H: preference)
in adolescent and aged sated mice (left panel) and rats (right panel). *, p ≤ 0.05; ***, p ≤ 0.001.
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Figure 3. Episodic consumption of simultaneously presented GM and CM over 2-h in sated mice (A)
and rats (B), lickometer activity during a 30-min exposure ((C): 0–30 min; (D): 5-min intervals),
the number of GM over CM licking bouts (cluster number) (E), and the cluster length(s) of each GM
and CM bout (F) in sated rats. *, p ≤ 0.05; ***, p ≤ 0.001.
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Figure 4. Consumption of simultaneously presented GM- and CM-enriched chow in adult and aged
sated mice (A) and rats (B) over 2 h and simultaneously presented pellets (standard vs. GM; standard
vs. CM, and GM vs. CM) over 72 h in adult rats (C).*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001.
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Figure 5. Relative expression of feeding-related genes in the nucleus accumbens (A), hypothalamus
(B), and brain stem (C) of mice maintained for 24 h on GM or CM. Water served as a baseline tastant.
a—significantly different from the water group; b—significantly different from the CM group. Analysis
performed with ANOVA followed by Bonferroni’s test and corrected for multiple comparisons.
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4. Discussion

Enhanced motivation to eat in the absence of an immediate need to replenish calories or
continuation of a meal beyond levels that restore energy balance typically occur when an individual is
given access to food that is highly palatable. In laboratory animal models, similarly to what is observed
in humans, a variety of tastants are perceived as palatable. Those include ingestants whose palatability
is derived mainly from the flavor and/or postabsorptive effects of either a single macronutrient (e.g.,
sucrose-sweetened solutions) or from the complex contribution of multiple nutritive components (e.g.,
in meat rich in protein and fat) [30–32]. Calorie density of food (especially when coupled with high
energy needs of an organism) is an additional factor that affects the liking of and preference for a given
food [15,33].

The current set of studies show that both GM and CM and milk-enriched solid diets are highly
palatable. In no-choice acceptance paradigms, energy non-deprived rats and mice of all age groups
(adolescent, adult, and aged) consumed GM and CM as avidly as the calorie-matched 15% sucrose
solution (used here as a positive control for a highly palatable tastant in rodents (for review, see [30]),
while ingesting only minimal amounts of the ‘bland’ cornstarch. A similar phenomenon was observed
in energy-deprived animals, although the amount by which GM, CM, and sucrose intakes exceeded
that of cornstarch was not as pronounced as in sated rodents. That was due to the vigorous energy
deficit-driven consumption of cornstarch and a ‘ceiling effect’ that prevents ingestion of large amounts
of the solutions during the brief refeeding period. Importantly, GM and CM enrichment of laboratory
chow stimulated intake in both hungry and sated animals well above the level of standard pellets.
It indicates that both GM- and CM-derived palatability is a generalized phenomenon, not limited
to liquid milks, but extending to solid foods that contain milk powder. This is in concert with the
ability of other palatable tastants (including, but not limited to, fat, sucrose, and select amino acids) to
have a positive gustatory effect when presented as a component of both liquid and solid foods [34].
The fact that not only adolescent and adult animals, but also the aged ones, readily consume GM and
CM suggests that age-related decline in hedonic processing [22,35–37] does not completely abolish
a drive to eat milk-based diets. Instead, a slightly depressed intake of GM and CM at an old age
parallels that reported for sweet solutions, as shown here and by other authors [38–40]. This finding
is particularly relevant from the standpoint of being able to use palatable GM or CM as nutritionally
superior alternatives to, e.g., sucrose-sweetened tastants in aged individuals [23]. That adolescent
rodents also consume large quantities of both milk types indicates that prolonged dietary habituation
is not required to develop the liking of either GM or CM. In fact, the amounts of GM and CM ingested
by juveniles were as high as the volume of sucrose (readily consumed in large quantities by young
animals, e.g., see [41]) even though the individuals had had only two brief exposures to these solutions
prior to the experiment.

The single-tastant scenarios above strongly suggest a high acceptance level for both GM
and CM indicating they are palatable, but as these no-choice paradigms produced fairly similar
feeding responses, choice studies were needed to define relative preference for these two milk types.
Simultaneous 2-h exposure to two bottles containing GM and CM showed that adult and aged mice
and rats as well as adolescent rats exhibit a marked preference for GM (adolescent mice were the
only cohort in which GM and CM were iso-palatable). The preference for GM did not appear to
be related to whether the animals’ pre-exposure to the specific diets was simultaneous (such as in
adolescents and adults) or sequential (aged rodents). This finding was further expanded by employing
the 30-min lickometer analysis in adult rats. It showed approximately four times as many licks at
the bottle containing GM compared to CM during the first 5 min of the meal, and twice as many
licks at the GM bottle in the subsequent 5-min interval. Overall, the licking activity at both bottles
occurred within the same timeframe with neither milk type being ingested in a prolonged fashion.
It increases our confidence in that motivation to consume palatable GM rather than maintenance of
a meal (due to, e.g., delayed satiation [42]) is the main reason for avid intake of GM. The analysis
of the licking bouts provides additional support for this notion. The cluster number (total number
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of bouts) neared significance for GM, possibly reflecting the incentive motivational properties of the
food stimulus; importantly, the relationship of motivation and this measure reflects post-ingestive
negative feedback [43–47]. On the other hand, the average cluster length—significantly greater for the
GM formulation—typically parallels the hedonic properties (mainly, orosensory pleasure) of ingestive
stimuli (as reviewed, e.g., in [45]). In this case, it is the length of clusters that appears to be the main
driver for the preference for GM. A good example of the significance of licking bout length versus
number in the context of neural regulation of food intake comes from studies on the endogenous
opioid system. Ostlund et al. found that mu opioid receptor (MOR) knockout (KO) mice show
alterations in sucrose licking: while energy-deprived wild-type mice increased burst length, relative
to the nondeprived condition, this aspect of licking was insensitive to changes in food deprivation
in MOR KOs. The rate of sucrose and sucralose licking in KOs was lower than in wildtype animals,
providing evidence that the MOR was involved in processing palatability [48]. Mendez and colleagues
reported that proenkephalin (PENK) KOs given a sucrose solution exhibited fewer bouts of licking
(though the length did not differ) than wild type controls, indicating a diminished motivation to
eat [46]. Finally, studies on the involvement of nociceptin/orphanin FQ (NOC) revealed that NOC
administration initiates new bouts of licking for sweet solutions, which is in line with the notion of
its potential relationship to motivational aspects of feeding. Interestingly, energy-deprived NOP KO
mice given sucrose showed longer bouts of licking than wild types, suggesting that, under hungry
conditions, NOC may also affect hedonics of consumption [49].

The notion that satiety is not delayed by GM intake is supported by the experimental work
exploring satiating effects of a CM- versus GM-based meal in humans. In their study, Rubio-Martín
et al. presented healthy adults with GM-based or CM-based breakfast after an overnight fast and
obtained blood samples and appetite ratings from the subjects just before and up to 5 h after completion
of the meal. They found that that the ‘desire to eat’ rating was significantly lower and hunger rating
tended to be lower after the GM breakfast. Interestingly, the area under the curve (AUC) for a satiety
hormone GLP-1 was inversely associated with the AUChunger and AUCdesire-to-eat after the GM
meal [50].

The aforementioned data obtained in human observations combined with the current results of
our experiments in animal models suggest that even though composition differences between GM
and CM are relatively minor, they are sufficient to significantly affect appetite-related parameters.
It remains to be elucidated whether these effects are produced by a specific macronutrient component,
a combination of nutritive components, and/or some physico-chemical characteristics of each milk
type (e.g., micelle structures in GM vs. CM differ in diameter, hydration, and mineralization) [51].

The analysis of mRNA levels of feeding-related genes sheds more light on neural processing
underlying enhanced preference for GM over CM. One of the most striking outcomes is the fact
that, unlike in the NAcc, which showed an increase in multiple mRNA profiles after GM over CM,
there are relatively few significant differences in gene expression in the hypothalamus and brain
stem. Those two brain areas serve as the foundation for the control of energy homeostasis and
consumption-related changes in the internal milieu associated with plasma osmolality, stomach
distension, and defense from exposure to food-borne toxins [52]. In this network, the brain stem acts
as the relay station between the periphery and the central nervous system, whereas the hypothalamus
plays a endocrine role (by releasing, e.g., anorexigenic hormones, such as oxytocin (OXT) via the
neurohypophysis) and innervates a number of central target sites (it includes the reciprocal connectivity
with the brain stem, as well as multiple pathways with, among others, nigrostriatal and hippocampal
structures). It is noteworthy that, despite the same level of intake of GM and CM over the 24-h period,
the hypothalamic expression of NPY and orexin (ORX) was lower in the GM group. Both ORX and
NPY in the hypothalamus enhance consumption chiefly by increasing hunger and motivating intake
of energy-dense tastants [53,54]. Thus, these data suggest that enhanced preference for GM over CM
does not stem from the stimulation of neural mechanisms that lead to hunger-driven feeding. In line
with the aforementioned conclusion from feeding experiments that the increased preference for GM vs.
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CM in choice scenarios is unlikely to be related to suppressed satiety signaling, we found that the brain
stem expression of satiation promoting melanocortin receptors [55,56] is elevated after consumption of
GM (it remained the same in the hypothalamus). This change in the receptor mRNA level coupled with
the lack of a difference in the melanocortin ligand precursor gene expression (proopiomelanocortin,
POMC) as well as in the anorexigenic OXT gene [28,57] suggests the lack of impairment in central
satiety processing after GM (and, surprisingly, even a somewhat greater sensitivity of the molecular
network promoting satiety in response to GM consumption).

Interestingly, the hypothalamic genes whose expression was elevated by GM intake were those
encoding the MOR and kappa (KOR) opioid receptors (MOR and KOR brain stem and accumbal mRNA
levels were also higher, though the difference did not reach statistical significance). Furthermore,
in the NAcc, we found overexpression of genes coding for opioid-related NOC and this peptide’s
receptor, ORL1. Opioid receptors are directly implicated in the regulation of feeding for reward [14,42].
They are part of a dispersed network that includes the NAcc as one of the key sites mediating hedonic
aspects of eating behavior. They are also expressed throughout the ‘homeostatic’ components of the
feeding-related circuit [16], including the hypothalamus and brain stem, where they are theorized to
promote excessive consumption of palatable tastants by delaying meal termination. The magnitude
at which opioid receptor agonists, such as butorphanol tartrate, dynorphin and beta-endorphin,
stimulate consumption parallels the relative palatability of foods [14,58]. Conversely, opioid receptor
antagonists, e.g., naltrexone and naloxone, are particularly effective at reducing intake of tasty
ingestants [59]. Hence, higher expression of the MOR and KOR mRNA after GM is in line with
the observed preference for the GM over CM. Changes in expression of additional NAcc genes that
underscore the functional relationship between GM intake and reward processing include upregulation
of Cx36 mRNA, as Cx36 ensures proper synchrony of dopaminergic pathways [60], and of the growth
hormone secretagogue receptor (GHSR) mRNA, considering that the GHSR in the NAcc has been
found to mediate hedonics of ingestive behavior [61]. Again, as in the case of the hypothalamic
gene expression analysis, genes encoding molecules that promote satiety—such as OXT, melanocortin
receptor 4, and glucagon-like peptide-1 receptor [62]—were upregulated after GM, which points to
the heightened reward processing rather than impaired satiation as the factor propelling preference
toward GM over CM.

5. Conclusions

We conclude that, in laboratory animal models, GM and CM are highly palatable when presented
as liquids and as components of solid diets. Diet choice paradigms reveal preference for GM over CM
in mice and rats belonging to different age groups. Feeding studies and analyses of gene expression in
the feeding-relevant brain circuit point to feeding reward as the main factor underlying preference for
GM. While the current studies draw on the laboratory animal experimental approaches, they have a
translational impact relevant to our understanding of the consequences of GM consumption in humans.
This outcome is particularly important as, globally, likely more people drink GM than CM. GM owes
its popularity to the fact that goats can thrive in diverse and changing environmental conditions,
and that GM-based products are regarded as a gourmet food and health benefits of consuming GM
have been defined [13]. Here we show that acceptance of GM is high and that GM is even slightly
preferred over CM. Therefore, GM can be considered as both a nutritious and palatable choice for
individuals at various age groups that incorporate milk in their diets.
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Abstract: Tryptophan-tyrosine (WY)-related peptides including theβ-lactopeptide of the glycine-threonine-
tryptophan-tyrosine peptide, β-lactolin, improve spatial memory. However, whether and how the
WY dipeptide as the core sequence in WY-related peptides improves memory functions has not
been investigated. This study assessed the pharmacological effects of the WY dipeptide on memory
impairment to elucidate the mechanisms. Here, we showed that oral administration of dipeptides of WY,
tryptophan-methionine (WM), tryptophan-valine, tryptophan-leucine, and tryptophan-phenylalanine
improved spontaneous alternation of the Y-maze test in scopolamine-induced amnesic mice. In contrast,
tyrosine-tryptophan, methionine-tryptophan, tryptophan, tyrosine, and methionine had no effect.
These results indicated that the conformation of dipeptides with N-terminal tryptophan is required
for their memory improving effects. WY dipeptide inhibited the monoamine oxidase B activity in vitro and
increased dopamine levels in the hippocampus and frontal cortex, whereas tryptophan did not cause
these effects. In addition, the treatment with SCH-23390, a dopamine D1-like receptor antagonist, and the
knockdown of the hippocampal dopamine D1 receptor partially attenuated the memory improvement
induced by the WY dipeptide. Importantly, WY dipeptide improved the spontaneous alternations of the
Y-maze test in aged mice. These results suggest that the WY dipeptide restores memory impairments by
augmenting dopaminergic activity. The development of supplements rich in these peptides might help to
prevent age-related cognitive decline.

Keywords: dipeptide; dopamine; hippocampus; memory; monoamine oxidase B

1. Introduction

The rapid growth of aging populations worldwide is associated with an increased incidence
of cognitive decline and dementia that become a growing burden not only on patients and their
families but also on national healthcare systems. Due to the lack of effective dementia therapies,
increasing attention is given to preventive approaches. Recent epidemiological studies suggest that
the consumption of certain dairy products reduces the risk of cognitive decline in the elderly and may
prevent Alzheimer’s disease [1].

Crichton et al. [2] reported that individuals who consumed low-fat dairy products, including
yogurt and cheese, once a week had a higher cognitive function than those who did not. A survey-based
study of self-reported health information showed that the consumption of low-fat dairy products
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was associated with increased memory recall, increased social functioning, and decreased stress [3,4].
Ozawa et al. [3,4] surveyed more than 1000 Japanese subjects who were living in the community,
aged 60–79 years, and free from dementia to investigate their dietary patterns and any potential
association with a reduced risk of dementia symptoms. The authors concluded that including milk or
fermented dairy products in the diet reduces the risk of dementia in the general Japanese population.
In a clinical trial, Ogata et al. [5] investigated the association between the intake of dairy products and
short-term memory and found that the intake of dairy products is highly associated with improved
short-term memory. It has also been demonstrated that the intake of dairy products fermented with
Penicillium candidum, i.e., Camembert cheese, had preventive effects on Alzheimer’s disease pathology
in a mouse model [6].

We have previously identified tryptophan-tyrosine (WY)-related peptides, including the
β-lactopeptide of glycine-threonine-tryptophan-tyrosine (GTWY) peptide, β-lactolin, derived from
β-lactoglobulin in an enzymatic whey protein digest [7]. The β-lactolin was smoothly absorbed
into the body and delivered to the brain where it was associated with a dopamine level increase,
resulting in improved spatial and object memory [7]. In addition, we demonstrated that whey peptides
rich in WY-related peptides improved memory and attention in a clinical trial [8]. These reports
suggested that WY-related peptides improve cognitive function. However, whether and how the
WY dipeptide, the core sequence of WY-related peptides, improves cognitive function has not been
investigated. The gap in our knowledge about the pharmacological effects of the WY dipeptide on
memory impairment hinders the assessment of the underlying mechanism of the effect of whey peptide
preparations rich in WY-related peptides on cognitive performance in clinical trials.

In the present study, we examined the effects of tryptophan-containing dipeptides, including the
WY dipeptide, on memory impairment and their mechanisms.

2. Materials and Methods

2.1. Materials

The dipeptides WY, tyrosine-tryptophan (YW), tryptophan-methionine (WM), methionine-tryptophan
(MW), tryptophan-valine (WV), tryptophan-leucine (WL), and tryptophan-phenylalanine (WF) (purity
> 98%) were purchased from NARD Chemicals, Ltd. (Amagasaki, Japan). Tryptophan, tyrosine,
(−)-scopolamine hydrobromide trihydrate, and R(+)-SCH-23390 hydrochloride were purchased from
Sigma Aldrich Co. (St. Louis, MO, USA).

2.2. Animals

Crl:CD1 (ICR) male mice, 6 weeks old, and C57BL/6J male mice, 7 months and 22 months old (Charles
River Japan, Tokyo, Japan), were maintained at Kirin Company Ltd. Mice were maintained at room
temperature (23 ± 1 ◦C) under a constant 12-h light/dark cycle (light period from 8:00 am to 8:00 pm)
and were fed a standard rodent diet (CE-2 (Clea Japan, Tokyo, Japan)). Behavioral pharmacological tests
were performed in a sound-isolated room with the same temperature and light/dark cycles. All efforts
were made to minimize suffering. For euthanasia, mice were placed into a chamber filled with vapor of
isoflurane (Wako, Osaka, Japan). All experiments were approved by the Animal Experiment Committee of
Kirin Company Ltd and conducted in strict accordance with their guidelines in 2016.

2.3. Spontaneous Alteration Test

A spontaneous alternation test was conducted in accordance with our previous report [7]. The Y-maze
is a three-arm maze with equal angles between all arms (25 cm long × 5 cm wide × 20 cm high). The maze
walls were constructed from dark black, polyvinyl plastic. Each mouse was initially placed in one arm,
and the sequence and number of arm entries were counted for 8 minutes. The alternation score (%) for
each mouse was defined as the ratio of the actual number of alternations to the possible number (defined
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as the total number of arm entries minus two) multiplied by 100 as follows: % Alternation = ((Number of
alternations) / (Total arm entries − 2)) × 100.

To evaluate the effects of the samples on scopolamine-induced memory impairment, 6-week-old
Crl:CD1 male mice were orally administered distilled water with or without peptides to be tested 1 h
before evaluation. Forty minutes after the oral administration, memory impairment was induced by the
intraperitoneal administration of 0.85 mg/kg scopolamine dissolved in saline. One hour after the oral
administration, mice were subjected to the Y-maze test. In some experiments, mice were administered
0.85 mg/kg scopolamine and 0.05 mg/kg SCH-23390 (dopamine D1 antagonist) intraperitoneally at
40 min after the oral administration of 0 or 1 mg/kg WY peptide and subjected to the Y-maze test at
1 h after the oral administration. There were 10 mice per group.

In other experiments, C57BL/6J mice were orally administered a daily dose of 0 or 1 mg/kg WY
peptide for 14 days. One hour after the last administration, mice were subjected to a Y-maze trial.

2.4. Monoamine Analysis

To evaluate the levels of dopamine and its metabolites (DOPAC and HVA) in the brain, tissue was
homogenized in 0.2 M perchloric acid (PCA, Wako, Tokyo, Japan) containing 100 μM EDTA·2Na
(Sigma-Aldrich, St. Louis, MO, USA). After centrifugation, the supernatant was analyzed by
high-performance liquid chromatography (HPLC) using an EICOMPAK SC-5ODS column and
PREPAK column (Eicom, Kyoto, Japan) with an electrochemical detection (ECD) unit. The mobile
phase consisted of 83% 0.1 M acetic acid in citric acid buffer (pH 3.5), 17% methanol (Wako), 190 mg/ml
of sodium 1-octanesulfonate sodium (Wako), and 5 mg/mL EDTA·2Na. For ECD, the applied voltage
was 750 mV vs. an Ag/AgCl reference electrode.

2.5. Monoamine Oxidase (MAO) Activity Assay

MAO-B activity was measured using the MAO assay kit (Cell Biolabs, San Diego, CA, USA)
according to the manufacturer’s instructions. Human MAO-B (50 μg/mL; Sigma-Aldrich) was
incubated with 1 mM WY dipeptide or 1 mM tryptophan for 30 min. The substrates for MAO-B
were added and the amount of hydrogen peroxide in the reaction was measured.

2.6. Injection of Adeno-Associated Viruses (AAV) to the Hippocampus

The adeno-associated virus (AAV) injection method used to knock down the dopamine D1 receptor
and the following behavioral evaluation were performed as described in our previous study [9,10]. The AAV
construct that expresses artificial microRNA (miRNA) targeting the dopamine D1 receptor with an emerald
green fluorescent protein (EmGFP) under the control of the elongation factor (EF)1α promoter only in the
presence of Cre recombinase (AAV10-EF1α-double-floxed inverted (DIO)-EmGFP-D1miRNA), an AAV
construct that expresses control miRNA in the same arrangement (AAV10-EF1α-DIO-EmGFP-control),
and an AAV construct that expresses Cre recombinase under the CMV promoter (AAV10-CMV-Cre) were
produced as previously described [9]. After anesthetized with sodium pentobarbital, 8-week-old Crl:CD1
male mice were injected with 0.5 μL of the AAV solution (1.0 × 1012 genomics copies/mL) per site,
applied at two sites in the hippocampal regions of both hemispheres (four sites per mouse; from bregma:
posterior, −3.5 mm; lateral, ± 3 mm; ventral, −3.8 mm and −1.8 mm) according to the atlas of Paxinos and
Franklin [11] and using a PV-830 Pneumatic PicoPump (World Precision Instruments, Sarasota, FL, USA).
Mice were allowed to recover for 4 weeks and then used for the Y-maze test.

2.7. Statistical Analysis

All values are expressed as means ± standard error of the mean (SEM). Data was analyzed by
one-way analysis of variance (ANOVA), followed by Tukey–Kramer test, Dunnett’s test, or Student’s
t-test as described in the figure legends. All statistical analyses were performed using the
Ekuseru–Toukei 2012 software program (Social Survey Research Information, Tokyo, Japan). A p-value
< 0.05 was considered statistically significant.
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3. Results

3.1. Tryptophan-Containing Dipeptides Improved Memory Impairment in Amnesic Mice

To evaluate the effects of the WY, WM, WV, WL, and WF dipeptides, which are known to be
derived from milk proteins, on spatial memory, amnesia was induced by treatment with scopolamine,
a muscarinic antagonist, according to a previous study [7]. The spontaneous alternation test using
the Y-maze is well-established as a behavioral evaluation method for examining short-term spatial
memory performance. A single dose of 1 mg/kg WY, WM, WV, WL, or WF dipeptide significantly
increased the spontaneous alternation (Figure 1A–E, respectively). Further, the administration of
0.3 mg/kg WY or WM dipeptide already increased the alternation, which showed higher improvement
than that of WV, WL, or WF (Figure 1A and B). The number of arm entries was not changed among the
groups (data not shown). These results indicated that the administration of certain dipeptides with
N-terminal tryptophan improved short-term spatial memory in amnestic mice.

Figure 1. The effects of dipeptides (A) WY, (B) WM, (C) WV, (D) WL, and (E) WF on spatial memory
in amnesic mice. Six-week-old Crl:CD1 male mice were orally administered 0, 0.3, or 1 mg/kg of
dipeptide (WV, WM, WV, WL, and WF) and, 40 min later, injected intraperitoneally with 0.85 mg/kg of
scopolamine. At 1 h after oral administration, each mouse was allowed to explore the Y-maze for 8 min.
Spontaneous alternations were also measured. Data represent the mean ± SEM of 10 mice per group.
The p values shown were calculated using the Dunnett’s test. *p < 0.05 and **p < 0.01.

3.2. Dipeptides Containing Tryptophan at the N-Terminus But Not at the C-Terminus Improved Memory Impairment

Next, to evaluate the effect of the tryptophan position within the dipeptides, we assessed the
effect of tryptophan, tyrosine, and the dipeptides WY and YW on spatial memory in the spontaneous
alternation test. A single administration of 1 mg/kg WY dipeptide, but not tryptophan, tyrosine,
or YW dipeptide, increased the spontaneous alternation (Figure 2A). We also tested the effect of
tryptophan, methionine, and the dipeptides WM and MW on spatial memory. A single administration
of 1 mg/kg WM peptide, but not tryptophan, methionine, or MW dipeptide, also increased the
alternation (Figure 2B). These results suggested that the conformation of dipeptides with an N-terminal
tryptophan is required to improve the spatial memory in amnestic mice.
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Figure 2. The effects of the dipeptides and single amino acids of (A) WY and (B) WM on spatial memory
in amnesic mice. Six-week-old Crl:CD1 male mice were orally administered 0 or 1 mg/kg of dipeptide
or single amino acid (WY, YW, WM, MW, tryptophan (W), tyrosine (Y), and methionine (M)) and,
40 min later, injected intraperitoneally with 0.85 mg/kg of scopolamine. At 1 h after oral administration,
each mouse was allowed to explore the Y-maze for 8 min. Spontaneous alternations were also measured.
Data represent the mean ± SEM of 10 mice per group. The p values shown were calculated using the
Dunnett’s test. * p < 0.05.

3.3. WY Peptide Increased Dopamine Levels in the Hippocampus and Frontal Cortex

Because we previously reported that the GTWY peptide inhibits MAO-B activity in vitro and
in vivo and increases dopamine contents in the frontal cortex and hippocampus, we further evaluated
the effect of the WY dipeptide on the catecholamine levels in the hippocampus and frontal cortex.
In both the hippocampus and frontal cortex, a single administration of the WY dipeptide significantly
increased the level of dopamine (Figure 3A–F). The levels of DOPAC and HVA appear to be slightly
increased, though not statistically significant. Thus, the administration of WY dipeptide increased the
level of dopamine in the brain without affecting the levels of its metabolites.

Figure 3. The levels of dopamine and its metabolites in the hippocampus and frontal cortex.
Six-week-old Crl:CD1 male mice were orally administered 0 or 1 mg/kg of WY dipeptide. At 1 h
after oral administration, the following monoamine levels were measured in the hippocampus (A–C)
and frontal cortex (D–F) by HPLC: dopamine (DA) (A, D), 3,4-dihydroxyphenylacetic acid (DOPAC)
(B, E), and homovanillic acid (HVA) (C, F). Data represent the mean ± SEM of 10 mice per group.
The p values shown were calculated using the Student’s t-test. * p < 0.05.
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3.4. WY Peptide Inhibited the Activity of MAO

We evaluated the effect of WY dipeptide and tryptophan on MAO-B activity. Tyrosine and YW
dipeptide were not tested in this assay because the compounds could not be dissolved in the assay
buffer. Treatment with 1 mM WY dipeptide decreased MAO-B activity by 48 ± 1.95% compared to that
of the control treatment. By contrast, treatment with 1 mM tryptophan did not inhibit MAO-B activity
(Figure 4A). These results suggested that the WY dipeptide increased the dopamine content in the
hippocampus by inhibiting MAO-B activity and that its chemical structure (Figure 4B) was important
to inhibit the MAO-B activity.

Figure 4. The inhibition of monoamine oxidase by the WY dipeptide and tryptophan and the chemical
structure of the WY dipeptide. (A) The activity of monoamine oxidase B (MAO-B) was tested in the
presence of 1 mM WY dipeptide or tryptophan (W). Data represent the mean ± SEM of triplicate per
sample. The p values shown were calculated using the Dunnett’s test. ** p < 0.01. (B) The chemical
structure of the WY dipeptide.

3.5. Inhibition of the Dopamine D1 Receptor Attenuated the WY-Induced Memory Improvement

To investigate the link between dopamine and the memory-improving effect of the WY
dipeptide, we examined the effect of SCH-23390, a dopamine D1-like receptor antagonist on
the WY-dipeptide-induced memory improvement. Whereas WY-dipeptide increased spontaneous
alteration in scopolamine-induced amnestic mice with prior treatment with saline (control group),
SCH-23390 treatment abolished the memory improvement induced by the WY dipeptide (Figure 5A).
These results indicated that the dopamine D1-like receptor was involved in the improvement of spatial
memory induced by the WY dipeptide.

To further determine the involvement of the dopamine D1 receptor in the memory-improving
effect of the WY dipeptide, the mRNA expression of the dopamine D1 receptor was knocked
down in hippocampal neurons using the AAV system expressing artificial miRNA targeting this
receptor according to our previous study [10]. While the WY dipeptide administration increased
the spontaneous alternation in amnestic mice expressing control miRNA, this memory improvement
was not significant with the dopamine D1 receptor knockdown in hippocampal neurons (Figure 5B).
These results suggested that the dopamine D1 receptor in the hippocampus is involved in the memory
improvement caused by the WY dipeptide at least in part.
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Figure 5. The dopamine receptor is involved in memory improvement linked to the WY dipeptide.
(A) Six-week-old Crl:CD1 male mice were orally administered 0 or 1 mg/kg of WY dipeptide and,
40 min later, intraperitoneally injected with 0.85 mg/kg of scopolamine alone or scopolamine plus
0.05 mg/kg of SCH-23390. At 1 h after oral administration of the peptide, mice were allowed to explore
the Y-maze for 8 min. Data represent the mean ± SEM of 10 mice per group. (B) Eight-week-old
Crl:CD1 male mice were administered either a control microRNA or dopamine D1 receptor microRNA
containing AAV, which suppresses the dopamine D1 receptor, to the hippocampus. Mice were
orally administered 0 or 1 mg/kg of WY dipeptide and, 40 min later, intraperitoneally injected with
0.85 mg/kg of scopolamine. At 1 h after oral administration of the peptide, mice were allowed to
explore the Y-maze for 8 min. Data represent the mean ± SEM of 7–8 mice per group. The p values
were calculated using one-way ANOVA followed by the Tukey–Kramer test. ** p < 0.01 and * p < 0.05.

3.6. WY Peptide Improved Age-Related Memory Impairment

Our results showed that the WY dipeptide restored pharmacologically-induced memory
impairment in mice. Therefore, we further examined whether the WY dipeptide would have a similar
effect on memory impairment in aged mice. Aged (22 months) and young (7 months) C57BL/6J mice
were orally administered WY dipeptide, and their performance in the spontaneous alternation test was
evaluated. The proportion of spontaneous alternation was reduced in aged mice, compared with young
mice, indicating age-related memory impairment. The administration of the WY dipeptide increased
the proportion of spontaneous alteration in aged mice (Figure 6), indicating that WY dipeptide also
restored memory impairment in aged mice.

Figure 6. The effects of the WY peptide on aged mice: 7- and 22-month-old C57BL/6 mice were orally
administered a daily dose 1 mg/kg of WY dipeptide for 14 days. At 1 h after oral administration
of the peptide, mice were allowed to explore the Y-maze for 8 min. Data represent the mean ±
SEM of 8–10 mice per group. The p values were calculated using one-way ANOVA followed by the
Tukey–Kramer test. * p < 0.05 and ** p < 0.01.
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4. Discussion

Epidemiological studies have reported that the consumption of fermented dairy products is
beneficial for the prevention of cognitive decline in the elderly [1]. Our previous study demonstrated
that WY-related peptides derived from enzymatic whey protein digests, such as the GTWY peptide
β-lactolin, improve memory impairment in mice with pharmacologically-induced amnesia [7].
However, the underlying mechanism of the effects of the WY dipeptide core included in WY-related
peptides on memory improvement is not well-understood. In the present study, we demonstrated
that dipeptides with an N-terminal tryptophan, such as WY, WM, WV, WL, and WF improved
memory impairment in scopolamine-induced amnesic mice. Especially, the WY dipeptide increased
the dopamine levels in the hippocampus and frontal cortex, and the WY-induced memory improvement
was attenuated by the blockade of the dopamine D1 receptor. Moreover, the WY dipeptide improved
spatial memory impairment in aged mice. These results suggested that orally administered WY
dipeptide improved spatial memory impairments in pharmacologically-induced amnestic mice and
aged mice via modulating the dopamine system.

We showed that the WY dipeptide inhibited MAO-B activity and increased dopamine
levels in the hippocampus and frontal cortex and improved spatial memory impairment in
pharmacologically-induced amnestic mice and aged mice. Previous reports have indicated that
dopamine is involved in hippocampus-dependent memory functions [12,13]. The dopamine neuronal
network is related to an age-related decline in cognitive performance and executive function, and the
dopamine precursor levodopa has been shown to improve the task-based learning rate and task
performance in the elderly [14]. It has also been reported that MAO-B inhibitors improve cognitive
function in rodents [15–17]. MAO-B is an enzyme for dopamine metabolism and thus decreases
dopamine levels in the brain [18]. Therefore, MAO-B inhibitors have been used as drugs to induce
dopamine levels [19]. It is suggested that some MAO-B inhibitors have a potential as therapeutic or
preventive treatment for dementia including Alzheimer’s disease [20,21]. We also showed that the
administration of WY dipeptide increased total dopamine levels in the hippocampus and frontal cortex.
These results suggest that WY dipeptide increase dopamine levels in the brain by inhibiting MAO-B
activity. Those findings suggest that the WY dipeptide exerts its beneficial effect on the prevention of
age-related cognitive decline by increasing dopaminergic activity in the brain.

In addition, we showed that dopamine D1 receptor is involved in the spatial memory
improvement induced by the WY dipeptide. Dopamine exerts its functions via multiple receptor
subtypes, D1-like (D1 and D5) and D2-like (D2, D3, and D4) receptors. In the present study,
the treatment with D1-like receptor antagonist, SCH-23390 attenuated the improvement caused by
the WY dipeptide in scopolamine-induced amnesic mice. It has been reported that activation of
dopamine D1-like receptors enhances hippocampus-dependent memory functions [22–25]. Because the
hippocampus is crucial for spatial memory as measured by the Y-maze test [26], we examined
the involvement of the dopamine D1 receptor in the hippocampus in WY-dipeptide-induced
memory improvement. Dopamine D1-like receptors are expressed in many brain areas including
the hippocampus, but due to the lack of selective pharmacological drugs, most studies failed to
discriminate dopamine receptor subtypes. Recently, the brain-region-specific knockdown of the
dopamine D1 receptor subtype was achieved by injecting AAV vectors that express recombinant
miRNA targeting this dopamine receptor subtype [9]. This technique made it possible to further
examine a potential link between the spatial memory improvement by the WY dipeptide and the
dopamine D1 receptors in the hippocampus. Dopamine D1 receptor knockdown in the hippocampus
attenuated the improvement by the WY peptide, but it was a partial reduction. These data suggested
that the dopamine D1 receptor in the hippocampus is involved in the WY-dipeptide-induced memory
improvement for spatial information measured in the Y-maze test at least in part. The reason why the
effect of the D1 receptor knockdown was partial remains unclear. It could be due to the partial
knockdown of the dopamine D1 receptor in the hippocampus. This finding is consistent with
previous reports suggesting that D1 receptor stimulation in the hippocampus augments spatial memory.
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Alternatively, dopamine in the frontal cortex could be involved in the WY-dipeptide-induced memory
improvement, since the WY dipeptide increased the dopamine levels in frontal cortex as well.

In the present study, we compared the effects of several dipeptides containing tryptophan and
tryptophan as a single amino acid. We found that the administration of a single dose of dipeptides with
an N-terminal tryptophan, WY, WM, WV, WL, and WF improved spatial memory in mice, whereas YW
and MW dipeptides did not have this effect. These findings suggest that the dipeptide conformation
with an N-terminal tryptophan is crucial for effectively improving the memory impairment after oral
administration. It has been shown that dipeptides with an N-terminal tryptophan have a high affinity
to peptide transporters, and among the dipeptide library, the WY dipeptide is one of the dipeptides
with the highest affinities [27]. Thus, the conformation of dipeptides with an N-terminal tryptophan
could be necessary for transporter-mediated absorption from the gut and delivery to the brain. On the
other hand, based on our finding that the WY dipeptide, but not tryptophan as a single amino acid,
inhibited MAO-B activity in vitro, the dipeptide conformation with an N-terminal tryptophan could
be crucial for enhancing dopaminergic activity. Note that these two possibilities are not mutually
exclusive but rather synergetic for the memory improving effect of the WY dipeptide.

5. Conclusions

In summary, the present study showed that the WY dipeptide improves pharmacologically-
induced and age-related memory impairment in mice. Effective intake of the WY dipeptide and other
dipeptides with N-terminal tryptophan via supplements or nutraceutical foods including certain whey
peptide preparations might be beneficial for improving cognitive function in older age.
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Abstract: The latest research cumulates staggering information about the correlation between the
microbiota-gut-brain axis and neurodevelopmental disorders. This review aims to shed light on the
potential influence of the microbiome on the development of the most prevalent neurodevelopmental
disease, attention-deficit-hyperactive disorder (ADHD). As the etiology and pathophysiology of
ADHD are still unclear, finding viable biomarkers and effective treatment still represent a challenge.
Therefore, we focused on factors that have been associated with a higher risk of developing ADHD,
while simultaneously influencing the microbial composition. We reviewed the effect of a differing
microbial makeup on neurotransmitter concentrations important in the pathophysiology of ADHD.
Additionally, we deduced factors that correlate with a high prevalence of ADHD, while simultaneously
affecting the gut microbiome, such as emergency c-sections, and premature birth as the former leads to
a decrease of the gut microbial diversity and the latter causes neuroprotective Lactobacillus levels to be
reduced. Also, we assessed nutritional influences, such as breastfeeding, ingestion of short-chain fatty
acids (SCFAs) and polyunsaturated fatty acids (PUFAs) on the host′s microbiome and development
of ADHD. Finally, we discussed the potential significance of Bifidobacterium as a biomarker for
ADHD, the importance of preventing premature birth as prophylaxis and nutrition as a prospective
therapeutic measurement against ADHD.

Keywords: microbiome; microbiota-gut-brain axis; ADHD; attention-deficit-hyperactive-disorder

1. Introduction

The microbiota-gut-brain axis is a bidirectional communication pathway between the microbiota,
gut and central nervous system (CNS). It has been estimated that over 1014 microorganisms, which
include bacteria, archaea, and eukaryota, reside in the gastrointestinal tract (GI-tract) [1]. According to
the latest study, this results in an approximately equal number of microbial compared to human cells
in an individual [2]. The microorganisms residing in the GI-tract play an important role in protecting
humans from potential GI pathogens [3], and also exert neuroactive properties which explains why
this ecosystem does not only influence the gut, but also the brain. Research shows the great importance
of a healthy microbial composition in the gut at an early stage in life (2–3 years of age), a period
also characterized by intense neurodevelopment in humans. Several reports conclude that early gut
dysbiosis can influence the neurodevelopment in the short run and may also lead to mental health
issues later in life [4,5].

Research highlights this risk, as gut dysbiosis in child or adulthood has not only been associated
with various diseases, such as irritable bowel syndrome [6] or obesity [7], but also with psychiatric
disorders as, for example, depression [8], Parkinson′s disease (PD) [9], schizophrenia [10], autism
spectrum disorder (AS) [11], and lastly, attention-deficite-hyperactive-disorder (ADHD) [12].

ADHD is an early onset neurodevelopmental disease that, according to the fifth edition of
Diagnostic and Statistical Manual (DSM-V), can be characterized into different representations:
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Hyperactivity and/or impulsivity, inattentiveness or all combined [13]. The worldwide prevalence of
ADHD in children under the age of 18 ranges from 5.3% [14] to 7.2% [15], making it the most frequent
neurobehavioral diagnosis in children. Interestingly, varying prevalence levels are reported in different
geographies, which are primarily due to different characteristics of methods employed for ADHD
diagnosis rather than geographic variations [14]. Nonetheless, 30–60% of the children continue to
show symptoms into adulthood and thus, 1–6% of the population develop adult ADHD [16]. This is
predominantly represented by the inattentive type [17].

This literature review attempts to identify and discuss factors that may influence the microbiome,
and thus, could be associated with the development or progression of ADHD. Thereby we concentrate
solely on the influence of bacteria rather than archaea and eukaryota. Furthermore, we evaluate the
biochemical changes in ADHD patients and to what extent these can be related to microbial alterations
in the gut. Finally, we reconfirm known biomarkers and deduce possible new ones for the diagnosis of
ADHD and conclude what factors worsen or alleviate the development and progression of ADHD as
this might lead to potential intervention methods of the neurodevelopmental disorder.

2. Materials and Methods

The key research question of this literature review is: What factors may influence the microbiome
and could be associated with the development and/or progression of ADHD? The databases Pubmed and
Scopus were searched until the 1 July 2019 with the following MeSH and search terms: “Microbiome”,
“microbiota”, “gut-brain axis”, “microbiota-gut-brain-axis”, “ADHD”. Most of the research papers
included in this review were published between 2010 and 2019.

As our primary focus was on bacteria, we excluded studies that concentrated on archaea and
eukaryota. The incorporated studies had to fulfill all of the following inclusion criteria:

• Articles were directly related to the topic;
• ADHD patients were diagnosed by a medical expert;
• Publication in a peer-reviewed journal;
• Availability of the full-text publication;
• Studies were written in English.

A total of 208 citations were included in this article.

3. Evidence Linking Microbiota to ADHD

3.1. Microbiome

The influence of the microbiome on the ADHD pathophysiology is being intensively researched.
The microbiota consists of the different microorganisms [18], and the microbiome describes the entire
genome of the microbiota [18]. The primary functions of the microbiota include: (i) Protecting
the host organism against pathogens by increasing the mucine production, and thus, stabilizing
the gut-blood barrier; (ii) support of the immune system [19]; (iii) the production of vitamins [20];
and (iv) short-chain fatty acids (SCFAs), whereby the latter are products of microbial catabolism of
indigestible carbohydrates [21]. Throughout the GI-tract, the composition and density of microbes
changes, increasing from 102 cells per gram of content in the stomach to 108 cells per gram in the
cecum [22]. Additionally, up to 1000 different bacterial species have been found to inhabit the GI-tract of
humans [23]. Thereby the composition in species of the microbiome can be influenced by genetics [24],
geography [25], disease, medication [26], and age [27].

The GI-microbiota goes through a physiological change from its prenatal period until the age of
three [27]. For a long time, it has been thought that the intrauterine environment is sterile and that
the first bacterial colonization of the newborn happens during delivery [28]. However, numerous
studies have shown that bacteria exist in the placenta, amniotic fluid [29–31], and meconium [32]
indicating that the unique microbial composition in utero may already influence the development of the

124



Nutrients 2019, 11, 2805

microbiome of the fetus before birth. Research demonstrates that the microbiome of the placenta is low
in richness and diversity and is predominantly colonized by the phyla Proteobacteria and Bacteroidetes.
The former is mostly represented by the spp. Escherichia coli and Neisseria lactamica, while Bacteroidetes
is dominated by Bacteroides spp. [31]. Other important phyla include Firmicutes, Fusobacteria and
Tenericutes [31], whereby the latter includes genera, such as Mycoplasma and Ureaplasma [33].

The colonization of the gut in the postnatal period is sensitive to environmental factors.
Nonetheless, the normal composition of the microbiome in a newborn is low in diversity and
shows dominance in Proteobacteria and Actinobacteria [34]. More specifically, Proteobacteria shows its
peak at birth, whereas Actinobacteria increases and dominates at the age of four months [35]. At this
point, Proteobacteria is still mostly represented by Escherichia coli and Actinobacteria by the genus
Bifidobacterium longum [35]. As seen in Figure 1, at the age of three and onwards, the microbiome
stabilizes to four major phyla: Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria, which
normally cover more than 90% of the total bacterial population in a human body [36].

Placenta 
microbiome:
Proteobacteria
Firmicutes
Fusobacteria
Tenericutes

Age 0-3:

Proteobacteria
Actinobacteria

>3 years:

Proteobacteria
Actinobacteria
Firmicutes
Bacteroidetes

Figure 1. The most prevalent bacterial phyla in utero and in the GI-tract of humans. This figure
represents the dynamic and development of the composition of the microbiome from fetuses in utero
until the age of three years, at which point the microbiome gains its stability and consists of mostly four
phyla: Proteobacteria, Actinobacteria, Firmicutes, and Bacteroides.

3.2. Gut-Brain Axis

The gut-brain axis describes the bidirectional communication between the microbes, enteric
nervous system and the CNS [37]. So far, there are three known means of communication between
these compartments: Neural, immune, and endocrine [4,38].

The neural pathway describes the hypothalamic-pituitary-adrenal axis (HPA axis), which is the
most important efferent stress pathway. It is of great importance to understand to what extent the
HPA axis plays a role in the pathogenesis of ADHD, as it influences pathways in the body that are
often deviating in ADHD patients [39,40] as for example: Circadian rhythm [41], sleep [42], and
emotions [43]. The stimulation of the HPA axis by stress or pro-inflammatory cytokines results in a
release of corticotropin-releasing factor (CRF) from the hypothalamus, as well as adrenocorticotropic
hormone (ACTH) from the pituitary gland, finally resulting in the secretion of cortisol from the
suprarenal (adrenal) glands [38].

One study using 69 healthy children and 123 children with ADHD observed an increase in
salivatory cortisol in ADHD patients after waking up in the morning [44]. The effect of stressors was
studied in one paper showing that after being exposed to stress children with ADHD of combined type
(high levels of hyperactivity and impulsivity) have decreased salivary cortisol levels in comparison to
other ADHD patients [45]. In contrast, adult ADHD patients with an inattentive type showed higher
levels of cortisol in comparison to the combined types, which showed normal levels of cortisol [46].
Finally, Lackschewitz et al. discovered that adults with ADHD who undergo a stress-inducing exam
show a trend towards reduced cortisol levels [47]. These reports portray the association between
altered cortisol levels and different types of ADHD. However, the heterogeneity of the results can be
explained by various stressors on a differing target group all acting as confounders. Thus, only future
studies using the same stressor, examining similar and large patient groups will allow drawing further
reliable conclusions.
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The neuroimmune communication pathway describes how intestinal microbes influence the
function and maturation of immune cells in the CNS, whereby microglia cells play an important
role [48]. These cells are activated, as well as produced, by pro-inflammatory cytokines, and are
important regulators for autoimmunity, neuroinflammation, and neurogenesis [49]. Germ-free (GF)
mice showed defects in microglia activation, which in turn lead to a deficient innate immune response
when exposed to pathogenic bacteria [50]. The same study showed the immense effect the microbiome
has on microglial cells, as introducing microbiota into GF mice resulted in restored microglial functions.
Reversely, eradicating various bacteria in specific pathogen-free (SPF) mice resulted in microglial cells
maturing less rapidly [50]. As neuroinflammation plays an important part in the pathophysiology of
ADHD, the proper activation and maturation of microglia in ADHD patients have to be thoroughly
investigated in order to determine if it has a pathogenic influence.

The enteric nervous system communicates with the brain mainly through the parasympathetic
vagus nerve [51], and partially though the sympathetic spinal cord pathway [52]. Furthermore, the
vagus nerve predominantly consists of afferent nerve fibers with a ratio of 9:1 to efferent fibers [53].
Even though a definite conclusion cannot be made, various studies have demonstrated that the
autonomic nervous system of ADHD patients shows alterations. A study testing 19 children with
ADHD showed that the patients had an underactive parasympathetic and an overactive sympathetic
nervous system [54]. Another study comparing 32 ADHD patients to 34 healthy controls registered
under-aroused parasympathetic nervous systems, while the sympathetic part did not show any
difference between the groups [55].

It has become clear that all three ways of communication between the microbiome, gut, and
CNS could play an important role in the pathophysiology of ADHD. The neural communication over
the HPA axis shows abnormalities in ADHD patients. Additionally, studies detected that microbes
influence the function of pro-inflammatory microglia, a key finding, as neuroinflammation in ADHD
patients is commonly found. Finally, the autonomic nervous system shows aberrations as the main
research results show an under-arousal of the parasympathetic nervous system.

3.3. Etiology of ADHD and the Genetic and Environmental Influences

As the exact pathophysiology of ADHD is still unclear, its causes are still being researched.
Nevertheless, it has been established that there is an interplay between genes and the environment
resulting in a complex etiology. Genetic predisposition plays an important part in the pathophysiology
of ADHD as children from parents that have been diagnosed with ADHD have a 50% higher chance to
be diagnosed with the same disorder [56]. Similarly, twin studies have shown a high heritability, as
especially for inattentive and combined types an inheritance of 71–90% could be discovered [56,57]. On
the other hand, one study showed, that 20–30% of the risk of developing ADHD is due to environmental
factors [58]. These include perinatal maternal smoking, stress, mineral and micronutrient deficiencies
and premature birth [59]. Additionally, research showed that 10–40% of the variance inheritance of
ADHD could be caused due to the environment highlighting the interplay of genetic and environmental
risk factors [60]. Due to these complex interactions, it is believed that ADHD can be manifested with
highly heterogenous symptoms depending on the exact pathway and etiology involved [61].

Research shows that the dysfunction of monoaminergic neurotransmitters, including noradrenaline
(NE), serotonin (5-HT) and dopamine (DA), plays an important role in the pathophysiology of
ADHD [62].

3.3.1. Dopamine

DA is a catecholamine that acts both as a hormone and neurotransmitter (NT). It is a product of
the essential amino acid L-phenylalanine, which must be provided in our diet. As seen in Figure 2, this
is then turned into L-tyrosine, and finally into DA and NE [63].
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L-phenylalanine L-tyorsine Dopamine Noradrenaline

Figure 2. The synthesis pathway from L-phenylalanine to noradrenaline including all its intermediary
products. Dopamine acts as an important metabolite for the emotional response and reward system [64].

The dopamine hypothesis links ADHD to alterations in dopamine metabolism. The hypothesis
describes the increased expression of presynaptic dopamine transports (DAT) in ADHD patients
leading to an increased dopamine transporter density (DTD), and finally results in a decreased level of
the bioavailable NT [65]. The dopamine hypothesis gained attention due to the way methylphenidate
(MPH) and amphetamines (AMP), the most commonly used pharmacotherapies to treat ADHD,
interact with the DA and NE metabolism. MPH and AMP exert a stimulatory effect in ADHD as they
inhibit the reuptake of NE and DA by blocking the metabolizing enzyme, monoamine oxidase (MAO),
thereby increasing the concentration of the two monoamines in the synaptic cleft. One differentiates
between MAO-A and MAO-B as the former is mostly expressed in the liver and GI-tract and the latter
in blood platelets [66]. Nevertheless, both are manifested in the CNS and are able to break down
DA [66]. Furthermore, amphetamines have the ability to release NTs from the presynaptic neuron,
which additionally increases the monoaminergic concentration in the synapse [67].

Moreover, recent research shows that not only the metabolization, but also the production of DA
plays an important role in the pathophysiology of ADHD. One of the influencers on the production
of NTs seems to be the microbiome in the GI-tract [68]. Bacteria, such as the genus Bifidobacterium
belonging to the phylum Actinobacteria potentially influence the levels of available DA in the body by
encoding cyclohexadienyl dehydratase (CDT) [69]. This enzyme is important for the synthesis of the
essential amino acid phenylalanine [69], which acts as a precursor of the amino acid tyrosine, which in
turn is metabolized into DA and lastly to NE [70]. Aarts et al. found an increase in Bifidobacterium
in ADHD patients, and thus, higher levels of CDT. By analyzing BOLD responses of the ventral
striatal using fMRI measurements they deduced a negative correlation between the abundance of
CDT and reward anticipation [69], a key symptom in ADHD [71], and target of DA [72]. Finally, this
study concluded that high levels of phenylalanine might be a risk factor for abnormal dopamine
signaling and could lead to a reduced reward response [69]. Although another study supports the
findings by Aarts et al. [73], the correlation still appears to be inconsistent as two older studies found
a decreased level of phenylalanine in ADHD patients [74,75], even if data of source [74] are not
statistically significant. Finally, a more recent study found no correlation between phenylalanine levels
and ADHD [76]. A summary of these finfings is given in Table 1.

Table 1. Various studies that tested phenylalanine levels in ADHD patients. ↑ represent the increase
of phenylalanine found in ADHD patients and ↓ the decrease of the amino acid in comparison to
healthy controls (HC). The symbol — describes that the study found no correlation between ADHD
and phenylalanine levels. The accumulative data to date do not allow a definite correlation between a
change in phenylalanine levels and ADHD. p levels less than 0.05 were considered statistically different.

Source Levels of Phenylalanine
in ADHD Patients

Sample Size
(n)

Statistical Significance
(p)

[69] ↑ 96 p < 0.001
[73] ↑ 79 p < 0.001
[74] ↓ 44 p < 0.1
[75] ↓ 48 p < 0.05
[76] — 155 p < 0.01
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3.3.2. Tryptophan and Serotonin

Upon intestinal absorption into the bloodstream, the essential amino acid tryptophan can cross the
blood-brain barrier (BBB). Thereby tryptophan can act as the precursor of the neurotransmitter 5-HT,
which plays an important part in the microbiome-gut-brain axis [77]. Although it is still unclear to
what extent the microbiome influences the synthesis of 5-HT, it has been established that certain strains
of bacteria, such as Streptococcus spp., Enterococcus spp., and Escheria spp. are capable of producing
this NT [78]. Most of the 5-HT is produced and stored in gastrointestinal cells and affects peristalsis,
nausea, satiety and abdominal pain [79]. Meanwhile, in the brain, it influences other NTs, such as DA,
Cholin (CH) and GABA, which influence memory and mood [80].

Banerjee et al. showed that 5-HT may have an influence on hyperactive and impulsive symptoms
in ADHD [81]. Another study implied lower levels of 5-HT in the CNS of ADHD patients due to a
decreased transport capacity of its precursor, tryptophan, into the brain [82]. Finally, one study showed
that inflammation in the intestine affects 5-HT signaling pathways due to a decreased function and
expression of the serotonin selective reuptake transporter (SERT) resulting in an increased level of
5-HT in the body [79]. However, it is important to remember that serotonin is not able to cross the BBB,
and thus, the 5-HT pools in the CNS and the periphery do not directly interact with each other.

To demonstrate the importance of microbes on the 5-HT system, one study concluded that GF
male mice have a 1.3 fold increased level of 5-HT in their hippocampus. This is an important finding
as certain therapeutic medications of ADHD, such as escitalopram and lithium increase serotonin
levels in a similar amount [83]. Thus, the composition and the modulation of the gut microbiota might
become an interesting, future therapeutic intervention strategy.

Although the studies do not allow us to make a precise conclusion in what way bacterial-produced
5-HT influences ADHD, they do make it clear that it is one of the several catecholamines that play an
important role in the pathophysiology of ADHD.

3.3.3. Kynurenine Pathway

Although tryptophan is the key amino acid for the production of 5-HT, 90% of tryptophan
is catabolized by the kynurenine pathway [84]. This process produces nicotinamide adenine
dinucleotide (NAD) through the stimulation of inflammatory and glucocorticoid metabolites.
The kynurenine pathway has received attention in regards to psychiatric diseases, such as depression
and schizophrenia [80,85,86] as it uses most of the tryptophan, and thus, leaves a limiting amount of
substrate for the synthesis of serotonin.

Intermediate products, such as kynurenine, kynurenic acid (KA), xanthurenic acid (XA) and
quilonoic acid (QA) can influence the immune system and neurotransmission [87]. The three former
metabolites have anti-inflammatory properties as KA inhibits the NMDA-gated ion channels [88],
and XA interferes with the glutamatergic neurotransmission [89]. Also, these products decrease
the amount of pro-inflammatory IFN gamma in comparison to the anti-inflammatory IL-10 [87].
In contrast, QA stimulates microglial cells and increases the ratio of IFN gamma/IL-10 [87], resulting in
pro-inflammatory effects [90]. Although KA shows neuroprotective properties, human and animal
studies show that high levels of KA are associated with cognitive abnormalities, such as attention and
memory issues typically associated with psychiatric disease [91,92].

Studies regarding levels of tryptophan and metabolites of the kynurenine pathway show
inconclusive results. A Norwegian study, using 133 adult ADHD patients and 133, did not find
that the ADHD group had lower levels of tryptophan and neuroprotective KA and XA [86]. These
data were confirmed by another study testing ADHD children, which exhibited lower KA and XA
levels [93]. These researchers, however, recorded higher levels of tryptophan in ADHD subjects [93].
These data do suggest an association between low levels of KA and XA in ADHD, but as there are still
too few studies on this topic, it is difficult to deduce a definitive connection between tryptophan, its
metabolites, and ADHD.
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The various steps of the kynurenine pathway are dependent on coenzymes, such as the activated
form of vitamin B6, pyridoxal 5′-phosphate (PLP). One study found an inverse correlation between
serum levels of vitamin B6 and ADHD including its symptom severity [94]. Similarly, Aarsland et al.
also observed a decrease in vitamin B6 in their patient group. Other data suggested that vitamin B6
metabolism plays a key part in the pathophysiology of ADHD, as vitamin B6 dependent enzymes
show severe abnormalities in the ADHD test group [95]. Thus, lower levels of intermediate metabolites
could be related to a deficiency of enzyme substrate. This data supports the importance of optimal
coverage of ADHD patients with vitamin B6. The microbiome could play a potentially important role,
as bacteria in the large intestine produce this vitamin [96]. As the correlation between levels of vitamin
B6 and ADHD are relatively new, future studies are warranted to asses to what extent the microbiome
can influence vitamin B6 levels on a therapeutic level.

3.3.4. Gut Dysbiosis and Immunology

High variability in gut flora prevents the growth of pathogenic bacteria, and thus, stops gut
dysbiosis [97]. The term dysbiosis describes a microbial imbalance in which there is a shift from
protective to pathogenic microbes in the GI-tract [98]. This can lead to a growing GI-permeability
which leads to an increase in migration of pathogenic microbes and translocation of their metabolites
into the systemic circulation potentially resulting in systemic inflammation [99]. This can, in turn,
decrease the permeability of the BBB, which can lead to inflammation of brain parenchyma [100].
Severe dysbiosis has been associated with chronic inflammatory intestinal disorders and psychiatric
illnesses, such as schizophrenia, anxiety, depression [98], and ADHD [90,101]. A systematic review
supports the latter findings concluding that patients with ADHD have increased levels of inflammatory
cytokines [102]. Similarly, Verlaet et al. also detected increased levels of pro-inflammatory cytokines
(IFN gamma and IL-6) in the serum of ADHD patients [101].

An imbalance of pro-inflammatory cytokines can also lead to allergic disease [103], and a positive
correlation between ADHD and allergies has been shown in different cohorts [104–106]. Additionally,
research has shown an association between an altered gut microbial composition and the tendency to
suffer from the allergic disease [107].

An important pro-inflammatory cytokine is interleukin (IL-6). This has been inversely associated
with the bacterium Dialister spp. [108]. Dialister spp. is shown to correlate with an altered temperament
and impulsiveness in toddlers positively. These commonly found ADHD symptoms were measured
using the Early Childhood Behavior Questionnaire (ECBQ), which measures extroversion, activity
levels and feelings of high-intensity pleasure [109]. Furthermore, a review evaluating multiple
studies concluded an increase in pro-inflammatory metabolites, such as IL-6 and IL-1 in patients with
ADHD [110]. Nonetheless, one study showed that ADHD patients had significantly lower levels of
Dialister spp. in comparison to healthy controls (HC), hinting towards decreased feelings of activity
and lower levels of intense pleasure, and finally higher levels of IL-6 [111].

Although the association between Dialister spp. and feelings of pleasure are new findings; and
it is important to note that pro-inflammatory interleukin levels are increased in ADHD patients.
As high levels of pro-inflammatory interleukins can be linked to neurological inflammation that can
lead to a decrease of cortical volume and altered behavior [110,112], reducing the activity of these
pro-inflammatory cytokines could represent a vital prophylaxis strategy in ADHD management.

Patients with th2-mediated atopic disorders, such as eczema, asthma and allergic rhinitis have
a 30–50% higher chance of developing ADHD [113]. Eczema is an inflammatory skin disease and
is the most prevalent chronic condition in early childhood [114]. Children suffering from atopic
dermatitis (eczema) have a 50% likelihood of developing asthma and allergic rhinitis, exhibiting airway
inflammation and clear nasal discharge, respectively [115]. Th2-cytokines are important for eosinophilic
recruitment and the production of IgE by B-lymphocytes. All of these processes are associated with
allergies and inflammation of the skin (e.g., eczema) [116,117] as they activate the production of
pro-inflammatory cytokines, such as IL-6, IL-1beta, TNF-alpha and IL-8 [103]. Studies have shown that
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these atopic diseases are associated with a low level of Faecalbacteria spp. In the gut [118]. This species
is known to have anti-inflammatory effects on the organisms [119,120]. As explained above, patients
with ADHD seem to exhibit higher levels of inflammatory markers which could potentially support
the hypothesis that low levels of Feacalbacteria spp. Cause an increase of inflammation which affects
the development of the brain, and finally the pathogenesis of ADHD.

4. Results

4.1. Obstetric Mode of Delivery: Vaginal Birth vs. Caesarean Section (C-Section)

As infants delivered by vaginal birth move through the birth canal, they get colonized by their
mother′s vaginal microbiota, and thus, adopted a resembling gut microbiome. In contrast, infants
born via c-section are colonized by the microbiota of their mother′s skin. Therefore, the delivery mode
affects the composition of the gut microbiota in infants [121].

Results of various studies showed that in comparison to vaginally born infants, babies delivered
by c-section had a decreased gut microbiota diversity including lower levels of Bifidobacterium spp.
and Bacteroidetes, but increased levels Clostridium difficile [122] up until the age of two years [123].

Several research groups studied the correlation between c-section delivery and ADHD (see Table 2).
An animal study showed a correlation between offspring born via c-section and altered dopamine
metabolism throughout development [124]. It is important to note that these results might have been
confounded by indication, which means that the altered dopamine response might be due to triggers
that lead to a c-section [125]. In contrast to the above findings, two previous case-control studies
found no significant correlation between c-sections and ADHD [126,127] in humans. A systematic
review by Curran et al. initially showed a slight increase in the prevalence of ADHD in children
born via c-section [128]. This correlation was challenged in their later study due to confounders,
such as not differentiating between elective and emergency c-sections [129]. The only correlation that
still seemed to be consistent was an increased prevalence of ADHD in children born via emergency
c-sections. Confirmative data were obtained in a prospective cohort study using 671,592 Danish
children. They found a significantly increased chance of children developing ADHD (Hazard Ratio
1.21) for intrapartum c-sections, but no effect when born by an elective c-section [130]. In contrast, the
Millenium UK cohort study testing 13,141 children found no correlation between ADHD and mode of
delivery despite differentiating between emergency, planned and induced c-sections [131].

Table 2. List of seven studies that tested the effects of c-section delivery on the development of ADHD.
The table describes if the studies differentiated between the types of c-sections and their effects, and
finally shows the sample size and statistical significance level of the individual studies. The symbol -
represents that for these studies, this information could not be found as the studies were systematic
reviews. The data shows that elective vs. emergency c-sections seem to have different effects on ADHD.
p levels less than 0.05 were considered statistically different.

Source Type of C-Section Effect Sample Size
(n)

Statistical Significance
(p)

[124] No differentiation Altered dopamine response - -
[126] No differentiation No effect 248 p = 0.005
[127] No differentiation No effect 12,991 p < 0.05
[128] No differentiation Positive correlation to ADHD - -
[129] Elective vs.

intrapartum
Only intrapartum c-sections showed

a positive correlation to ADHD
1,722,548 p < 0.05

[130] Elective vs.
intrapartum

Only intrapartum c-sections showed
a positive correlation to ADHD

671,592 p < 0.05

[131] Elective vs.
intrapartum

No effect 13,141 p < 0.05

The reasons for finding a positive correlation between intrapartum c-sections and ADHD
development cannot unequivocally be explained as multiple confounders, such as unobserved familial
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factors, birth weight or gestational age also directly influence the mode of delivery and ADHD.
However, there is a strong indication that the microbiota plays a subordinate role in this correlation as
Axelsson et al. discovered that exposure of the newborn to ruptured vs. non-ruptured membranes
prior to c-section did not influence the correlation between c-section and ADHD development [130].

To conclude, the accumulative data show that the mode of delivery affects the composition of
the gut microbiota. However, a clear correlation between c-section delivery and a higher chance
of developing ADHD cannot be found as results depend on various confounders and the type of
c-section, whereby intrapartum c-sections show a positive correlation with the development of ADHD
in comparison to elective c-sections.

4.2. Stress of the Mother

A prospective follow up study, and a Dutch population-based cohort study concluded a correlation
between prenatal maternal stress exposure and an increase in ADHD in their offspring [132,133].
This data was confirmed by a Canadian study enrolling 203 pregnant women exposed to stress.
Sixty-two of them were exposed to severe prenatal stress (experienced physical or sexual abuse, or
death of a close relative) and delivered children with more severe ADHD symptoms in comparison to
the 48 mothers who experienced moderate stress (financial or marital troubles) [134].

An animal study using quantitative PCR determined that maternal stress significantly decreased
one of the most abundant taxa in the maternal vaginal flora, Lactobacillus spp. [135]. Consequently,
Lactobacillus spp. was also significantly decreased in the distal colon of the offspring of stress exposed
mothers. Additionally, a review focusing on the immunomodulatory effects of Lactobacillus spp. shows
that stress reduces the abundance of this species independent of the host being pregnant or not [136].
Lactobacillus spp. is important for the synthesis of acetylcholine, while together with Bifidobacteria spp.
it is contributing to the production of the main inhibitory neurotransmitter GABA [137]. Alterations
in the GABAergic system have been associated with neurodevelopmental diseases, such as autism
spectrum disorder and ADHD. This system is especially susceptible to alterations during development
as GABAergic neurons originate from a different part of the neural tube than GABA′s most important
counterpart, the glutamatergic system. ADHD symptoms may be explained by the hypothesis that
inhibitory functions of the cerebral cortex are reduced, leading to a reduction of filtering sensory
influences, and finally having difficulties choosing the right behavioral reaction [138].

As described above, several studies have associated low levels of cerebral GABA concentrations
with symptoms of ADHD [139–141]. Furthermore, a randomized controlled study showed that
Lactobacillus rhamnosus also has a preventive effect as the administration of this bacterium in the first
six months of life reduced the risk of ADHD and Asperger Syndrome (AS) [142]. The positive effects of
this species may be due to the fact that Lactobacillus rhamnosus is, on the one hand, implicated in the
development of tight junctions responsible for a strong gut barrier, and on the other hand, important
for the immunoglobulin A and mucin production [143].

Various factors influence the development of ADHD, among which the neuroinhibitory
neurotransmitter GABA seems to play a crucial role. However, to what extent low levels of
Lactobacillus spp. and decreased concentrations of GABA are associated and how they precisely
affect the development of ADHD remains unclear and has to be thoroughly investigated.

4.3. Preterm

Preterm babies that, thus, have gone through stressful situations similarly show lower levels
of Lactobacillus spp. [144], and simultaneously have a significant increase in the prevalence of
ADHD [58,145,146]. More specifically, Barrett et al. showed an increased abundance of Proteobacteria
spp., while discovering undetectable levels of Lactobacillus spp. and Bifidobacteria spp. [144,147]. Chou et
al. discovered that certain strains of Lactobacillus spp. show a protective trait towards the CNS. Preterm
babies received strains of Lactobacillus reuteri and Lactobacillus rhamnous as probiotics for six weeks.
This treatment resulted in a significantly reduced number of babies with neurological aberrations

131



Nutrients 2019, 11, 2805

at one year of age in comparison to the group fed with Lactobacillus acidophilus and Bifidobacterium
infantis [148].

It is widely known that preterm infants own an immature immune system as the innate and
adaptive immune system has not developed fully. Due to their immature immune response and their
usual extended hospital stay, infants are highly susceptible to nosocomial spread infections [149].
The increased number of infections may impair the neurodevelopment, and thus, might influence
the development of the most common neurodevelopmental disorder ADHD. In addition to this, the
weeks before term delivery (between 37 0/7 and 41 6/7) [150] represent an important stage in the
neurodevelopment of the brain usually occurring in the protective womb of the mother [151,152].
Thus, preterm babies suffer from underdeveloped brain structures that in combination with postnatal
complications, such as infections can lead to cell death of neurons, and finally lead to a decrease in the
volume of specific areas of the brain [153].

As the prevalence of infection in premature newborns is high, the use of therapeutic antibiotics is
similarly increased. Antibiotics have been associated with altering functions in the host′s brain [154],
while simultaneously, they are notoriously known for reducing the diversity of the microbiota [155].
Nevertheless, the direct effects of a lower microbiota diversity on the neurodevelopment have still not
been thoroughly researched on, and thus, a concrete correlation cannot be made.

To summarize, a preterm baby is exposed to increased levels of stress, may have underdeveloped
brain structures and owns an immature immune system. All of these result in a higher susceptibility to
infections, and finally may lead to increased exposure to therapeutic antibiotics. These factors influence
the neurodevelopment either directly through inflammatory processes during infections or indirectly
by changing the composition of the gut microbiome.

4.4. Breastfeeding vs. Formula Feeding

Studies have associated breastfeeding with a lower prevalence of ADHD [156]. In contrast,
formula-fed newborns showed a strong correlation with ADHD diagnosis [157–159]. The nutritious
breast milk not only contains human milk oligosaccharides acting as prebiotics important for establishing
a healthy gut microbiome, but also consists of vitamins and antibodies [160]. The latter being
important in the first couple of months for the maturation of the innate immune system of the
newborn [161]. Additionally, breast milk is marked to have a rich fat content due to its high levels of
long-chain fatty acids, which are said to have protective effects on the CNS and the development of
ADHD [162,163]. The gut microbiota of breastfed infants is less diverse in comparison to formula-fed
infants [164]. Importantly, various groups utilizing differing methods for microbiome analysis, such as
16S sequencing or cytogenic FISH technique discovered that in both groups, the most prevalent genus
is Bifidobacterium [122,164,165].

A systematic review by Guaraldi et al. showed that bottle-fed infants have a higher number of
Escherichia coli, Clostridium difficile, Bacteroides spp. and Lactobacilli [166]. As seen in Table 3, research
papers demonstrated that increased levels of Lactobacillus acidophilus [122], Streptococcus, Veillonella
parvula [164], and Clostridium coccoides [165], were found in formula-fed infants. Although Bifidobacterium
is the most prevalent genus found in both groups, breastfed infants show more than double of
Bifidobacteria cells in comparison to formula-fed infants [164]. Bifidobacterium infantis has protective
properties against pathogens as it supports the barrier function of the mucosa and concurrently has
anti-inflammatory properties, thus, promotes a healthy immunological response [167,168].

Although the effect on the microbial composition could be the main cause of developing ADHD
when being formula-fed, one has to consider the fact that other ingredients in the formula may also act
as important influences. One study found that there were more cases of ADHD in formula-fed infants
in 2007, than in December 2011. During the latter, the neurotoxic chemical Bisphenol A (BPA) was
significantly reduced in formula cans and baby bottles in comparison to the former, suggesting that
BPA might be the actual trigger of the correlation [169].
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Table 3. Listing the different genera, predominantly found in formula-fed vs. breastfed infants.
The arrow ↑ describes that this genus is increased in variously fed infants, while ‘-‘ represents
that there is no significant change in this genus. One can clearly see that microbial diversity is
increased in formula-fed in comparison to breastfed infants. p levels less than 0.05 were considered
statistically different.

Genus Formula-Fed Sample Size
(n)

Statistical
Significance

(p)

Breastfed Sample Size
(n)

Statistical
Significance

(p)

Bifidobacterium ↑ [122] 232 p < 0.01 ↑ [122] 700 p < 0.01
↑ [164] 6 p <0.05 ↑ [164] 6 p < 0.05
↑ [165] 182 p < 0.001 ↑ [165] 312 p < 0.001

Escherichia coli ↑ [122] 232 p < 0.01 - 700 p < 0.01
Bacteroides ↑ [122] 232 p < 0.01 - 700 p < 0.01

Lactobacillus ↑ [122] 232 p < 0.01 - 700 p < 0.01
Veillonella parvula ↑ [164] 6 p < 0.05 - 6 p < 0.05

Streptococcus ↑ [164] 6 p < 0.05 - 6 p < 0.05
Clostridium coccoides ↑ [165] 182 p < 0.014 - 312 p < 0.014

In summary, studies show that breastfeeding correlates negatively with the risk of developing
ADHD, whereas formula-feeding increases this risk. Nevertheless, despite the highly nutritious content
of breast milk, the gut microbiota of breastfed infants seems less diverse, but still contains the same or
higher amount of protective components than formula-fed infants. Thus, alteration of the microbiome
composition could potentially be a reason for the positive correlation between formula-feeding and the
risk of developing ADHD.

4.5. Short Chain Fatty Acids

SCFAs are products of polysaccharides which could not be properly digested by the human
digestive system, and thus, are broken down by microbial fermentation. Bacteria, such as Bacteroides
spp. and Clostridiae spp., are two of the most important microbes for the production of SCFAs [21].
SCFAs represent not only a major energy source for microorganisms, but also show neuroactive and
anti-inflammatory effects on the host [170,171]. A study by MacFabe et al. demonstrated that when
SCFAs, such as propionic acid are intracebreoventriculary (ICV), administered to rodents, they show
biochemical alterations similar to individuals who from autism [172]. Besides, the same authors found
that high levels of the SCFA worsened symptoms of autistic individuals [172].

As ADHD, similar to autism, is a neurodevelopmental disease, it seems likely that SCFAs may
affect the development of ADHD. Research shows that SCFAs influence the immune system, and
as discussed earlier, this can influence the CNS [50]. An animal study using mice showed that the
microbiome could influence the levels of the brain-derived neurotrophic factor (BDNF) via SCFA
production [173]. The neurotrophin BDNF is important for neurogenesis and has a positive effect on
the survival of neurons meaning that the microbiome can indirectly influence neural functions via
SCFA′s modulating effect on the BDNF production. The same study showed that GF mice whose
BDNF levels had been decreased displayed problems with their working memory [173]. Confirmatory
data were generated by Corominas-Roso et al. who showed in a human study that adults with ADHD
have lower levels of BDNF compared to healthy controls [174]. Similarly, Akay et al. tested the effects
of methylphenidate on BDNF levels on 50 drug-naïve ADHD boys and detected significantly increased
BDNF levels in the serum and improved ADHD symptoms after eight weeks of methylphenidate
treatment [175]. The same findings were found by an older study by Amiri et al. [176]. This is a
direct confirmation of a potential link between the dopaminergic system, BDNF function, and ADHD.
In contrast, another study enrolling 41 untreated ADHD and 107 control patients concluded that
drug-naïve ADHD children had higher levels of BDNF in their plasma and that these levels are
positively associated with the severity of inattentiveness [177].

133



Nutrients 2019, 11, 2805

Besides hypothesizing a compensatory mechanism in ADHD children, a potential reason for these
differing results could be varying methodology as Akay et al. measured BDNF levels in the serum,
known to have a higher BDNF concertation in comparison to the plasma [178].

In conclusion, SCFAs most probably affect the development of ADHD indirectly by influencing
the production of BDNF.

4.6. Polyunsaturated Fatty Acids

Another regulator of BDNF seems to be omega-3 polyunsaturated fatty acids (PUFAs). PUFAs are
long chains of carbon atoms characterized by a carboxyl group at one end and a methyl group at the other
end. As they are unsaturated, they own one or more double bonds between the carbon atoms. Naturally,
plant and fish oils, such as flaxseed or salmon have a high content of omega-3 PUFAs [179]. PUFAs
play an important role in membrane fluidity, neuronal membranes, neurotransmission, and receptor
function [180]. Furthermore, the omega-3 fatty acid, docosahexaenoic acid (DHA), is indispensable for
cognition function throughout the lifespan [181]. Indeed, already intrauterine PUFA deficiencies lead
to altered cognitive and attentive skills [182].

An animal study showed that omega-3 PUFAs did not only affect the levels of BDNF, but also of
glial cell-derived neurotrophic factor (GDNF). The latter is especially important for the recovery of
dopaminergic neurons in Parkinson′s disease (PD) as it promotes the survival of the dopamine system in
the nigrostriatum. Hence, GDNF is shown to be neuroprotective and supporting dopaminergic neurons
in PD models, and thus, could potentially be utilized as a therapy against neurodegenerative diseases,
especially PD [183,184]. Furthermore, another study found that lower levels of omega-3 fatty acids
were associated with lower levels of BDNF in the frontal cortex of rats [185], a part of the brain where
various psychiatric illnesses, such as bipolar disease can be manifested [186]. Additionally, omega-3
PUFAs show antimicrobial effects as they increase levels of Enterobacteria and Bifidobacteria, which both
strengthen intestinal permeability, reducing the risk of inflammation [187]. Finally, omega-3 PUFAs
have the ability to stimulate macrophages that inhibit the activation of the NLRP3 inflammasome, and
thus, decrease levels of the previously mentioned pro-inflammatory IL-1beta [188]. Nevertheless, it is
important to note that an excess of omega-6 PUFAs benefits the development of endotoxemia leading
to low-grade systematic inflammation, explaining why a low ratio of omega-6/omega-3 PUFAs should
be targeted [189,190].

Human studies have discovered a negative correlation between patients with ADHD and levels
of PUFAs. An Italian study examined the levels of PUFAs in the blood of 51 ADHD and 22 non-ADHD
patients. PUFA levels in the blood of ADHD patients were significantly lower and correlated with
behavioral symptoms, but were not associated with cognitive skills [191]. Similarly, a systematic
review concluded that in all randomized control trials (RCT) analyzed (7 RCTs, n = 534), omega-3
PUFA supplementation led to an improvement in clinical ADHD symptoms. Furthermore, in three out
of the seven RCT′s (n = 396), the omega-3 PUFA supplementation was associated with improvements
in cognitive skills [192]. Due to these findings, questions of PUFAs being a potential therapeutic
medication for ADHD patients seem to be warranted.

Moreover, a double-blind trial [193] assessed the effects of inducing the noradrenaline reuptake
inhibitor (Atomoxetine) conventionally used to treat ADHD, to the patient and control group and
PUFAs, such as eicosapentanoic acid (EPA) and DHA solely to the ADHD patients. The medication
was given on a daily basis for four months to a total of 50 children. Although PUFAs improved
ADHD symptoms, this experiment showed no clinically significant difference in the ADHD Conners
Parent rating scale, questioning the overall therapeutic effect of PUFAs against ADHD, even if some
beneficial effects are evident [193]. Supporting these results, a systematic review discussing results of
14 meta-analyses inducing PUFAs to ADHD children showed a very small effect size when parents
and teachers rated children′s behavior using the Conners scale [194].

Lastly, on a microbial level, an RCT showed that the intake of PUFAs does not seem to affect
the alpha or beta diversity of the microbiota of the participants. Nevertheless, it did show a
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reversible increase in genera, such as Bifidobacterium roseburia and Lactobaccilus spp., all of which
are important for the production of SCFAs and maintain an anti-inflammatory environment [195].
Similarly, a commentary discussing the importance of long-chain PUFAs as a mean to restore a
healthy gut microbiome, deduced that PUFA ingestion may act as a protector from developing
systemic inflammation and in the long term, chronic disease. It is, therefore, hypothesized that PUFA
supplementation would not only be of therapeutic importance for ADHD, but also a prophylactic
measurement against cancer as inflammation leads to immunosuppression and activates immune
checkpoints resulting in an optimal tumor microenvironment [196].

Although the collected data show inconclusive results concerning the effect of PUFA
supplementation as a therapeutic measurement for ADHD, the indirect effects of ingesting PUFAs and
its impact on the microbiome may as well be crucial determinants that could modify the metabolism
and consequently the behavioral and cognitive symptoms of ADHD.

4.7. Antibiotics

Although the development of antibiotics has made it possible to treat life-threatening infections,
the use of antibiotics reduces the microbiota diversity in the GI-tract [197]. Consequently, the use of
antibiotics may elevate the number of pathogenic bacteria, such as Enterobacter, Klebsiella, Citrobacter,
and Pseudomonas and decrease anaerobic bacteria [197]. For example, a human study analyzing the
short term parenteral-neonatal antibiotic usage showed that it reduced the number of protective
Bifidobacteria in the first couple of months of life [198]. Supporting these results, Penders et al. not only
found a decrease of Bifidobacteria, but also of Bacteroides when infants administered antibiotics [122].

Results concerning the correlation of early antibiotic use and later risk of developing ADHD
seem to be incoherent. A Danish population-based cohort study did not find an association in
sibling-stratified Cox model between antibiotic use in the first two years of life and the risk of
developing ADHD [130]. Another study, however, using 871 European newborns examined the
effects of early antibiotic treatment on cognitive functions with the help of IQ and reading tests, and
on symptoms of ADHD using the mentioned Conners Rating Scale-Revised (CRS-R). Thereby they
discovered that children who consumed antibiotics in the first year of life showed a reduced reading
ability score, higher scores on the CRS-R, rated by parents, and increased symptoms of ADHD at
the ages of 7–11 years. Nonetheless, this association was not made for babies and children that used
antibiotics between the ages of 12 months and 3.5 years. This indicates that one of the vital factors for
developing ADHD is the age in which the newborn consumes the antibiotics. It seems that during the
first 12 months of life, important developments of the gut-brain axis take place, which when disrupted
influence the neurodevelopment, and thus, the CNS in the long run [12]. These data, however, must be
interpreted with caution, as this was not an RCT. Accordingly, direct causation between the antibiotic
use and later seen ADHD cannot be correctly made [199].

4.8. Probiotics

By definition of the FAO/WHO probiotics are ”live microorganisms which when administered in
adequate amounts confer a health benefit on the host” [200]. Benefits of probiotics include reinforcing
a more desirable environment in the gut, a healthy digestive system, and finally an adequate immune
system [201]. Thereby probiotics help to sustain and produce healthy enzymes while eradicating
potentially harmful pathogens [202,203]. Naturally occurring probiotic sources include lactic acid
fermented vegetables, such as kimchi or fermented dairy products as, for example, yogurt [204].

The influence of probiotic strains on psychiatric diseases has been examined by multiple studies,
concluding a positive effect on such illnesses and are, thus, described as “psychobiotics” [90]. An animal
study using mice showed that probiotic ingestion of Bifidobacterium longum and breve led to a reduction
of depression and anxiety symptoms [205].

The seminal study by Pärtty et al. researched the effects of probiotic use on the development
of ADHD in children by randomly administering strains of Lactobacillus rhamnosus into 75 infants.
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The infants were monitored at three weeks, 3, 6, 12, 18 and 24 months, and finally, at 13 years of age.
The authors concluded that at the age of 13 years, ADHD was diagnosed in 6/35 (17.1%) children
using the placebo, whereas no children had this disorder in the probiotic group. These results, even if
encouraging, do not identify any specific composition of the microbiota to the neurodevelopmental
disease, and thus, might mean that probiotics decrease ADHD in a different way rather than influencing
the composition of the microbiome [142]. However, it is important to conclude that these findings
potentially represent a method to reduce the risk of developing ADHD.

5. Discussion

This literature review demonstrates that the ADHD population has a different gut microbial
composition in comparison to healthy controls as the phylum Actinobacteria is more and Firmicutes
less abundant in ADHD patients. The genus Bifidobacterium, belonging to the phylum Actinobacteria,
seems to play a significant role in the pathogenesis of ADHD and is recurrently influenced by several
factors. Bifidobacteria do not only protect the barrier function in the gut and support a healthy immune
response [168], but also influence the dopamine system by elevating the production of CDT which
increases phenylalanine levels, and finally, results in higher levels of dopamine. This review showed
that Bifidobacterium was decreased in offspring that were born (i) via c-section delivery ([122,123],
(ii) as preterms [144,206], (iii) were breastfed [164] or (iv) were given antibiotics in the first months of
life [122,198]. All of these factors are simultaneously associated with an increased risk of developing
ADHD. Nevertheless, using Bifidobacterium as a potential biomarker for diagnosis of ADHD seems
uncertain due to varying results regarding Bifidobacterium levels in ADHD patients. Although
Pärtty et al. observed decreased levels of Bifidobacterium in 3 and 6-month-old ADHD patients [142],
Aarts et al. detected slightly increased levels of the genus using a larger sample size and a more
sensitive methodology [69]. Thus, for future research, well-designed studies, using a larger sample
size, are needed to deduce a definite correlation between levels of Bifidobacterium and ADHD and the
importance of this genus as a biomarker.

Additionally, this article concludes that the concertation of neuroprotective BDNF, indirectly
influenced by the microbiome [173], plays a vital role in the pathogenesis of ADHD. The majority
of reports showed a negative correlation between levels of BDNF and ADHD [173,174,207]. As the
levels of SCFAs [173], and PUFAs [185] are positively correlated with BDNF, omega-3 fatty acids may
prove to be of therapeutic importance. So far, various studies have shown that adding PUFAs to the
diet only marginally decreases the symptoms of ADHD [193,194,208]. Future studies could assess
the effects of various concentrations of PUFAs and age at which these were ingested on the symptom
development of ADHD. BDNF shows properties important for neurogenesis in the critical stages
of neurodevelopment. The production of SCFAs by the microbiome has been positively associated
with levels of BDNF [173]. Therefore, increasing SCFAs through fiber-rich nutrition in combination
with the appropriate gut microbial composition could also be a beneficial means for the treatment of
ADHD symptoms.

It is widely known that c-section delivery causes the offspring′s microbiome to be more similar to
the mother′s skin rather than her vaginal flora. However, it is still under debate to what extent this
change impacts the development of ADHD. We decided to concentrate on the more recent papers, that
used a large sample size and a precise methodology by differentiating between elective and emergency
c-sections. These studies show that not every c-section increases the risk of developing ADHD, but
only those that were done intrapartum [129,130]. Although this correlation is most probably not due
to a differing microbial composition and rather due to various confounders, such as gestational age
and birth weight [130], it is still important to note that emergency c-sections bear an intrinsic risk for
the offspring developing ADHD.

Additionally, it has become increasingly clear to what extent prematurity plays a role in the
development of ADHD. As the GI-tract and its colonization with bacteria are still underdeveloped, the
microbiome shows lower levels of neuroprotective Lactobacillus [144]. Nonetheless, this decrease of the

136



Nutrients 2019, 11, 2805

genus has not yet been directly associated with the development of ADHD. Much more important
seems to be the combination of premature infants having underdeveloped brain structures and an
immature immune system resulting in being more prone to neuronal cell death and infections that
promote neuroinflammation, and finally influence the neurodevelopment. It is difficult to deduce the
exact impact of microbial changes in preterms on the development of ADHD, as there are numerous
confounders [153]. Thus, future studies should elucidate and concentrate on levels of pro-inflammatory
cytokines in neonates and determine the extent to which underdeveloped brain structures influence
the development of ADHD. Once these have been thoroughly understood, one can assess in what
way the microbiome plays a role in the pathophysiology of prenates having a higher prevalence
of ADHD. As the topic of this literature review is relatively new, only a limited number of studies
examining the link between ADHD and the microbiota could be found. Hence, it was challenging
to draw concrete conclusions from the scarce available data. A solid conclusion will require future
investigations enrolling larger populations with defined pathologies to be able to analyze the study
outcomes using robust statistical analysis. Finally, it is important that future trials use standardized
methodologies for an unambiguous comparison of the outcomes and results. This literature review
has made it clear that certain factors are associated with ADHD, while simultaneously changing the
guts microbiome. Nevertheless, it remains yet to be determined to what extent the composition of the
microbiome in the gut influences the development of ADHD.

6. Conclusions

To determine to what extent the microbiome plays a role in the pathophysiology of ADHD,
further studies are needed. We discussed several triggers that have been associated with ADHD, how
these correlate with an altered microbial composition, and thus, how various microbes might act as
possible biomarkers for ADHD. Further research, on the microbial composition of ADHD patients
using large, well-diagnosed cohorts is needed in order to find future conclusive biomarkers and
therapeutic methods to treat ADHD.
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Abstract: There is an important relationship between probiotics, psychobiotics and cognitive and
behavioral processes, which include neurological, metabolic, hormonal and immunological signaling
pathways; the alteration in these systems may cause alterations in behavior (mood) and cognitive level
(learning and memory). Psychobiotics have been considered key elements in affective disorders and
the immune system, in addition to their effect encompassing the regulation of neuroimmune regulation
and control axes (the hypothalamic-pituitary-adrenal axis or HPA, the sympathetic-adrenal-medullary
axis or SAM and the inflammatory reflex) in diseases of the nervous system. The aim of this review is
to summarize the recent findings about psychobiotics, the brain-gut axis and the immune system.
The review focuses on a very new and interesting field that relates the microbiota of the intestine with
diseases of the nervous system and its possible treatment, in neuroimmunomodulation area. Indeed,
although probiotic bacteria will be concentrated after ingestion, mainly in the intestinal epithelium
(where they provide the host with essential nutrients and modulation of the immune system), they
may also produce neuroactive substances which act on the brain-gut axis.

Keywords: probiotics; microbiota; beneficial bacteria; psychobiotics; human health

1. Introduction

The skin and mucosal surfaces of vertebrates contain a wide collection of microorganisms
(collectively named microbiota) which includes bacteria, fungi, parasites and viruses. The human gut
harbors one of the most complex and abundant ecosystems composed of up to 1013–1014 microorganisms
which is between 1 to 10 times more than the number of eukaryotic cells in the body [1,2]. The collective
adult human gut microbiota is composed of a maximum of 500–1000 bacterial species [1,3,4].

Hundreds of years of co-evolution have led to a mutual symbiosis between the host and gut
microbiome. Indeed, the gut is rich in molecules that can be used as nutrients by the microorganisms,
favoring microbiota colonization [1]. Gut colonization begins at birth and is established in the first
3 years of life. The initial interaction between gut microbiota and the host is indispensable for the
maturation of the nervous system, the immune system and for the developmental regulation of
intestinal physiology [1,5,6]. At this stage, gut microbiota is also able to modulate the process of
angiogenesis [7]. Furthermore, microorganisms also display anti-microbial activities, thus maintaining
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a stable gut ecosystem. Alterations in the process of microbial colonization of the human gut in early
life have been shown to influence the risk of disease [8].

Later in life, microbial colonization of the intestine has a significant impact on the host
neurophysiology, behavior and function of the nervous system [9–11]. Given the immunomodulatory
properties of gut microbiota, it has been shown that different immune pathways, inside and outside the
central nervous system (CNS) are involved in important mechanisms like microbial mediation of brain
functions and behavior. It has been discovered that neuroimmune modulation by the microbiota is able
to contribute to etio-pathogenesis or to display important signs and symptoms in neurodegenerative
and behavioral disorders such as autism spectrum disorders (ASD), anxiety, depression, Alzheimer’s
disease (AD) and Parkinson’s disease (PD) [9].

Furthermore, different bacteria, which are commonly present in a large diversity of food products,
transit through our gut every day, interacting with the food products themselves, the host microbiota,
and our own cells in either a healthy or a pathological context. Many of the latter microorganisms
are known as probiotics. Probiotics are defined as “live microorganisms which when administered in
adequate amounts confer a health benefit on the host” [12]. This concept is based on the observations
made by Élie Metchnikoff in 1907 in which the regular consumption of lactic acid bacteria (LAB) in
fermented dairy products, such as yogurt, was associated with enhanced health and longevity in many
people living in Bulgarian villages.

In association with probiotics, the concept of prebiotic was firstly introduced by Gibson and
Roberfroid in 1995 as a “nondigestible food ingredient that beneficially affects the host by selectively
stimulating the growth and/or activity of one or a limited number of bacteria already resident in
the colon” [13]. This definition implies their ability to resist host digestion and their unique activity
on microbiota intestinal. However, the progress in prebiotic study has forced the evolution of this
definition, as they can also be directly administered to other sites of the body that are also colonized
by commensal bacteria, such as skin or vagina. Recently, the International Scientific Association for
Probiotics and Prebiotics (ISAPP) in a consensus panel proposed a new definition of prebiotics as “a
substrate that is selectively utilized by host microorganisms conferring a health benefit”, considering
that dietary ones must not be degraded by host enzymes [14]. Substrates that fit with this definition
include oligosaccharides (OS), polyunsaturated fatty acid, conjugated linoleic acid, plant polyphenols,
and certain fermentable fibers. Among prebiotics highlight fructooligosaccharides (FOS), inulin,
galactooligosaccharides (GOS), mannanoligosaccharides (MOS), xylooligosaccharides (XOS) and
human milk oligosaccharides (HMO), being FOS and GOS the most studied as well as the classically
accepted ones [14]. Prebiotics have been demonstrated to exert beneficial effects on the gastrointestinal
tract, immune system, bones, lipid and sugar metabolism, and on mental health.

Dinan and coworkers [15] originally defined psychobiotics as probiotics that, upon ingestion in
adequate amounts, yield positive influence on mental health. Because prebiotics have demonstrated
benefit on mental health and they support the growing of specific commensal bacteria with
psychophysiological effects, prebiotics can be included in the definition of psychobiotics [16]. In this
sense, most prebiotic substrates analyzed for their neural effects are FOS and GOS, which favorably
stimulate the growth of bifidobacteria and lactobacilli.

The effect of psychobiotics is not limited to the regulation of the neuroimmune axes (hypothalamic
pituitary adrenal (HPA)-axis, sympatho-adrenal medullary (SAM)-axis and the inflammatory reflex)
and in diseases that involve the nervous system, but they are also related to cognitive, memory, learning
and behavior. Psychobiotics have thus opened a very broad and interesting panorama that changes
the current paradigm of symbiosis between bacteria and humans. From this new point of view, this
relationship seems to be more a commensalism, rather than a pure symbiosis.

2. Axes of Neuroimmune Control and Regulation

It has been shown that there is an important neural control of the immune system [17]. A
well-known principle of the physiology in mammals is that the nervous system is responsible for
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achieving homeostasis by modulating of the function of other systems in the body through the HPA
axis, the inflammatory reflex, the enteric nervous system (ENS) and finally the brain-gut axis.

Microglia is the resident immune cell in the CNS which represents 5 to 20% of glial cells. It is a
myeloid cell, phagocytic, and has the activity of an antigen presenting cell (APC). In addition, it releases
cytokines and can activate inflammatory-type responses [18,19]. During the early development stage,
the microglia “brand” and “clean” synapses through a process called “synaptic pruning”, promotes
the “wiring” of neuronal circuits and releases cytokines and chemokines that assist and guide the
process of neuronal differentiation [18,20]. The microbiota has a direct influence on the maturation
and function of the microglia. In germ-free (GF)-animals, the microglia display a longer development
process and with more derivations, with high levels in the expression of receptor-1 of the colony
stimulating factor (CSF1R), F4/80 and CD31, factors that decrease in expression during development.
This suggests that there is an important effect of the microbiota on the microglia, which depends on the
stage of development and/or the time of microbial colonization.

The microglia of adult GF-mice can be functionally damaged when there are alterations caused by
lipopolysaccharide (LPS) or by lymphocytic choriomeningitis virus, which in turn causes alterations in
the correct activation of the immune system, including an increase in the release of proinflammatory
cytokines such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-6. These functional deficits
are consistent with the concept that the naive microglia of adult GF-mice has a significant decrease in
the expression of several genes important to interferon (IFN)-mediated responses, in genes for innate
immune responses and genes for viral defense response and effector processes [9,21].

The mechanisms through which intestinal microbes exert their influence on microglia in the
brain are not clear but it seems that there is a “microglial modulation” according to a specific type
of bacteria [9]. This has raised the question of whether the effects of microbiota on microglia are not
regulated by bacteria in general, by the microbiome, or if very specific microbial species are required [9].
The alterations in the morphology of the microglia in GF-animals and the alteration in the expression
of genes can be normalized thanks to the post-natal supplementation with short-chain fatty acids
(SCFAs), which are products of bacterial fermentation [22,23], suggesting that the bacterial species
producing SCFAs are able to restore the alterations that occur in the microglia in GF-mice or treated
with antibiotics [9].

The coordination of information between neurons, microglia and the responses at the central
level with the periphery is carried out through the different axes of regulation and control; the
HPA axis, and the inflammatory reflex (Figure 1). The coordination of these defense responses is
mediated by signaling pathways related to the hypothalamus, the pituitary gland and the adrenal
glands (e.g., HPA-axis), which causes the release of chemical molecules capable of altering behavior,
including glucocorticoids, mineralocorticoids, and catecholamines. The activity of the HPA-axis is
regulated by multiple sympathetic, parasympathetic and limbic circuits (amygdala, hippocampus
and medial prefrontal cortex) that will directly or indirectly activate the hypothalamic paraventricular
nucleus (PVN) [24]. Under normal conditions HPA-axis activity exhibits continuous oscillatory activity
synchronized with circadian as well as ultradian rhythms [25,26].

The sympathic nervous system (SNS) and HPA-axis activation are the main components of
neurotransmitter release and of neuroendocrine molecules of the stress response [27]. To respond to
stress, the SNS is responsible for increasing catecholamine levels in the systemic circulation and tissues,
with the concomitant release of corticotropin releasing factor (CRF) from hypothalamic paraventricular
neurons, then the release of the adrenocorticotropic hormone (ACTH) from the anterior pituitary
gland is stimulated, and ACTH travels through the circulation systemic and induces the synthesis
and release of glucocorticoids from adrenals, cortisol in humans and corticosterone in animals. The
primary function of the SNS and HPA-axis activation is to prepare the body to respond to damage by
increasing the level of glucose in the blood through gluconeogenesis, the suppression of the immune
system (suppression of cytokines) and increasing the metabolism of fats and proteins [27,28].
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Figure 1. Regulation and control of neuroimmune axes. The three systems of regulation and control
of information between the central nervous system (CNS) and the periphery are the hypothalamic
pituitary adrenal (HPA)-axis, the sympatho-adrenal medullary (SAM)-axis and the inflammatory reflex.
These systems are permanently sensing through nociceptive receptors and send information in real
time to the CNS. ACTH, adrenocorticotropic hormone; NST Nucleus of the solitary tract; LC Locus
coeruleus; TNF, tumor necrosis factor; IL, interleukin.

The responses of the HPA-axis as well as other variables of the stress response are regulated by
exposure to psychological and physical stressors, such as infections [29]. The response of the HPA-axis
and the SAM axis to psychological stress is mediated by neurotransmitter systems such as serotonin
(5-HT), norepinepherine (NE) and endorphins, which play an important inhibitory role [29].

In addition, the HPA axis is strongly regulated to react efficiently to pathogens such as Escherichia coli.
This response is mediated by the synthesis of prostanoids induced by the enzyme cyclo-oxygenase
(COX). The elevation in corticosterone levels correlates with the increase in prostaglandin (PG) E2 in
the circulation [29].

Interestingly, prebiotic intake in early life has been associated with beneficial neurological effects
in adulthood. To demonstrate this effect, William and co-workers [30] fed neonatal rats (3 days
old) with B-GOS during 19 or 53 days and showed that levels of the N-methyl-d-aspartate receptor
(NMDAR) N2A subunit, synaptophysin and the brain-derived neurotrophic factor (BDNF) in the
hippocampus of adult rats were elevated as compared with control fed animals. As the expression of
the microtubule-associated-protein-2 (MAP2) was not affected, authors propose that neonatal B-GOS
feeding impacts on neurotransmission, but not on synaptic architecture. Similar results were reported
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by Oliveros group [31] supplementing rat pups with 2′-fucosyllactose (FL) during the lactation period.
When animals were evaluated just after weaning there was no change in behavior, although 2’-FL-feed
rats evoked more intense long-term potentiation (LTP) than control ones. Same animals were evaluated
at the age of 1 year and they performed significantly better in behavioral tests and still evoked more
intense and longer TLP than the control group. Taken together, these results show that prebiotic
administration early in life improves cognitive abilities both in childhood and in adulthood. However,
in a randomized controlled trial, no significant improvement in neurodevelopmental outcomes was
observed in preterm infants fed with breast milk or preterm formula supplemented with short-chain
GOS/long-chain FOS/pectin-derived acidic OS between days 3 and 30 of life when they were evaluated
at one or two years of age [32,33].

The basic organizational unit of the nervous system is the reflex arc, which is composed of
sensory neurons (afferent) that report information to the CNS and motor neurons (efferent) that send
“regulatory” signals to “target” tissues in the periphery. Recent advances in both neuroscience and
immunology have revealed that there are neural reflexes that can regulate immune function in a wide
range of species through evolution, from Caenorhabditis elegans to more complex mammals [17,34,35].

Inflammation is a key process of mammals in order to fight against pathogenic microorganisms
and in the mechanism of wound healing. The molecular products of a bacterial invasion and of
damaged tissue are rapidly detected by pattern recognition receptors (PRRs), which activate the cells
of the innate immune system. The early response of these cells starts a cascade of events whose main
function is the exclusion of pathogens and the subsequent restoration of homeostasis. This process
includes the synthesis and release of proinflammatory cytokines and leukocyte recruitment [17].

It is crucial for the host to regulate and control an inflammatory response. Different mechanisms
of regulation and control of inflammatory mediators have been described; for example, the release of
inhibitory cytokines and soluble receptors to cytokines, as well as the activation of different subtypes
of regulatory lymphocytes [36]. It is interesting to note that PRRs (Toll-like receptors, TLRs, and
Nucleotide-binding and oligomerization domain (NOD)-like receptors, NLRs), in addition to the
receptors for cytokines and PG are also expressed by sensory neurons [37]. This provides a molecular
mechanism by which the CNS acquires information from a process of inflammation localized in the
periphery. In addition, sensory nerves can react to the presence of microbial products independently of
the activation of the immune system [17]. These nerves form a dense network along the external surfaces
of the organism, and it has been suggested that this type of innervation provides the anatomical basis
for a very precise “sensing” by the CNS against a potential infection with a pathogen, a tissue damage
or an inflammatory process [17,37]. Reciprocally, many of the cells of the immune system express
receptors for neurotransmitters such as dopamine (DA), acetylcholine (Ach) and norepinephrine (NE),
all of which in turn regulate the differentiation and activity of leukocytes [17,38–40].

In this phenomenon, afferent signals are transmitted through the “vagus nerve”, which are
processed at the central level (CNS) and return to the periphery via the vagus efferent nerve, a process
by which the release of cytokines is regulated by splenic macrophages [17,41]. Spleen is the major organ
where TNF-α is synthesized and released systematically during an endotoxic process (endotoxemia).
It has been shown that electrical stimulation of the vagus nerve significantly reduces the release of
TNF-α in the spleen. However, the vagus nerve does not directly supply the spleen, the signal travels
to the celiac ganglion, where the splenic adrenergic nerve also flows. The electrical stimulation of the
latter also reduces the synthesis of TNF-α in the spleen. For this inhibition to occur, activation of the
α7 subunit of the nicotinic acetylcholine receptor (α7nAchR) in splenic macrophages is necessary. The
adrenergic nerve terminals are very close to a sub-type of T lymphocytes in the spleen that expresses the
enzyme choline acetyltransferase (AchT), which has the ability to synthesize Ach, a neurotransmitter
that is necessary to inhibit the synthesis and release of TNF-α in the spleen [42].

The vagus nerve, in addition to the splenic and splanchnic nerves, provide an important line of
communication with the HPA-axis [29]. For instances, 2 h after vagal stimulation in rodents there is
an increase in the expression of the mRNA of CRF in the hypothalamus and corticotropin-releasing
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hormone (CRH) which in turn increases the levels of ACTH and plasma corticosterone levels. The
clinical relevance is the fact that vagal stimulation is associated with clinical benefits (signs and
symptoms) antidepressants, together with the “normalization” of HPA-axis parameters in patients
with refractory depression [43].

The impact of other prebiotics on brain physiology and biochemistry has also been experimentally
studied. Rats that received a diet for 5 weeks supplemented with 2’-FL, the most abundant HMO,
experienced increased BNDF levels in the striatum and hippocampus [44]. The expression of other
two brain functional markers involved in the LTP process, the postsynaptic density protein (PSD)-95
and phosphorylated calcium/calmodulin-dependent kinase II (pCaMKII), was also augmented at
frontal cortex and hippocampus, and at hippocampus, respectively. In accordance, authors reported an
enhancement of synaptic plasticity in rats with that feeding regimen and in mice with a 2’-FL long-term
feeding (12 weeks) protocol. Both species improved input/output curves and LPT experimentally
evoked at hippocampal synapses, with a better performance of the animals in different applied tests of
learning behavior.

Finally, some studies have addressed the impact of prebiotics in experimental models of neural
dysfunctions. The first one was focused on analyzing the effect of GOS intake in a mouse model
of amyotrophic lateral sclerosis (ALS) [45]. Animals started to receive the prebiotic at the age of
8 weeks on a daily basis until the end of the protocol. Mice orally fed with GOS experienced
delayed onset of the disease, extended lifespan, improved muscle atrophy, attenuated oxidative
stress of skeletal muscles, suppressed astrocyte and microglia activation, inflammatory response and
apoptosis in spinal cord tissue. Authors attributed neuroprotective effects of GOS on ALS-sick mice
to the amelioration on homocysteine serum levels, an amino acid related to neurotoxic effects in the
pathogenesis of ALS, and to the increases in the amount of VitB12 and folato, both of which are
involved in homocysteine metabolism [46]. Besides, beneficial effects of GOS have been also described
in neuropsychiatric disorders where anxiety and neuroinflammation are clinically involved [47]. In this
sense, the supplementation of 8 weeks-old mice standard diet with B-GOS incorporated to drink water
during 3 weeks reduced LPS-induced anxiety. B-GOS intake also decreased elevated cortical IL-1β
and 5-HT2A receptor expression mediated by LPS in the frontal cortex, in the absence of altered 5-HT
metabolism. Thus, the anti-inflammatory effect of the prebiotic is probably modulating its anxiolytic
activity. A similar link between anti-inflammation and neuroprotection was reported for chitosan
oligosaccharides (CHO) [48] and FOS [49] in a rat model of AD. When CHO was orally administered
to amyloid-β1-42-induced rats during 2 weeks, the learning and memory deficits were reduced, and
the hippocampal cell death decreased. At the same time, CHO treatment inhibited oxidative stress
together with a reduction in proinflammatory cytokines expression at the hippocampus, particularly
IL-1β and TNF-α [48]. In the case of a study done with FOS, it was orally and daily administered
to amyloid-β1-42-induced rats for 4 weeks or to D-Galactose-induced rats for 8 weeks, with similar
outcomes. FOS intake improves inflammation and oxidative stress disorder, ameliorates learning
and memory difficulties, and regulates the synthesis and secretion of neurotransmitters such as NE,
DA, 5-HT, and 5-hydroxyindole acetic acid (5-HIAA) [49]. All these FOS-induced effects on AD are
mediated by the regulation of the gut microbiota.

3. The Interaction of Microbiota with Enteric Nervous System and Brain-Gut Axes

In the last 10 years the importance of the brain-gut axis has been highlighted [50–52]. A connection
has been established between the gut and the CNS, which is essential to achieve host homeostasis.
It has been called the “brain-gut axis” or “GB axis” [53] (Figure 2). The brain-gut axis includes: the
CNS, neuroendocrine and neuroimmune systems, the sympathetic and parasympathetic “arms” of
the autonomic nervous system (ANS), the enteric nervous system (ENS) and noticeably the intestinal
microbiota [29]. All these components interact and form a very complex network of reflexes, with
afferent fibers (input) that project towards integrative structures of the CNS and efferent fibers (output)
with projections towards the smooth muscle. This bi-directional communication network enables
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the sending of signals from the brain and influences the motor, sensory and secretory part of the gut,
and conversely, visceral messages from the intestine can influence brain functions, especially in areas
dedicated to the regulation of stress at the hypothalamic level [29].

 

Figure 2. Brain-Gut Axis. The brain-gut axis is essential for the regulation established between the
intestine and the brain. It includes the central nervous system and the endocrine and neuroimmune
systems; as well as the enteric nervous system. CRH, corticotropin-releasing hormone; CRF, corticotropin
releasing factor; SCFAs, short chain fatty acids; ACTH, adrenocorticitropic hormone; HPA, hypothalamic
pituitary adrenal.

The sympathetic nervous system (SNP) enables the selective presentation of enteric bacteria to the
mucosal immune system. Nerve fibers containing NE have been identified very close to the epithelium
surrounding the lymphoid follicles in the jejunum of pigs; the administration of NE increases the
reception of pathogenic bacteria inside the follicles [7]. In this sense, it has been suggested that the
release of biogenic amines, such as NE, can influence the composition of the intestinal microbiota. For
instance, it has been observed that this neurotransmitter stimulates the growth of both pathogenic
and nonpathogenic Escherichia coli in vitro, in addition to influencing its adherence to the mucous
membranes [48,54,55]. Changes in the physiology of the host that originated within the gut or from
signals from the CNS, produce changes in the bacterial composition of the gut [7].

The ENS is a complex neuronal network that involves multiple neurotransmitters such as 5-HT,
Ach and CRF, where a prominent role is given to the CRF that is mediating changes at the level of
gastrointestinal function. At the ENS level, this CRF demonstrates that peripheral pathways also
play a preponderant role in the local regulation of the intestine and its function in states of stress [56].
The activation of CRF-1 receptor (CRFR1) in the intestine induced by stress increases the motility
of the colon, defecation, permeability of the intestine and the sensation of visceral pain [57]. The
activation of CRFR2 inhibits gastric emptying, suppresses the motor function of stimulating the colon
and prevents hypersensitivity generated by colorectal distension. It has been proposed that CRFR2
may have a key role in stress-induced patency dysfunction and in mucosal immune modulation and in
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inflammatory responses in the colon [58]. CRF can directly activate mesenteric neurons to increase
motility, permeability and stimulate diarrhea in rodents [59].

The contrasting actions of CRFR1 and CRFR2 are associated with differential expression patterns.
CRFR2 is present in anterior regions of the intestinal tract [60], whereas CRFR1 is mostly distributed in
the colon, and is expressed in a very important way in the cells of the colon mucosa [56]. The presence
of CRFR2 in the colonic mucus has been demonstrated and it has been proposed that in this area it may
also have an important role in the stress-induced patency dysfunction in the modulation of immune
and inflammatory responses within the colon mucosa [61]. The evidence shows that stress causes the
recruitment and activation of CRF receptors in the colon, which induces changes related to the same
stress in the intestinal function and in turn causes an increase in sensitivity to stress that results in an
altered expression of receptors to CRF [29].

5-HT is recognized as the most important biological substrate in the pathogenesis of mood
disorders [62]. There is evidence of the role of serotonergic signaling in the neurobiology of
anxiety [63,64]. In GF-mice, altered levels of 5-HT have been reported in the striatum and in
the hippocampus, which suggest an association between the microbiota and serotonergic signaling [62].
In addition to its role as a neurotransmitter in the brain, monoamine 5-HT is a potent regulator in the
gut. More than 90% of all 5-HT in the body is synthesized in the intestine, where it activates 14 different
types of receptors located in enterocytes [65,66], in enteric neurons [67] and in cells of the immune
system [68]. In addition, circulating platelets sequester 5-HT from the gut and release it for the purpose
of distributing it in different parts of the body [69]. 5-HT derived from the intestine regulates various
functions including motor and secretory reflexes, platelet aggregation, regulation of immune responses,
bone development, and cardiac function [69]. A dysregulation of peripheral 5-HT levels is implicated
in the pathogenesis of diseases such as irritable bowel syndrome (IBS), cardiovascular diseases [70]
and in osteoporosis processes. The molecular mechanisms that control the metabolism of 5-HT at the
intestinal level are still unclear, but it has been shown to be synthesized by specialized endocrine cells
called enterochromaffin cells (ECs), as well as by mast cells of the mucosa and by mesenteric neurons
(Figure 3) [69].

 

Figure 3. Serotoninergic system. The serotoninergic system is involved in the pathogenesis of diseases
at the intestinal level, as well as in the regulation of different functions at a systemic level, which
includes the regulation of memory processes, cognition and humor, among others. CNS, central
nervous system; 5-HT, serotonin; ENS, enteric nervous system.
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Exposure to chronic psychosocial stress decreases the levels of Bacteroides spp. and increases the
levels of Clostridium spp. in the caecum, while increasing circulating levels of IL-6 and CCL2 chemokine
(monocyte chemoattractant protein, MCP-1), which is indicative of an immune activation. The levels
of IL-6 and CCL2 correlate with changes in the levels of Coprococcus spp., Pseudobutyrivibrio spp. and
Dorea spp. induced by stressors directly in the intestine [53].

Some types of bacteria, such as lactobacilli, are able to convert nitrate to nitric oxide (NO), a potent
regulator of responses to different levels of immune and nervous system. Lactobacilli also increase the
activity of the enzyme indol-amine-2,3-dioxygenase (IDO), involved in the catabolism of tryptophan
(TRP) and in formation of neuroactive compounds of kinuric and quinolinic acid [71]. Modification of
the intestinal microbiota in adult mice causes changes in behavior, which may be related to immune,
neural and hormonal mechanisms. In relation to immune mechanisms, it is known that TLR-2, 4 and
5 are over-regulated in the gut during colonization, which implies that there is interaction between
these receptors and the microbiota [72,73]. The dendritic cells (DCs) of the gut break the epithelial
layer and interact with commensal bacteria to induce the production of immunoglobulin-A (IgA) by
B-lymphocytes and plasma cells. The secreted IgA confines penetration of the microbiota through
the epithelium. This mechanism hampers an inflammatory response to commensal bacteria under
normal conditions. The DCs are very close to nerve areas of the gut, the neuropeptide sensor calcitonin
gene-related peptide (CGRP) modulates the function of these DCs [74] and can send signals about
the presence of commensal bacteria to the brain via the vagus nerve [75]. The vagus nerve plays an
important role in signaling the gut to the brain and can be stimulated by bacterial products such as
endotoxins or inflammatory cytokines such as IL-1β and TNF-α [75]. The vagal response to stimulation
by peripheral inflammatory events is the suppression in the release of pro-inflammatory cytokines
from intestinal macrophages mediated by α7nAchR [76,77].

Dai, et al. [78] showed that certain probiotics are able to trigger IL-10 mediated anti-inflammatory
responses by downregulating the proinflammatory cytokines TNF-α and IL-6. Both of these
proinflammatory cytokines, along with IL-2 and IL-1β, are key participants in depressive states
and other affective disorders (78). Several other microbe associated molecular patterns (MAMPs) are
able to trigger or block inflammatory responses that are associated with different bacterial genera,
e.g., bifidobacteria inhibits TLR activation, preventing the inflammatory response [79,80]. Other
MAMPs-TLR interactions include OS and the intestinal epithelium. The inflammatory response
is directly responsible for the intestinal barrier permeability, nutrient absorption, and microbiome
translocation. That is the case in acute stress, that initiates inflammation and secondary dysbiosis, due
to aberrant translocation, where the probiotic Lactobacillus helveticus R0052 has been shown to be able
to restore the intestinal barrier [16,79,81,82].

Colonization with Bacteroides thetaiotaomicron induces a 2- to 5-fold increase in the expression of
mRNA that codes for the synaptic protein-33 associated with vesicles, which is involved in synaptic
neurotransmission. This finding confirms that commensal bacteria can influence nervous system
functions [7,50]. The intestinal microbiota is essential for the normal development of the immune and
mucosal systems, which are intimately associated with the impact of the same microbiota on brain
development and function [50].

4. Behavior, Cognition, and Emotion

It has been demonstrated that bi-directional communication exists between the intestine and the
brain and that it involves neurological, metabolic, hormonal and immunological signaling pathways;
and that disturbance or alteration in these systems can result in altered behavior [83]. A clear example
is intestinal inflammation, which has been associated with changes in bowel-brain interactions, as well
as a high morbidity between inflammatory bowel disorder and anxiety states (Figure 4) [84].
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Figure 4. Brain-Gut Homeostasis. The relationship between the intestine and the brain involves
signaling pathways at a neural, metabolic, hormonal and immune system levels. The alteration in these
pathways is capable of causing changes in cognitive and behavioral processes, as well as inducing
inflammatory processes at the periphery level.

The role of microbiota has not only focused on the impact it exerts on the brain and central nervous
function but also on how it is intimately related to the constitutive modulation of nerve function at the
peripheral central level [71].

Stress has been defined as a very complex dynamic condition in which homeostasis or the internal
“resting state” is altered or threatened [85,86]. Throughout life all organisms are exposed to factors
that exceed the homeostatic threshold, which results in a stress response, which may be physical,
psychological or immunological. Evolution has armed most organisms with the necessary biological
machinery to mount a defense response to acute stressors and restore the homeostatic balance once the
stress or damage has subsided [85].

A significant number of animal studies provide abundant evidence that the medial prefrontal
cortex (MPFC) plays an important role in the regulation of stress circuitry [28]. While the ventral part
of the MPFC has been augmented with a stimulatory role, the more dorsal part in contrast has been
described to possess an activity of HPA-axis inhibition. It has been also described that this negative
feedback mechanism is mediated by the inhibition of glucocorticoid receptors (GRs) in the MPFC [28].
The amygdala is a key region in the process of stress responses in addition to being an important target
for the inhibitory feedback system by the MPFC [87]. In humans, the MPFC area is involved in the
modulation of amygdala activity during emotional conflicts and in the regulation of autonomic and
affective responses [28,88].

Stress, particularly in the early stages of life, is one of the major predictors of the onset of
major depression disorder (MDD) [89]. Early exposure to stress and MDD is associated with a
significant de-regularization of the HPA-axis and the stress/cortisol response system. Exposure to
stressors, HPA-axis deregulation, elevated corticosteroid levels and major depression states are related
to structural alterations in the hippocampus and amygdala, key regions in the regulation of the
HPA-axis [90,91].

In one study of early life maternal separation, a group of male rats were submitted to stress
tests [79]. They all showed the typical pattern: poor forced swim performance while the group that was
separated also showed records of high IL-6 blood levels, low NE levels in brain and higher expression
of CRF gene in the amygdala [92]. By administering L. rhamnosus R011 plus L. helveticus R0052, the rats
downregulated their HPA axis and normalized their corticosterone levels [16,92].
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Psychobiotics are now considered key elements in affective disorders. In one experiment with
mice that were administered with L. rhamnosus, they featured lesser signs of anxiety and depression in
forced swim and plus elevated maze respectively than their control counterparts, even at the same
levels of corticosterone [16,93]. This suggests that the probiotic had a downregulation effect over
HPA axis [93]. In the presence of L. rhamnosus, mice showed a lower hippocampal expression of the
GABAB1b receptor gene and a higher expression of it in the cingulated cortex and limbic regions. Since
GABA is the main inhibitory neurotransmitter of the nervous system, it would appear that psycobiotics
are able to modulate the local balance of inhibition/exciting in order to control the systemic responses
to stress, anxiety and depression [93].

As previously described, GF-mice exhibit an exaggerated response to stressors, with the
presentation of anxious-type behaviors and cognitive deficits [94,95]. This behavior is influenced by
the amygdala and the hippocampus. The signaling between the basolateral amygdala (BLA) and the
ventral hippocampus modulates anxiety behaviors and social behaviors [96]. Tune changes (structural
changes) in the amygdala and hippocampus are associated with anxiety disorders in humans and
in rodents in early stages of development. There is evidence of hypertrophy of the dendrites of
excitatory neurons in the BLA area under a state of repeated (repetitive) stress that induces atrophy of
the dendrites in hippocampal neurons [94].

The “germ-free” status induces dendritic hypertrophy in inhibitory interneurons, and the excitatory
pyramidal neurons of the BLA area show increased density of spines type: “thin”, “stubby” and
“mushroom”. The absence of intestinal microbiota induces dendritic atrophy in other areas of the
CNS, as is the case of hippocampal pyramidal neurons and granular cells of the dentate gyrus. In
GF-animals, there is a significant loss of “stubby” and “mushroom” spines in hippocampal pyramidal
neurons [94].

It has been estimated that there are 32% fewer synaptic connections in hippocampal pyramidal
neurons of GF-animals when the dendrite size decreases and this is combined with a smaller size in
the same dendritic spines [94].

A characteristic shared by the animal models of autism and GF-mice is an important alteration
in the processes of social behavior. This type of alterations is in turn associated with alterations in
the volume of the hippocampus and the amygdala. Changes in the size of these structures have been
well documented in experiments with rodents, subject to severe stressors. Prenatally stressed rats
experience an increase in the volume of the lateral amygdala [97,98] whereas chronic stress or treatment
with corticosteroids induces hippocampal atrophy [98]. Changes in these structures of the CNS are
frequently observed in human patients with anxiety disorders or with autism, clearly indicating that
the volumetric alterations of the limbic structures can in turn be the result of a maladaptive response to
stress [94]. In chronically stressed mice, dendrite hypertrophy is observed in inhibitory GABAergic
neurons of the prefrontal cortex area [99].

The amygdala has different “target” areas that are responsible for modulating neuroendocrine
responses to stress. The BLA area is activated by psychological stressors, and lesions in this area
significantly reduce the HPA-axis response efficiency [94]. While, on the other hand, the area of the
central nucleus of the amygdala (CeA) is not involved in the signaling of the HPA-axis induced by
stressors, it is an area that also regulates autonomic responses to stress [94]. GF-mice have a lower
degree of anxiety and social cognitive deficit, and it has been mentioned previously that there is an
important relationship between anxiety and social behavior; the amygdala and the area of the ventral
hypothalamus are directly involved in the regulation of this type of behavior [100]. In addition to
having a preponderant role in the regulation of anxiety, the ventral hypothalamus is also involved in
processes of sociability, and an alteration or damage in this area leads to the appearance of abnormal
responses to social situations [101]. Besides, this ventral hippocampus exhibits a very important
reciprocal connection with the amygdala, another area involved in anxiety and sociability [100].

The different tonsillar sub-regions have different roles in the regulation of anxiety and social
behavior. The areas of the lateral amygdala (LA) and the BLA area integrate sensory information
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and adverse situations and then send their projections to the CeA area [100]. The stimulation of the
projections from the BLA to the CeA area induces an anxiolytic phenotype in mice [102]. This is in
contrast to direct stimulation of the entire BLA area, where an opposite effect is generated, suggesting
that most of the BLA neurons project towards areas that regulate anxiogenic effects [102].

It has been mentioned that chronic stress in the adult stage is also capable of affecting the
composition of the gut microbiota [11]. It is clear that alterations in the brain-gut axis interactions are
associated with intestinal inflammatory processes, syndromes of chronic abdominal pain, and with
eating disorders [11,103]. This altered modulation of the brain-gut axis is associated with alterations in
the regulation of stress responses and behavioral alterations. The high co-morbidity that exists between
stress and some symptoms of psychiatric illnesses such as high anxiety, gastrointestinal disorders
(included in irritable bowel syndrome, IBS) is clear evidence of the importance of this axis in the
pathophysiology of certain types of diseases [11].

Chronic stress on the other hand breaks the intestinal barrier, causes filtrations and alters the
ability of the HPA-axis to reverse the deleterious effects of stress (Figure 5) [93,94].

 

Figure 5. Chronic stress and HPA axis. A chronic stress process is capable of causing disruption at a
level of the intestinal barrier and cause dysbiosis, which in turn induces the leakage of bacteria and the
activation of the local immune system, leading to a significant alteration of the hypothalamic pituitary
adrenal (HPA)-axis. IL, interleukin; MCP-1, monocyte chemoattractant protein; red arrow down mean
decrease levels; blue arrow up mean increase levels.

GABA is the major inhibitory neurotransmitter in the CNS. Dysfunctions in GABA signaling are
associated with anxiety and depression [104]. Lactobacilli and bifidobacteria are able to metabolize
glutamate to produce GABA in vitro [62,104,105]. In an in vivo experiment in mice, a strain of
Lactobacillus rhamnosus shows an effect and influence on depressive and ancestral behavior, and it can
also alter the central expression of GABA receptors in key brain regions for stress management [62].

In 2006, Kamiya et al. [106] demonstrated that oral administration of Lactobacillus species for
anesthetized rats is capable of completely suppressing colonic distension induced by pseudo-affective
cardiac responses, which is reflected in the inhibition of visceral pain perception. This treatment is also
effective in reducing electrical charges in fibers of the dorsal root of the ganglia [71]. The administration
of these same strains of Lactobacillus to healthy adult rats is enough to activate calcium (Ca2+) and
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potassium (K+) channels in neurons-AH (after hyperpolarization) of the ENS in mesenteric plexus of
the colon [71].

It has been shown that the oral administration of specific strains of Lactobacillus induces the
expression of opioids-μ receptors and cannabinoids and promotes analgesic functions similar to effects
of morphine. This suggests that intestinal microbiota can influence our visceral perception [107].
Altogether, these findings indicate that probiotics are able to modulate the function responsible for the
visceral and somatic perception of pain [71].

Currently, there is evidence that supports the influence of intestinal microbiota on the behavior
and health of SNC [1]. Patients with depressive symptoms show a significant improvement in the
symptoms of depression accompanied by a reduction in plasma TRP after a fructose-restricted diet.
Furthermore, fructose malabsorption provides the substrate for a rapid bacterial fermentation, which
results in changes in gut motility [72]. The administration of a strain of Bifidobacterium infantis for
14 days increases the levels of plasma TRP, suggesting that commensal bacteria have the ability to
influence the metabolism of TRP [93].

Intestinal bacteria are potent regulators of systemic and local immune responses such as that
related to mucous membranes, in addition to contributing to the development of inflammatory
disorders in the CNS. GF-animals or animals treated with antibiotics with an experimental autoimmune
encephalomyelitis (EAE) process present reduced inflammation and a lower degree of disease compared
to conventional mice, which suggest the existence of complex interactions between commensal bacteria
and the inflammatory process in CNS [9,97,98]. For example, segmented filamentous bacteria
(frequently associated with the intestinal epithelium) promote the development of Th17 helper T cells,
which produce IL-17. They have been termed as Th17 cells in the small intestine of mice [99,108].

There is important evidence that the brain-gut axis can influence brain chemistry and is able to
modulate behavior in adult mice [43]. A transient disturbance in the microbiota is able to increase the
levels of BDNF in the hippocampus, as well as increase the exploratory behavior of animals. In the
hippocampus, BDNF is associated with memory and learning processes and recent evidence indicates
that this increase is associated with anxiolytic and antidepressant-like behavior [43]. On the other
hand, the amygdala is also associated with memory and disorders in the mood and there has been an
increase in the expression of BDNF in the amygdala during processes of “learning fear” [109]. Low
levels of BDNF in the amygdala increase the exploratory behavior of the animals (Figure 6) [9,43].

Some other molecules with psychobiotic potential are SCFAs. These are macronutrients from
non-digestible metabolites e.g., microbiome secondary degradation products of plant polysaccharides,
and their production and release can be enhanced by prebiotic consumption [110,111]. These SCFAs
include butyrate, acetate and propionate. It has been shown that butyrate crosses the blood-brain
barrier and exhibits important neuroprotective, cognitive and anti-depressive effects [112]. Some
mechanisms related to SCFAs include epigenomic histone-deacetylase gene expression regulation and
HPA axis regulation [79,113,114].

Other secondary products of the psychobiotic-mediated metabolism of non-digestible fiber is DA
and NE from bacilli, GABA from bifidobacteria, serotonin from enteroccocci and streptoccocci, NE
and serotonin from E. coli and acetylcholine from lactobacilli. It is not entirely clear how much these
neurotransmitters modulate the synaptic activity of the ENS [115–117].

The SCFAs regulate the metabolism of free fatty acids, glucose and cholesterol through various
signaling cascades involving receptors linked to G-proteins [1,48]. It has also been found that acetylation
of histones and SCFAs can improve cognitive function in animal models of neurodevelopment and
neurodegenerative diseases, however, another group of researchers showed that the administration of
a specific SCFAs, the propionic acid (PPA), can induce altered behavior traits in patients with ASD
in addition to neurochemical changes [118]. These changes include neuroinflammation, elevation in
levels of oxidative stress, and an important depletion in the efficiency of the antioxidant system; and
all together can cause mitochondrial dysfunction, which is common in patients with ASD and in other
neurodegenerative diseases such as AD and PD [119,120]. The PPA also exhibits neurotransmitter
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effects, effects on tight junctions and on immune function. SCFAs are associated with high levels
of phosphorylated cAMP response element-binding (CREB), which induces a significant increase in
catecholamine levels [121].

 

Figure 6. BDNF release system. The brain-derived neurotrophic factor (BDNF) released via the
activation of the brain-gut axis has been associated with cognitive and behavioral processes, as well
as with anxiolytic and antidepressive effects. SCFAs, short chain fatty acids; red arrow up mean
increase levels.

A first experimental study developed in rats orally administered with FOS or GOS for 5 weeks
showed that both prebiotics augmented the amount of hippocampal BDNF and NR1 subunit of
glutamate N-methyl-d-aspartate receptor (NMDAR) [122]. Besides, oral administration of GOS induced
an increase in NR2A subunit expression in hippocampus, NR1 subunit and D-serine expression in
frontal cortex, and plasma D-alanine. Brain levels of other amino acids related with glutamate
neurotransmission were not modified by either prebiotic. Authors demonstrated that both prebiotics
increased the number of fecal Bifidobacteria, with the effect being greater with GOS intake. However,
OG may be modulating brain chemistry independently of its prebiotic activity, as gut hormones such as
peptide YY (PYY) were increased in plasma of GOS-fed rats in relation with BDNF increase, suggesting
a direct interaction between GOS and gut mucosa that may inclusive influence the immune system.
Based in these experimental results, the same research group developed a clinical study in healthy
human volunteers that received FOS, Bimuno® GOS (B-GOS) or placebo daily during 3 weeks [123].
Although no effects in cortisol secretion and emotional processing were observed in relation to FOS
consumption, the intake of B-GOS decreased salivary cortisol awakening response and attentional bias
in participants as compared to those receiving placebo. Recently, Burokas and co-workers developed a
protocol in mice supplemented with FOS, GOS or a FOS-GOS combination during 3 weeks to analyze
endocrine response to stress, neurotransmitters and their receptor brain expression, gut microbiota
composition, and SCFAs levels [124]. FOS-GOS treatment exhibited both antidepressant and anxiolytic
effects and reduced stress-induced corticosterone release. The same decrease on corticosterone level
was achieved with GOS intake, however FOS had no effect. Prebiotics also modified specific gene
expression of neurotransmitters and involved-receptors in hippocampus and hypothalamus. Notably,
cecal acetate and propionate concentrations were increased and that of isobutyrate was diminished
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by prebiotics, changes that correlated significantly with the positive effects seen on behavior. When
FOS-GOS-treated mice were exposed to chronic psychosocial stress, elevations in corticosterone and
proinflammatory cytokine levels, and depression- and anxiety-like behavior were reduced, as well as
changes on microbiota were normalized. Thus, as previously demonstrated with probiotics, specific
prebiotics may also modulate HPA axis activity and attention to emotional stimuli, suggesting a
beneficial role of prebiotic treatment for stress-related behaviors.

Another path through which microbiota is able to affect functions in the CNS is by the alteration
of hippocampal neurogenesis (AHN) in adults. Indeed, it has been described that the adult brain
has the capacity to generate new neurons within the hippocampus and the lateral ventricles [125].
AHN is involved in memory and learning processes and can be affected by an important variety of
neurological disorders such as epilepsy, major depression, AD and PD, among others [126,127]. A
decrease in the number of neural stem cells and in the AHN process is observed in old age, with the
concomitant cognitive decline [127]. Since metabolic and immune system pathways are involved in
this process, dysbiosis of the intestinal microbiota due to diseases in the early stages of development
may have long-term effects on behavior and cognitive function.

During an episode of medium stress, they observed an increase in ACTH and corticosterone
release in young GF-mice, compared to young conventional specific pathogen free (SPF) mice [128].
The increases in ACTH and corticosterone levels induced by stress were completely reversed in GF
mice when colonized with B. infantis, but only partially reversed when the mice were colonized with
the microbiota of SPF mice. These findings suggest that within the microbiota of SPF mice there are
bacteria that contribute to the suppression of the ACTH response.

Microbiome studies in autoimmune diseases have shown important alterations in the levels of
certain bacterial groups such as Bifidobacteria spp. and Lactobacillus spp., as well as elevated levels
of Clostridia spp., Staphilococcus spp. and E. coli [129–131], which are capable of alter the immune
response, proinflammatory cytokine (TNF-α and IL-1-β) and anti-inflammatory (IL-10) levels, and
generate feedback loops of dysbiosis while altering the immune responses. Celiac disease is a chronic
inflammatory bowel disease caused by an autoimmune response to gluten [129]; in patients with
celiac disease, the persistence of GABA has been suggested by mediating intracortical dysfunction
despite dietary restriction. This hyperexcitability can be the result of a regulation in the GABAergic
inhibitory interneurons mediated in the immune system or by a cortical reorganization mediated
by glutamate, an excitatory neurotransmitter, which tries to compensate for the illness of the gluten
disease [132]. In celiac disease, autoreactive clones of anti-tissue transglutaminase (anti-tTG)2 and
anti-tTG6 antibodies have been found in intestine and areas of the nervous system (cerebellum, pons,
bone marrow and blood vessels), addition to possible injury to the integrity of the BBB by infiltration of
activated Th1 cell-exposing the brain parenchyma to the action of auto-antibodies [133]. This process
leads to synaptic hyper-excitation and low inhibition at the cortical level [132,133], promoting the
typical neurological signs of this disease.

Another important finding made by Sudo et al. [128] was a severe reduction in BDNF expression,
at mRNA and protein levels, in the cortex and hippocampus of GF-mice, compared with SPF-mice.
BDNF regulates important aspects of brain activity, including mood and cognitive functions [128].
Other reports have shown the influence of gut microbiota on the development of brain responses to
stress and on cognitive functions in young mice [7,128].

5. Conclusions and Future Research

Nowadays, we recognize the need to study the human microbiota and probiotics as a whole
ecosystem to better understand the relation between microbiota and host health or disease. One of
the major limitations in using psychobiotics in humans is the lack of its possible interaction with
sex hormones (estrogen and/or testosterone) and its long-term effect. Preliminary findings on how
probiotic treatments, called psychobiotics, may help improve your mood, decrease your anxiety, and
strengthen your memory suggest that in the near future these probiotics could be prescribed to treat
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depression, anxiety, and other mental health issues, by using them in the form of food or supplements
to alter the gut microbiome and treat psychiatric conditions.
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