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ABSTRACT
This study aimed to investigate the effects of glycated milk casein (Gc) fermented with
Lactobacillus rhamnosus 4B15 (FGc) on the intestinal microbiota and physiological and behavioral
properties in mice under chronic stress. Mice were administered Gc or FGc for 10 weeks and then
exposed to unpredictable chronic mild stress (UCMS) for 7 weeks. FGc administration restored
alterations of gut microbiota induced by UCMS. Moreover, FGc significantly reduced the stress-
induced increase in serum corticosterone and decrease in serotonin levels. Anxiety-like behaviors
induced by UCMS were also significantly decreased in the FGc group. UCMS-induced dysregula-
tion of gene and protein expression related to neuroendocrine function, neuronal development,
and inflammation, and gut-blood-brain barrier function was controlled by FGc pre-treatment.
These results strongly suggest the protective effects of FGc targeting of intestinal microbiota for
abnormal brain activity, which is consistent with the view that FGc plays an important role in
regulating stress-related gut-brain axis disorders.
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Introduction

External chronic stress is a risk factor for psychiatric
disorders, especially in vulnerable individuals. As
psychiatric disorders such as anxiety disorder and
depression induced by chronic stress are complex
and symptomatically heterogeneous, their etiologies
and mechanisms are largely unknown. Chronic
stress promotes reduced sucrose consumption and
increased serum glucocorticoid levels, severe neuro-
nal cell damage, immune and neuroendocrine sys-
tem impairments, anxiety-like behaviors, and
neurocognitive deficits.1 Moreover, stress is a key
risk factor for irritable bowel syndrome (IBS), the
most common gastrointestinal disorder, which
reflects pathologically altered gut-brain axis
homeostasis.2 Several clinical trials testing the pro-
biotics Lactobacillus and Bifidobacteria in IBS and

other lower gastrointestinal disorders showed
decreased symptoms such as anxiety and depression
as well as abdominal pain and bloating and improve-
ment of the intestinal microbiota,3 which plays
a critical role in neuro-immuno-endocrine pathways
through the gut-brain axis. Accumulating data indi-
cate the bi-directional interaction between brain-gut
-microbiome in response to external stress, with the
intestinal microbiome likely acting as a key regulator
of the immune response, facilitates adaptation to
these conditions and protects against the develop-
ment of stress-related neuronal dysfunction.2 The
exact underlying mechanisms that mediate the inhi-
bitory effect of stress are not clearly investigated.
However, stress response relies on the neuroendo-
crine system and structural synaptic plasticity in
both the central nervous system (CNS) and the per-
iphery, and results in the changes of corticosterone
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and serotonergic system through the hypothalamic-
pituitary-adrenal (HPA) axis which are the key fac-
tors in the brain function involved with a stress
reaction.4 Furthermore, the brain circuitry in
response to stress influences various organs and
tissues including the gut, the heart, smooth muscle
of the vasculature, kidney, fat, etc.5

The effects of milk to promote sleep and reduce
stress have been attributed to psychological associa-
tions (i.e., the memory of mother giving milk)6 and
tryptophan, abundantly found in milk and converted
to serotonin and melatonin, which induces sleepiness
and relaxation, respectively.7 According to a previous
study, a diet based on α-lactalbumin, which is one of
the whey proteins in milk, increased the plasma tryp-
tophan-to-large neutral amino acid ratio associated
with the brain serotonin function and cognitive
performance.8 Moreover, αs1-casein hydrolyzates
improved sleep disorders by regulating tryptophan
metabolism and the serotonergic and gamma-
aminobutyric acid (GABA) system and maintained
homeostasis with respect to blood pressure and corti-
sol levels during mental and physical stress in
humans.9 Taken together, it is hypothesized that treat-
ment with microbial hydrolyzates of glycated milk
casein (Gc) that included specific probiotics (i.e.,
Lactobacillus rhamnosus 4B15) may reduce stress-
related disturbances by modulating the HPA axis.
Glycation of milk casein improves their functional
and nutritional properties with structural
modification.10 The previous study revealed that gly-
cation, oxidation, phosphorylation, and deamidation
occurred in the specific sites during glycation reaction
of milk casein, simultaneously with the improvement
of antioxidative and anti-inflammatory activities, and
intestinal epithelial function.10 The probiotics for fer-
mentation of Gc, Lactobacillus rhamnosus 4B15
(4B15), was preliminarily evaluated for its probiotic
potential using various tests (e.g., acid and bile toler-
ance, bacterial adhesion capacity, and anti-oxidative
and anti-inflammatory activities).11 Furthermore, in
a cell-based in vitro intestinal inflammation model,
fermentation of the glycoproteins by 4B15 enhanced
the anti-oxidative and anti-inflammatory activities
and intestinal barrier function relative to those of
non-fermented glycoproteins.10 Therefore, this study
aimed to investigate the preventive effects of Gc and
Gc fermented with novel probiotics of 4B15 (FGc) on
dysbiosis of the intestinal microbiota; abnormal brain

function; and anxiety-like markers such as neuroen-
docrine dysregulation, neurodegeneration, and neu-
roinflammation; and anxiety-related behaviors in
mice under chronic stress.

Materials and methods

Manufacture of probiotic fermented milk protein

Manufacture of glycoprotein from milk protein
Casein (Erie Foods International, Inc., IL, USA)
was dissolved together with glucose in deionized
water at a 2:1 (w/w) ratio of casein (50 mg/g) and
glucose (25 mg/g). The reaction was allowed to
proceed with shaking at 60 rpm in a pilot-scale
instrument controlled by a pilot-scale pasteuriza-
tion unit (Powerpoint International, Tokyo, Japan)
at 75°C for 24 h. The reaction products were
dialyzed twice in a 10,000 molecular weight cutoff
ultra-filtration system (Sam Yeon Engineering,
Seoul, Korea) to remove the remaining glucose
after the reaction with casein, and the dialyzed
products were lyophilized.

Probiotic fermentation

A probiotic strain, Lactobacillus rhamnosus 4B15
(KCCM11983P, Korean Culture Center of
Microorganisms), was activated three times in de
Man, Rogosa, and Sharpe (Difco Laboratories, MI,
USA) broth at 37°C for 18 h before use.
Fermentation of Gc with 4B15 was performed con-
tinuously to manufacture glycoprotein. The glyco-
protein manufactured from milk casein and glucose
was pasteurized at 85°C for 15 min immediately after
24 h of glycation reaction. Then, bacterial cells (107

CFU/mL) were inoculated into the pasteurized gly-
coprotein and incubated at 37°C for 48 h. After
fermentation, fermented glycoprotein was freeze-
dried, and the lyophilized powder was used.

Animals and sample administration

Forty C57BL/6 male mice (Samtako Bio Korea Co.
Ltd., Gyeonggi-do, South Korea) were obtained at
5 weeks of age (initial average body weight, 21 g)
for determining anxiolytic effects as presented in
Figure 1A. Male mice were chosen for this study to
avoid any potential effects of the estrous cycle of
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Figure 1. (A) Schematic overview of the in vivo experiment, (B) changes of body weight, food intake, and depressive-like behaviors
of mice under UCMS. (C) open-field test, (D) rotarod test, (E) elevated-plus maze test, and (F) social-interaction test. Data are
expressed as mean ± SD (n = 8). #Significant difference between N-Con and S-Con (#P < .05, ##P < .005, ###P < .001). *Significant
difference with S-Con (*P < .05, **P < .005, ***P < .001).
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female mice on the behavioral phenotype in
response to stress.12,13 Mice were housed under
standard conditions (12-h light-dark cycle). Mice
were housed four per cage and classified into five
groups (n = 8): non-stressed on normal diet (nor-
mal control [N-Con]), UCMS on normal diet
(stress control [S-Con]), UCMS plus fluoxetine
(15 mg/kg/day; positive control [S-Flu]), UCMS
plus Gc (1,500 mg/kg/day; [S-Gc]), and UCMS
plus FGc (1,500 mg/kg/day; [S-FGc]). All diet
including normal diet and the Gc or FGc diet
were administered to the mice as pellet form.
The Gc or FGc powder was incorporated into the
normal diet pellet. The regular diet composition is
addressed in the Supplementary Table 1. We made
the Gc or FGc containing pellet based on the
previous report.14 Groups of mice were housed in
22 cm wide x 28 cm long x 13 cm tall polycarbo-
nate cages covered filter top with stainless steel lid.
The S-Gc and S-FGc groups were administered Gc
and FGc ad libitum for 10 weeks after a week of
adaptation, and the S-Flu group was administered
fluoxetine dissolved in saline via oral gavage
(15 mg/kg/day in 100 μL) 30 min prior to behavior
testing during the final 5 weeks. All other groups
of mice were administered saline via oral gavage as
vehicle control. UCMS procedure was performed
as previously described15,16 with slight modifica-
tions (Supplementary Table 2). The UCMS group
was exposed to different stressors per day such as
sleep cycle changes, wet bedding, tilted cage, illu-
mination, water deprivation, restraint, and cold-
water baths in random order for 7 weeks after 3
weeks of sample pre-treatment. Non-stress group
was undisturbed except for housekeeping proce-
dures. Behavioral tests were performed during
weeks 7–10 and killed at week 10 for physiological
studies. Body weight and food intake were checked
every week during the experimental period.
Animals had ad libitum access to water. The
mice were euthanized by CO2 inhalation and
blood was collected by cardiac puncture. The
brain (whole brain) and colon tissues were dis-
sected and kept at −20°C until physiological ana-
lysis. Moreover, in order to determine the changes
of the gut microbiome by UCMS and sample
treatment, fecal samples were collected freshly
from distal colon at 10 weeks. All experiments
involving mice were approved by the Animal

Care and Use Committee of Chonbuk National
University (2015–05) and conducted in accor-
dance with the guidelines of the Care and Use of
Laboratory Animals.

Behavioral tests

Open-field test
The open-field apparatus consisted of a square
arena (40 cm long) with 30-cm-high walls. Open-
field behaviors of the mice were recorded and
analyzed using the ANY-maze software
(Stoelting, Wood Dale, IL, USA). Animals were
exposed to the open field for 10 min. The animals
were placed in one of the corner areas, and the
experiment was started immediately afterward.
Between subjects, the box was thoroughly cleaned
with 70% ethyl alcohol and completely dried.

Rotarod test

The rotarod test was performed to evaluate basic
motor activity. Mice were trained on the rotarod
apparatus for four consecutive trials. During each
training session, mice were placed for 1 min on the
rotating rod (4 rpm, constant speed) and returned
to their cages for 1 min before the next trial. Once
the animals were able to stay on the rod rotating at
4 rpm for at least 60 s, they were subjected to the
rotarod test. Tests were performed 24 h after the
training session. On test day, mice were tested on
the rotarod (4–40 rpm, gradually increasing the
pace). Their latency to fall was recorded with
a maximum cutoff of 300 s. Between subjects, the
rotarod apparatus was thoroughly cleaned with
70% ethyl alcohol and completely dried. Mice
were tested for eight consecutive trials with at
least 5-min intervals. The data from the last four
trials were averaged as the latency to fall.

Elevated-plus maze test

The apparatus consisted of two open arms and two
closed arms arranged in a plus-sign orientation. Each
arm was 5 cm wide × 30 cm long × 40 cm tall. The
walls on the closed arms were 15 cm high. At the
start of the test, each subject was placed in the center
of the EPM facing a closed arm. Mice explored the
maze for 5 min, and exploratory activities in both
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open and closed arms were recorded and analyzed
using the ANYmaze system. Between subjects, the
apparatus was thoroughly cleaned with 70% ethyl
alcohol and completely dried. Because rodents natu-
rally prefer dark and enclosed compartments,
a greater willingness to explore open arms indicates
less anxiety behavior, while more time spent in the
closed arms is indicative of increased anxiety.17

Social-interaction test

Mice were tested in a Plexiglas cage divided into
three chambers: two equal-size ends
(31.5 × 25.5 cm) and a smaller neutral section
between them (10.5 × 25.5 cm). During the habitua-
tion phase, the end areas contained an empty “hold-
ing cell” (10.16 cm in diameter and 13.97 cm tall).
Each mouse was placed in the center of the box and
allowed to explore the entire box for 10 min. The
subject was then returned to the cage while another
adult male was placed under the holding cell (on one
randomly selected side) and an empty cell was placed
on the opposite side. During the test phase, the
subjects were placed in the center and allowed to
explore the entire box for 5 min. The ANYmaze
system scored the number of entrances into each
side and the time spent investigating the novel
mouse. Investigation was defined as the test mouse’s
nose touching the novel mouse through the bars or
sniffing within 1 cm. The test arena was carefully
cleaned with 70% ethanol between subjects and com-
pletely dried.

Physiological tests

Serum analysis
Blood samples were immediately collected in BD
Vacutainer® SST™ II Advance (Becton Dickinson,
NJ, USA) by cardiac puncture after mice were
euthanized, and the samples were stored at −20°
C for 30 mins. After centrifugation at 2,000 rpm
for 15 mins, the serum was transferred to a new
tube for further analysis. Serum corticosterone and
serotonin levels were measured using the corticos-
terone (Abnova, Taipei, Taiwan) and serotonin
(Abcam, Cambridge, MA, USA) enzyme-linked
immunosorbent assay kits, respectively, according
to the manufacturer’s instructions. All measure-
ments were made in triplicate.

mRNA expression

Total RNA was extracted from the frozen brain
(whole brain) and colon tissues using Oh et al.’s
method.18 cDNA was generated using the high-
capacity cDNA reverse transcription kit (Applied
Biosystems, Foster City, CA, USA). cDNA samples
were stored at −20°C until further use. qRT-PCR
(CFX Connect Real-Time PCR Detection System;
Bio-Rad, Hercules, CA, USA) was used to detect
mRNA expression using KAPA SYBR FAST qPCR
kit universal master mix (2×) (Kapa Biosystems,
Boston, MA, USA). The reaction protocol was as
follows: denaturation at 95°C for 10 min, anneal-
ing at 95°C for 15 s, and extension at the primer
melting temperature for 30 s. Relative gene expres-
sion was calculated using the comparative thresh-
old cycle method, and values were normalized
with those of glyceraldehyde-3-phosphate dehy-
drogenase. The primer sequences used for qRT-
PCR are listed in Supplementary Table 3.
Expression of 5HT1AR, GABAAR, GPR43, and
TPH-1 was determined for neuroendocrine func-
tions; caspase-3, bcl-2, bax, and BDNF for neuro-
degeneration; TLR4, iNOS, COX-2, TNF-α, and
IL-6 for neuroinflammation; and zo-1, occludin,
claudin-5, and MUC-2 for the tight junction. All
samples were run in triplicate.

Western blot analysis

Dissected brain (whole brain) and colon tissues
were homogenized and lysed in RIPA buffer
(Thermo Scientific, Rockford, IL, USA) supple-
mented with protease inhibitor cocktail (Roche,
Basel, Switzerland). After sonic dismembrana-
tion, the supernatant was collected using cen-
trifugation and the total protein concentration
was determined in the cleared lysates with the
BCA protein assay kit (Thermo Scientific).
Samples were normalized to contain 1 mg/mL
of protein, and 15 μg of sample was run on
sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis with 12% gel (Bio-Rad). The gel
was transferred to a polyvinylidene difluoride
membrane, using the Trans-Blot Turbo™
Transfer System (Bio-Rad). The membrane
was blocked with Tris-buffered saline buffer
supplemented with 0.1% Tween-20 and 5%
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skim milk for an hour and then incubated with
primary antibody overnight at 4°C. The blots
were incubated with the appropriate horserad-
ish peroxidase-conjugated secondary antibody
for an hour at room temperature. Protein
bands were visualized using enhanced chemilu-
minescence substrate (Bio-Rad) and imaged
using the Bio-Rad ChemiDoc MP imaging sys-
tem. Protein expression was quantified using
ImageJ software (National Institutes of Health,
Bethesda, MD, USA). The antibodies used are
listed in Supplementary Table 4. All values
were normalized against those of β-actin.

Measuring intestinal permeability

Intestinal mucosa-to-blood permeability was mea-
sured using fluorescein FD4 as previously
described.19,20 Briefly, the liquid FD4 penetrating
from the colon segment into the incubation buffer
was spectrophotometrically measured at an excitation
wavelength of 485 nm and an emission wavelength of
530 nm.

Histopathological analysis

Pathological histology was evaluated according to
previously described methods with modifications.21

After removal of the colon, tissues were fixed in
formaldehyde. The formaldehyde-fixed colon tissue
samples were processed for histological study.
Paraffin-embedded tissue sections were stained
with hematoxylin and eosin and then examined
and photographed under a light microscope for
histopathological changes.

Fecal microbiome analysis

DNA isolation
Whole genomic DNA was isolated from fecal sam-
ples using FastDNA® Spin Kit for soil (MPbio,
Santa Ana, CA, USA) according to the manufac-
turer’s instructions. Briefly, following lysis of fecal
pellets, samples were centrifuged to pellet debris
and lysing matrix. DNA was purified from the
supernatant with a silica-based GENECLEAN®
procedure using SPIN filters. The eluted DNA
was used for PCR and sequencing.

Microbiome sequencing

PCR amplification was performed using primers
targeting the V3 to V4 regions of the 16 S rRNA
gene with extracted DNA. Bacterial amplification
was conducted using primers 341 F (5ʹ-TCGTCGGC
AGCGTC-AGATGTGTATAAGAGACAG-CCTA
CGGGNGGCWGCAG-3ʹ) and 805 R (5ʹ-GTC
TCGTGGGCTCGG-AGATGTGTATAAGAGACA
G-GACTACHVGGGTATCTAATCC-3ʹ). The PCR
conditions were as follows: initial denaturation at 95°
C for 3 min followed by 25 cycles of denaturation at
95°C for 30 s, primer annealing at 55°C for 30 s, and
extension at 72°C for 30 s, with a final elongation at
72°C for 5 min. Secondary amplification for attach-
ing the Illumina NexTera barcode was performed
with i5 forward primer (5ʹ-AATGATACGGCGACC
ACCGAGATCTACAC-XXXXXXXX-TCGTCGGC
AGCGTC-3ʹ; X indicates the barcode region) and i7
reverse primer (5ʹ-CAAGCAGAAGACGGCA
TACGAGAT-XXXXXXXX-GTCTCGTGGGCTCG
G-3ʹ). The conditions for secondary amplification
were the same as described above, except the ampli-
fication step, was set to eight cycles. The amplified
products were purified, pooled in equal quantities,
and then sequenced with the Illumina MiSeq
Sequencing system (Illumina, San Diego, CA, USA)
according to the manufacturer’s instructions.
Processing raw reads started with a quality check
(QC) and filtering of low-quality (<Q25) reads
using Trimmomatic 0.32. After passing the QC,
paired-end reads were merged using PANDAseq.
Primers were trimmed with ChunLab’s (Seoul,
South Korea) in-house program at a similarity cutoff
of 0.8. The EzBioCloud database was used for
a taxonomic assignment using USEARCH
(8.1.1861_linux32) followed by more precise pair-
wise alignment. UCHIME and the non-chimeric
16 S rRNA database from EzBioCloud were used to
detect chimera on reads that contained less than 97%
best-hit similarity rate. Sequence data were then
clustered using CD-HIT and UCLUST.

Correlation analysis

Spearman’s rank correlation of relative abundance
of fecal microbiota with stress-induced dysregu-
lated markers was visualized as a clustered heat-
map using Ward’s method. The analysis was
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performed with MATLAB version 2013a
(MathWorks, Natick, MA, USA).

Statistical analysis

All data are expressed as means ± standard devia-
tions. Statistical significance for between-group
differences was assessed using an independent-
sample t-test. SPSS version 22.0 (IBM, Chicago,
IL, USA) was used for statistical analyses.

Results

Body weight and anxiety-like behavioral
phenotype

Mice were pretreated Gc or FGc for 3 weeks before
exposure to 7 weeks of stress to investigate their
preventive effects against brain dysfunction induced
by chronic stress. Changes in body weight or food
intake showed no significant difference between
groups (Figure 1B). Several behavioral tests were
performed to investigate the effects of Gc and FGc
on anxiety-like behaviors induced by unpredictable
chronic mild stress (UCMS). The stress-induced
open-field test, rotarod test, elevated-plus maze
(EPM) test, and social-interaction test are widely
used for anxiety-like behavior and cognitive function
measurement.22 Under UCMS conditions, mice
administered FGc traveled a significantly greater
distance in the center of the open-field box, although
total distance traveled in the entire field was similar
to that of mice administered Gc (Figure 1C). In the
EPM test, FGc-administered mice spent significantly
less time in the closed arms and more time in the
open arms than S-Con (Figure 1E). The total dis-
tance traveled and time spent in the center zone
during the EPM test were higher in the FGc-
administered mice than in the S-Con group (Figure
1E). To explore the effects of Gc and FGc on basal
motor activity, the same cohort of mice was sub-
jected to rotarod tests. There were no statistically
significant differences in the latency to fall in the
rotarod test between groups (Figure 1D). Thus,
changes in anxiety-like behaviors in mice are unli-
kely due to altered motor activity because of Gc or
FGc administration. In the social-interaction test,
Gc- or FGc-administered mice showed interactions
similar to other mice groups (figure 1F). Collectively,

these data suggest that FGc attenuates or prevents
anxiety-like behavioral changes in mice experiencing
chronic stress.

FGc ameliorates impairment of neuroendocrine
functions in stressed mice via regulation of HPA
pathway

To determine the response to chronic stress and treat-
ment with Gc or FGc on the activation of the
hypothalamic-pituitary-adrenal (HPA) axis and cen-
tral nervous system (CNS), serum levels of corticos-
terone and serotonin and mRNA and protein
expression of corticotropin-releasing factor receptor
(CRFR), N-methyl-D-aspartate receptor (NMDAR),
and neurotransmitter receptors were evaluated
(Figure 2A, B and Supplementary Figure 1A). Serum
levels of corticosterone and serotonin were signifi-
cantly altered by UCMS and treatment of samples as
shown in Figure 2A. Corticosterone, the major gluco-
corticoid stress hormone, and serotonin play an
important role in regulating neuronal function
and leading anxiety/depressive-like behaviors.
Particularly, dysfunction of the serotonergic system
induced by chronic stress dysregulates the HPA axis
and disturbed neuronal function.22 Serum corticos-
terone was significantly increased (P < .001), while
serum serotonin was sharply decreased (P < .05) in
response to UCMS. However, Gc and FGc treatment
reduced the UCMS-induced changes in serum hor-
mone levels as did fluoxetine. Especially, FGc showed
the highest activity for reducing serotonin in stressed
mice (P < .001). Moreover, treatment with FGc sig-
nificantly suppressed the overexpression of CRFR1
and NMDA2 R due to UCMS (P < .001 and P < .05,
respectively), which is consistent with the fluoxetine
results. CRFR1 is also a major regulator of the HPA
pathway in the CNS, mediating endocrine, auto-
nomic, immune, and behavioral responses to
stress.23 NMDAR is a glutamate receptor and ion
channel protein found in nerve cells. Glutamate is
an important neurotransmitter regulating the neural
portion of HPA axis activity.24 Overexpression of
NMDAR causes an excessive influx of Ca2+ leading
to the excitotoxicity involved in neurodegenerative
disorders. Moreover, the expression levels of neuro-
transmitter receptors, such as serotonin and dopa-
mine, in the FGc treatment group were similar to
those of the non-stressed and fluoxetine groups,
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whereas the stressed group showed 0.6-fold (P < .005)
and 0.2-fold (P < .001) lower expression, respectively,
than those in the non-stressed group. The mRNA
expression levels of serotonin 1A receptor,

5-hydroxytryptamine 1A receptor (5HT1AR) and
gamma-aminobutyric acid receptor (GABAR)
showed a similar pattern with the protein level. The
treatment with FGc altered the neuroendocrine-

Figure 2. Effects of Gc and FGc on neuroendocrine in mice brain and colon under UCMS. (A) serum corticosterone and serotonin
levels (n = 6). (B) Protein expression of NMDA2 R, CRF1 R, 5HT1AR, D2DR, and GABAAR by western blot. Lane 1 = N-Con; lane
2 = S-Con; lane 3 = S-Flu; lane 4 = S-Gc; lane 5 = S-FGc. (C) Protein expression of GPR43 and TPH-1 in mice colon by western blot.
Lane 1 = N-Con; lane 2 = S-Con; lane 3 = S-Flu; lane 4 = S-Gc; lane 5 = S-FGc. Data are expressed as mean ± SD (n = 5). #Significant
difference between N-Con and S-Con (#P < .05, ##P < .005, ###P < .001). *Significant difference with S-Con (*P < .05, **P < .005,
***P < .001).
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related protein expression in the colon as well as in the
brain (Figure 2C). Expression of TPH-1 protein,
which plays an important role in serotonin synthesis,
was higher in the S-Flu (P < .001) and S-FGc (P < .05)
groups than in the S-Con group. Additionally,
G-protein-coupled receptor 43 (GPR43), also known
as free fatty acid receptor 2 (FFA2), was down-
regulated by UCMS, which was attenuated by Gc or
FGc treatment (P < .05) in colon tissue. GPR43 binds
to short-chain fatty acids and has promising thera-
peutic potential for treating inflammatory and meta-
bolic diseases.25 These findings suggest that treatment
with FGc ameliorates UCMS-induced impairment of
neuroendocrine functions via the HPA pathway by
regulating neurotransmitter synthesis and uptake in
both brain and colon.

FGc attenuates UCMS-induced
neurodegeneration

To investigate the underlying mechanisms of Gc
and FGc neuroprotection, quantitative real-time
polymerase chain reaction (qRT-PCR) and wes-
tern blotting were performed to quantify related
mRNA and protein expression in dissected brains
(Figure 3 and Supplementary Figure 1b). For all

factors (i.e., brain-derived neurotrophic factor
[BDNF], bcl-2, bax, cytochrome c, and caspase-
3), both mRNA and protein expression was sig-
nificantly affected by exposure to UCMS. The
neuroprotective molecule BDNF was most highly
expressed in the S-FGc group despite UCMS
exposure (P < .001). In addition, FGc treatment
had greater suppressive effects on the UCMS-
induced changes in bcl-2, bax, and caspase-3
expression, but no effect on cytochrome
c expression, all of which are associated with the
cellular apoptosis pathway, than in the S-Con
group (P < .05). Bax is a pro-apoptotic molecule
that induces apoptosis via cytochrome c release
preceding caspase activation and subsequent pro-
teolysis, which can be inhibited by anti-apoptotic
bcl-2.26 Additionally, these results indicate the
neuroprotective mechanisms of FGc occurred
through regulating apoptosis in the brain.27

Effects of FGc on immune response and barrier
function in stressed mice

Further investigation of Gc and FGc effects on
chronic stress-induced inflammation in the brain
and colon revealed a significant suppression of

Figure 3. Effects of Gc and FGc on neurodegeneration in mice under UCMS. Expression of proteins related to neurogenesis by
western blot. Lane 1 = N-Con; lane 2 = S-Con; lane 3 = S-Flu; lane 4 = S-Gc; lane 5 = S-FGc. Data are expressed as mean ± SD (n = 5).
#Significant difference between N-Con and S-Con (#P < .05, ##P < .005, ###P < .001). *Significant difference with S-Con (*P < .05,
**P < .005, ***P < .001).
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inflammatory markers (Figure 4A). Toll-like
receptor 4 (TLR4) plays an important role in the
inflammatory response, and the signals from TLR
activate the NF-κB signaling pathway, which
causes a subsequent increase in pro-inflammatory
mediators such as iNOS, COX-2, and pro-
inflammatory cytokines.10 The increase in brain
tissue of TLR4, iNOS, COX-2, TNF-α, and IL-6
mRNA expression due to UCMS was attenuated in
mice administered FGc (P < .05) (Supplementary
Figure 1C). An increase in iNOS and COX-2 pro-
teins due to UCMS was also attenuated in the
brain of FGc-treated mice (P < .005). Pre-
treatment with FGc affected the inflammatory
response to UCMS in the colon in the same man-
ner. The suppressive effect was observed in those
treated with Gc (P < .05), but to a lesser extent
than in those treated with FGc. The blood-brain
barrier (BBB) and the gut-blood barrier effectively
protect the brain from circulating pathogens.28

The tight junction transmembrane proteins,
which are critical for the barrier function, restrict
paracellular diffusion of pathogens from the blood
to the brain and from the gut to the blood.28 As
presented in Figure 4B and Supplementary Figure
1D, the expression of tight junction proteins and
genes such as zo-1, occludin, and claudin-5 were
significantly decreased by UCMS in both the brain
and colon (P < .05). On the contrary, FGc treat-
ment remarkably prevented the stress-induced
down-regulation of tight junction-related proteins
and genes in the brain and colon (P < .05), which
was higher than for the effect of Gc treatment.
Moreover, 4-kDa fluorescein isothiocyanate-
dextran (FD4), an indicator of intestinal epithelial
permeability, was significantly increased in the
colon of S-Con mice, but not in S-Flu or S-FGc
mice, compared with N-Con mice (Figure 4C). In
agreement with these results, histological analysis
of colon tissues showed that chronic stress see-
mingly disturbed the firmness of epithelial cells,
but pre-treatment with FGc protected the colon
epithelium from the stress-induced disturbance
(Figure 4D). These findings indicate that FGc
treatment prevented the chronic stress-induced
neuronal and intestinal inflammatory response
and suppressed disruption of barrier functions in
the brain and colon as well as the increased intest-
inal permeability, as did fluoxetine.

FGc normalized UCMS-induced alteration of the
microbiota

To assess whether Gc and FGc, as well as UCMS, alter
intestinal microbiota, 16S rRNA sequencing on geno-
mic DNA isolated from fecal samples was performed.
Alpha-diversity assessed by richness (Chao1, ACE)
and diversity (Shannon) was decreased in all five
mice groups (Supplementary Table 5). In the previous
study, the microbial diversity (alpha-diversity) was
significantly decreased by exposure to stress or psy-
chiatric disorders, such as ADHD.29,30 However,
the behavior tests were likely to act as physical stres-
sors to mice (stressed mice as well as non-stressed
mice) in this study.31 In terms ofmicrobiota composi-
tion, principal-coordinate analysis and UniFrac
unweighted pair-group method with arithmetic
mean cluster analysis using phylogenetic distance,
for beta-diversity, showed distinct clustering of sam-
ples with the non-stressed control (N-Con), stressed
and Gc-treated (S-Gc), and stressed and FGc-treated
(S-FGc) groups clustered more closely and separated
from the stressed control (S-Con) and stressed and
fluoxetine-treated (S-Flu) groups (Figure 5A, B).
Amore in-depth taxonomic analysis indicated several
significant changes in the microbiota composition
(Figure 5C, D and Supplementary Figure 2). At the
phylum level, investigation of taxonomic shifts
revealed that the ratio of the two most dominant
phyla, Firmicutes andBacteriodetes, tended to increase
after exposure to UCMS but was normalized by treat-
ment of Gc and FGc. Moreover, pre-treatment with
Gc and FGc prevented the increase of the relative
abundance of Proteobacteria, as a possible microbial
signature involved with metabolic disorders and
inflammatory bowel disease,32 induced by UCMS. At
the family level, themicrobiotawas dominated by S24-
7_f and Lachnospiraceae, and the relative abundance
of S24-7_f, Lactobacillaceae, and Ruminococcaceae
was reduced, whereas the relative abundance of
Lachnospiraceae, Staphylococcaceae, Clostridiaceae,
and Bacteroidaceae increased in stressed mice.
However, FGc treatment significantly ameliorated
the microbiota alteration induced by UCMS.
Accordingly, at the genus level, S24-7_f_uc
and Lactobacillus were dominant microbes. The rela-
tive abundance of Bacteroides, Caproiciproducens,
Clostridium, Desulfovibrio, Turicibacter, Enterococ-
cus, and Helicobacter was significantly increased by
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UCMS; moreover, the relative abundance of
Akkermansia, Adlercreutzia, Psychrobacillus, and
Blautia showed a stress-induced increasing trend.
More interestingly, FGc treatment effectively

normalized the increased proportion by UCMS for
Bacteroides, Caproiciproducens, Clostridium, Desulfo-
vibrio, Turicibacter, Enterococcus, and Helicobacter.
However, there was a significantly lower abundance

Figure 4. Effects of Gc and FGc on inflammation and barrier function of mice brain and colon under UCMS. (A) Expression of proteins
related to inflammation by western blot. Lane 1 = N-Con; lane 2 = S-Con; lane 3 = S-Flu; lane 4 = S-Gc; lane 5 = S-FGc. (B) Expression
of proteins related to tight junction by western blot. Lane 1 = N-Con; lane 2 = S-Con; lane 3 = S-Flu; lane 4 = S-Gc; lane 5 = S-FGc.
(C) Intestinal epithelial permeability to FD4. (D) Representative H&E stained colon sections. Arrows indicate depleted epithelial cells.
Data are expressed as mean ± SD (n = 5). #Significant difference between N-Con and S-Con (#P < .05, ##P < .005, ###P < .001).
*Significant difference with S-Con (*P < .05, **P < .005, ***P < .001).
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of Lactobacillus and Enterohabdus in S-Con than in
N-Con, but these stress-induced changes tended to be

prevented by the administration of FGc. These results
suggested that chronic stress disturbed the

Figure 5. (A) Principal coordinate analysis (PCoA), (B) UniFrac unweighted pair-group method with arithmetic mean (UPGMA) cluster
analysis, and microbial distribution at (C) phylum level and (D) class and family level.
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homeostasis of the intestinal microbiota, but pre-
treatment with FGc restored the stress-induced altera-
tion of the intestinal microbiota.

Correlation analysis of intestinal microbiota with
stress-induced dysregulated markers

After determining the microbiota composition and
stress-induced dysregulated, the next step was to
generate a heatmap of pairwise correlations
between these two parameters (Figure 6). The
genera Lactobacillus, Ruminococcus, Olsenella,
Enterohabdus, Sphingobacterium, Pseudomonas,
Alistipes, Ochrobactrum, S24-7_F_uc, Bradyr-hizo-
bium, Mucispiruillum, Acetatifactor, and Bacillus
were all close relatives on the tree, which exhibited
a positive correlation with the markers of the brain
and gastrointestinal health. On the other hand,
Clostridium, Adlercreutzia, Turicibacter, Enteroc-
occus, Caproiciproducens, and Desulfovibrio

exhibited a high positive correlation with the mar-
kers of chronic stress such as serum corticosterone
concentration, anxiety-like behaviors, pro-
apoptotic molecules, and inflammatory mediators.
These results agree with the taxonomic analysis
indicating that the intestinal microbiota composi-
tion was significantly affected by external chronic
stress and statistically related to brain function and
behavioral properties.

Discussion

Repetitive exposure to unpredictable stressors acti-
vates the HPA system as an adaptive response, which
is initiated by the release of glucocorticoids, altering
numerous physiological (e.g., metabolic and immune)
and behavioral (e.g., emotion, cognition, and motor)
processes.33,34 A number of studies have attempted to
prevent chronic stress-induced effects through diets
consisting of various food sources and/or probiotics as

Figure 6. Heat map showing the correlation coefficients between the selected genera and stress-induced dysregulated markers. Red
and green colors indicate positive and negative correlations, respectively. An asterisk indicates *P < .1, **P < .05.

GUT MICROBES 1655



well as medicines.35–37 In particular, several research-
ers found that intestinal microbiota alterations
induced by therapeutic administration of probiotics
influenced brain function and behavior through the
brain-gut-microbiome axis.38 In this study, FGc pre-
treatment affected stress-induced alterations of the
intestinal microbiota, which could play a role in
attenuating the dysregulation of corticosterone and
neurotransmitters related to the HPA axis, neurode-
generation, neuroinflammation, and the barrier dys-
function response to UCMS. Additionally, chronic
stress-induced anxiety-like behaviors were signifi-
cantly decreased by the administration of FGc.
Similarly, Gc also showed preventive effects against
chronic stress-induced changes, but to a significantly
lesser extent than FGc. Preliminarily, the structural
modification through the glycation of milk casein
was determined, for example, glycation occurred
mainly in lysine residue; oxidation, phosphorylation,
and deamidation were detected in methionine, serine,
glutamine, and asparagine residueswhichmight result
the strong antioxidative and anti-inflammatory
properties.10 Furthermore, Lactobacillus rhamnosus
4B15 and bioactive peptides derived through micro-
bial proteolysis of glycated casein could have an
important role in these protective effects, based on
previous studies on introducing bacteria or gut con-
tents and their consequences on brain structure and
functions including behavior.39 The milk-derived
opioid peptide casoxin C (κ-casein f(25–34), Tyr-Ile-
Pro-Ile-Gln-Tyr-Val-Leu-Ser-Arg) was reported to
possess psychoactive properties with hormonal and
neurotransmitter activities.40 In our previous study,
several peptides that composed in FGc were demon-
strated their biological functions such as antioxidative,
antimicrobial, immunomodulatory, anti- hyperten-
sive, and ACE inhibitory activities.10 However,
KHPIKHQGLPQEVLN, FSDIPNPIGSENSEK
TTMP, FSDIP NPIGSENSEKTTMPLW, and
IPNPIGSENSEKTTM derived from αs1-casein,
PGEIVESLSSSEESI, FSDIPNPIGSENSEKTTM, and
MPIQAFLLYQEPVLGPVRGPFPIIV from β-casein,
and SPEVIESPPEINTVQVTSTAV (amino acid
underlined indicates post-translated site) from κ-
casein were newly detected and needed to assess
their contribution to psychological function.10

Administration of FGc showed a marked effect on
reducing stress-induced pathological changes of

intestinal microbiota composition, anxiety-like
behaviors, and physiological properties in brain
and colon. Consistent with a recent study, the abun-
dance of Lachnospiraceae, Clostridium,
Adlercreutzia, Turicibacter, Helicobacter, and
Bacteroides, which were positively correlated with
the markers of chronic stress, increased, while the
abundance of Lactobacillus, Ruminococcus, and S24-
7 decreased in the stressed group compared with the
normal group.41 Especially, the increase in
Lachnospiraceae is related to human diseases such
as ulcerative colitis and Crohn’s and celiac diseases.41

On the other hand, the reduced relative abundance
of Lactobacillus and Ruminococcus, which showed
a high negative correlation with stress, were normal-
ized with FGc treatment. Lactobacillus has received
a lot of attention for its beneficial role in protection
against inflammation, colitis pathology, and cogni-
tive impairment. Moreover, some members of the
Ruminococcaceae family are responsible for produ-
cing short-chain fatty acids in the gut and believed to
be protective against inflammation. Evidence sup-
ports the idea that the intestinal microflora of
stressed mice was significantly depleted of butyrate-
producing bacteria (i.e., Butyricicoccus, Clostridium,
and Ruminococcus);41 indeed, a decreased abun-
dance of related microbes was observed in S-Con
mice and the concentration of butyrate in fecal sam-
ples of the stressed groups was also significantly
reduced (Supplementary Figure 3). These results
agree with recent studies demonstrating that the
composition of the intestinal microbiota is modified
by chronic stress.42 The modulation of the intestinal
microbiota composition by the administration of
FGc could be an additional way to reduce the effects
of chronic stress, indicating that intestinal microbes
significantly affect neurochemical, immunological,
and behavioral changes related to stress-induced
psychiatric disorders.43

Intriguingly, FGc pre-treatment suppressed the
increase of serum corticosterone levels due to chronic
stress-induced activation of the HPA axis. CRF is
considered the primary initiator of stress responses,
activating a chain of reactions such as the secretion of
adrenocorticotropic hormone from the anterior
pituitary.44 CRF primarily binds to CRFR1, then acti-
vates the sympathetic nervous system, specifically
triggering the activation of the HPA axis, and
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increases anxiety and depression.45 Elevated corticos-
terone and hippocampal glutamate under chronic
stress activate the glucocorticoid receptor and
NMDAR, which naturally results in inhibition of
neuronal cell proliferation and suppression of
neurogenesis.46 Overactivation of the NMDAR causes
an excessive influx of Ca2+ and consequent excitotoxi-
city, which is involved in neurodegenerative
disorders.46 In recent decades, several studies deter-
mined that chronic stress affects synaptic plasticity,
dendritic morphology, and neurogenesis.47

Fluoxetine developed for the treatment of major
depressive disorders has been shown to stimulate
neurogenesis, dependent on 5-HT1A receptors,
which increase cell proliferation through
a postsynaptic effect.48 FGc may act to inhibit chronic
stress-induced neurodegeneration through these
mechanisms, based on the results of the statistically
similar expression of 5HT1A receptor in FGc and
fluoxetine groups. In addition, FGc treatment regu-
lated the expression of bcl-2, bax, and caspase-3,
which are directly involved in cellular apoptosis. The
anti-apoptotic bcl-2 mediates bax-induced cyto-
chrome c release from mitochondria and caspase
activation, which in turn leads to degradation of spe-
cific protein substrates. Neuroprotection of FGc
against chronic stress-induced neurodegeneration is
likely mediated in part by up-regulation of bcl-2 and
down-regulation of bax and caspase-3. BDNF is
another prevalent growth factor in the development
and plasticity of the brain. Previous studies have indi-
cated that the regulation of BDNF is closely associated
with chronic stress-induced depressive disorders.49

Several studies suggest the involvement of the corti-
costerone level and monoaminergic system in the
regulation of BDNF expression.50 For example, treat-
ment with exogenous corticosterone decreased BDNF
expression in the hippocampus and frontal cortex of
rats;51 however, increased levels of monoaminergic
neurotransmitters, including serotonin and dopa-
mine, and the activation of 5-HT receptors induced
BDNF expression. Consistent with these findings,
FGc treatment also increased BDNF expression in
brain tissue, with a simultaneous decrease in corticos-
terone level and increase in serotonin and expression
of its receptors, when compared with the stress con-
trol group. Taken together, these data suggest that the
regulation of CRFR- and NMDAR-dependent HPA
activation, monoaminergic neurotransmitters, and

ultimately neurogenesis-related markers may be
involved in the anti-anxiolytic effect of FGc.

In addition, chronic stress caused intestinal as
well as neuronal inflammation as reflected by the
significant increase of inflammatory mediators
such as TLR4, iNOS, COX-2, and pro-
inflammatory cytokines in the brain and colon of
chronic stressed mice; however, FGc treatment
suppressed the stress-induced increases.
Continuous exposure to stress affects the immune
responses in the brain and colon owing to the
interaction between the HPA axis, enteric nervous
system, and the immune system. Accumulating
data suggest that the infectious microbes in the
gut affect depressive- and anxiety-like behaviors
through the activation of immune signaling path-
ways from the gut to the brain.42,52,53 Hence, sev-
eral specific probiotics have recently been
proposed to regulate inflammatory responses that
can lead to an increased incidence of stress-related
disorders.2 However, information on the regula-
tion of inflammatory mediators in the CNS is
limited. A few studies have shown that glucocorti-
coids and neurotransmitters released under stress
induce pro-inflammatory cytokines and their
receptors;54 particularly, an excess of pro-
inflammatory mediators in the brain may lead to
structural damage (i.e., neurodegeneration) and
neuronal dysfunction. More interestingly, cyto-
kines can cross the BBB, when compromised by
pathological conditions; thus, the CNS can be
affected not only by cytokines within the brain
but also through the actions of inflammatory med-
iators produced from macrophages and
lymphocytes.55 Increasing evidence suggests that
decreased BBB integrity, due to disruption of
tight junctions, alters transport of molecules
including inflammatory mediators between the
blood and brain, inflammatory responses, and
brain hypoperfusion, resulting in progressive neu-
ronal dysfunction and loss in neuronal disorders.56

Consistent with this knowledge, this study
revealed that exposure to chronic stress resulted
in increased serum corticosterone levels, overex-
pression of pro-inflammatory markers, down-
regulation of BBB tight junction proteins, and
consequently neuronal damage and loss; however,
these stress-induced pathological factors were nor-
malized in the FGc-treated group. Moreover, FGc
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pre-treatment strengthened the gut-blood barrier
by improving the tight junctions and reducing
intestinal permeability, additionally regulated by
TPH-1, an isoenzyme for the synthesis of gut-
derived serotonin, and GPR43 in the colon,
which is in contrast with those of the chronic
stress control group.

Recent studies suggest the concept that the
brain-gut axis is a bidirectional communication
system between the CNS and the gastrointestinal
tract, which is highly correlated with the BBB and
gut-blood barrier functions.57 Furthermore, the
gut microbiota is a critical node within the brain-
gut axis, because of the growing evidence that it
can modulate brain development and function by
regulating the immune response, endocrine path-
way, and intestinal barrier function through the
brain-gut-microbiome axis.58 Indeed, CRF and its
receptors induced by chronic stress have been
reported to play a key role in intestinal perme-
ability dysfunction,58 and in the FGc-treated
mouse group in the present study, CRFR1 was
down-regulated and the intestinal barrier was
maintained against chronic stress. Moreover, pre-
vious pre-clinical and clinical studies reported
that Lactobacillus and Bifidobacterium effectively
improved CNS functions and psychiatric disor-
ders related to anxiety- and depressive-like beha-
viors, autism-spectrum disorders, and memory.59

Currently available studies suggest that the
mechanisms of action of probiotic effects are
highly correlated with the endocrine system,
immune system, enteric neuron activities, and
gut microbiota and their metabolic
activities.60,61 Administration of FGc consisting
of Lactobacillus rhamnosus affected not only
brain circuitry but also the intestine, including
regulation of the intestinal microbiota composi-
tion and the tryptophan pathway which is
involved with serotonin synthesis in the colon
and the prevention of gut leakiness through the
brain-gut-microbiome axis.

Combined with the current findings, adminis-
tration of FGc, the novel functional ingredients,
attenuated the chronic stress-induced dysbiosis of
intestinal microbiota, neurodegeneration, neuroin-
flammatory reactions, and anxiety-like behaviors.

The manufacture of FGc was a simple and eco-
nomical process, which was heat treatment of milk
casein with glucose and fermentation with probio-
tic L. rhamnosus 4B15, and the ingredients were
easy to be obtained and handled. Treatment of the
FGc normalized the dysregulation of the intestinal
microflora and reduced neuronal damage and loss
by regulating CRFR- and NMDAR-dependent
HPA activation, the endocrine pathway involving
serotonin and dopamine, and anti- and pro-
apoptotic molecules and the neurotrophic factor
BDNF. The anti-inflammatory effects were also
attributed to the suppressive effects of FGc on pro-
inflammatory mediators, such as iNOS, COX-2,
and pro-inflammatory cytokines. Moreover, pre-
treatment with FGc reduced the increase in BBB
and intestinal barrier permeability induced by
chronic stress, leading to attenuation of the HPA
axis response, which consequently ameliorated
anxiety-like behaviors and maintained brain func-
tion despite the chronic stress-induced abnormal
brain circuitry (Supplementary Figure 4). In parti-
cular, these findings suggest that FGc treatment
could be a useful therapeutic alternative for the
intestinal microbiota and stress-related neuronal
disorders such as anxiety and stress-related
disorders.
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