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Preliminary analysis of immunoregulatory mechanism of
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Abstract. Hyperhomocysteinemia (HHcy) can be used as an
independent risk factor for predicting cardiovascular disease,
stroke and vitamin B12 deficiency. Patients with HHcy
have elevated plasma homocysteine (Hcy) concentrations.
Enhancing cerebrovascular permeability of substances such
as Hcy and brain damage will synergistically increase the
symptoms of hypertension, but the specific immune regula‑
tion mechanism is still not clear. The purpose of the present
study was to preliminarily explore the immunomodulatory
mechanism of brain damage caused by HHcy in Wistar‑Kyoto
(WKY) rats. A total of 60 WKYs were randomly divided into
three groups: WKY control group (WKY‑C group), WKY
methionine group (WKY‑M group) and WKY treatment group
(WKY‑T group; vitamin B6, B12 and folic acid were used as
treatment), with 20 rats in each group. Physical examination
of body weight, systolic blood pressure (SBP) and plasma
Hcy content was performed routinely. The concentration of
cytokines, including IL‑6, IL‑10, IL‑17A and TGF‑β, associ‑
ated with T helper cell 17 (Th17) and regulatory T (Treg)
cells and key regulator genes, including retinoic acid‑related
orphan receptor γ t (RORγ t) and forkhead box P3 (FoxP3),
were detected by ELISA, reverse transcription‑quantitative
PCR and western blotting. Th17/Treg lymphocytes were
determined by flow cytometry. MRI scan was preliminarily
used to detect the changes characteristic of the ischemic
stroke. The results revealed that high methionine diets might
have a significant effect on the body weight and SBP. The
inflammatory response effect of Treg cells was significantly
inhibited in the WKY‑M group, and that of Th17 cells was
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upregulated when compared to the WKY‑T group. Compared
with the WKY‑T group, the expression levels of IL‑17A and
RORγt in the WKY‑M group were significantly upregulated,
while the mRNA levels of FoxP3 in the WKY‑M group were
significantly downregulated. The diet intervention (including
vitamins B6 and B12 and folic acid) could reduce the level of
Hcy in the blood, but also reduce the inflammatory response
and rectify the Treg/Th17 immune imbalance to ameliorate the
brain tissue damage. In conclusion, the present study indicated
that HHcy can promote inflammation by triggering Treg/Th17
immune imbalance to ameliorate the brain tissue damage.
Introduction
Homocysteine (Hcy) is a thiol‑containing amino acid, and an
intermediate product of methionine and cysteine amino acid
metabolism (1‑3). Hcy was first isolated from bladder stones
in 1931 and was thought to be related to the development of
atherosclerosis as early as in 1969 (4). When the metabolic
pathway is altered due to genetic or acquired factors, the Hcy
level increases, exceeding maximum normal levels, leading to
a condition termed hyperhomocysteinemia (HHcy) (5,6). HHcy
is used as an independent risk factor for predicting cardio‑
vascular disease, stroke and vitamin B12 deficiency (7‑9).
Research to date has indicated that the two most important
systems affected by HHcy are the cardiovascular and nervous
systems.
Studies have found that Hcy plays an important role in the
occurrence and development of carotid atherosclerosis (10‑12).
Elevated plasma levels of Hcy are associated with asymptom‑
atic carotid artery disease in patients with hypertension. Stroke,
head trauma and pressure cause the blood‑brain barrier (BBB)
to be destroyed, exposing the brain to plasma components,
including Hcy (13‑17). Hcy also mediates cardiovascular
conditions due to its adverse effects on the cardiovascular
endothelium and smooth muscle cells, leading to changes in
subclinical arterial structure and function (13‑15). In addi‑
tion, acute ischemic stroke seems to be associated with the
increase in inflammatory cytokine levels induced by Hcy and
the permeability of the BBB (16‑17). Through this mechanism,
studies have found that multivitamin therapy can protect the
BBB against damage by reducing plasma Hcy levels (18‑20). In
addition, the activation of the inflammatory cascade following
brain lesions can trigger changes in the human immune system,
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and different inflammatory cells play differential roles (21,22).
T helper cell 17 (Th17) and regulatory T cells (Tregs) play an
important role in maintaining the immune balance (23). Th17
cells secrete high levels of IL‑17A, which mainly mediates
the inflammatory response and can promote the maturation,
proliferation and chemotaxis of neutrophils (23‑25). Tregs
secrete certain inhibitory cytokines, such as IL‑10, IL‑4
and TGF‑ β, which mainly mediate immune tolerance and
play an important role in maintaining the body's immune
balance (24,25). Th17 and Tregs antagonize each other in
function and differentiation (24). When the body is in a
normal state, the two maintain a relative balance; however, but
when the body is in an abnormal state, an imbalance occurs
between Th17 and Tregs. On the other hand, CD4+ T cells can
differentiate into various Tregs, which can suppress adaptive
T cell responses and prevent autoimmunity (25). The control
of the Th17/Treg balance is also crucial to the development of
inflammatory diseases and the inflammatory response in brain
lesions (24,25). In addition, it has been indicated that transcrip‑
tion factors, such as retinoic acid‑related orphan receptor γ t
(RORγt) and forkhead box P3 (FoxP3) play an important role
in Th17 and Tregs cells (26,27). This suggests that Th17 and
Tregs should not only be analyzed, but also the underlying
mechanism and the regulatory network involved should be
considered. Th17 and Tregs have been extensively investigated
in the context of the inflammatory response following brain
injury; however, the role of the two in the brain ischemic
inflammatory response remains controversial (28,29). This
is not only due to the interdependence between the nervous
system and the immune system, but also due to the different
response of the two systems in the process of brain ischemic
inflammation.
In the present study, an animal model of HHcy was estab‑
lished using Wistar‑Kyoto (WKY) rats administered a high
methionine diet. The rats were then fed with a therapeutic diet
(including vitamins B6 and B12, and folic acid). Changes in
body weight, systolic blood pressure and plasma Hcy contents
were observed in the rats. In addition, the levels of inflam‑
matory cytokines (IL‑6, IL‑17A, IL‑10 and TGF‑β) associated
with Th17 and Tregs were detected, and changes in the plasma
levels of Th17 and Tregs, as well as key transcription factor
(RORγ t and FoxP3) expression in brain tissue were deter‑
mined to assess brain tissue damage and the systemic immune
response.
Materials and methods
Construction of animal models and animal welfare. A total
of 60 male WKYs (weight, 185.3‑228.6 g; age, 8 weeks)
were purchased from the Laboratory Animal Center of the
Chinese Academy of Military Medical Sciences. All animal
experiments were approved by the Animal Experiment
Ethics Committee of the Second Hospital of Tianjin Medical
University (Tianjin, China). All animals were allowed food
and water ad libitum and were housed under conditions of a
12‑h light/dark cycle (lights on at 7:00 a.m.) at a temperature
of 22˚C with 40‑60% humidity. The experiments were carried
out in accordance with the National Institutes of Health Guide
for the Care and use of Laboratory Animals (30). For inhalant
anesthesia during the physical examination procedures,

after 3% anesthetic induction, anesthesia maintenance with
1.5% isoflurane (Macklin Inc.) was used for each rat. At the end
of the experiment, all rats were euthanized by intraperitoneal
injection of sodium pentobarbital (80 mg/kg; cat. no. P‑010;
Cerilliant Corporation), and exsanguination was used to
euthanize them, and blood samples were collected according
to the AVMA Guidelines on the Euthanasia of Animals (31).
Brain tissues were removed and immediately frozen in liquid
nitrogen and stored at ‑80˚C.
A total of 60 WKYs were randomly divided into three
groups: WKY control group (WKY‑C group), WKY methio‑
nine group (WKY‑M group) and WKY treatment group
(WKY‑T group), with 20 rats in each group. The experiment
was intended to intervene in animal feeding conditions
for 16 weeks. Throughout the experiment, WKY‑C rats
were given normal animal feed (without methionine), while
WKY‑M and WKY‑T rats received 2% methionine‑supple‑
mented (cat. no. M9500; Merck KGaA) feed. Starting from
the first day of week 9, WKY‑T rats were treated by gavage
daily for 8 weeks, with a regimen of 12 mg/kg vitamin B6
(cat. no. P5669), 0.09 mg/kg vitamin B12 (cat. no. V2876), and
4 mg/kg folic acid (cat. no. F7876; all from Merck KGaA).
At the same time, the WKY‑M and WKY‑C groups received
normal saline for 8 weeks. The dose was adjusted and calcu‑
lated according to the weight change of each rat.
Physical examination and plasma Hcy analysis. The body
weights of rats were measured and recorded on the first day
(week 0) and weeks 4, 8, 12 and 16. At the same time, a
non‑invasive blood pressure measurement system was used
to monitor the systolic blood pressure (SBP) of the tail artery
in the state of consciousness (Taimen BP‑100A automatic
large‑scale non‑invasive blood pressure measurement system;
Chengdu Taimeng Software Co., Ltd.). In order to ensure the
accuracy of the SBP measurement, the temperature of each
rat was controlled at 37˚C, the blood pressure of each rat
was measured three times after obtaining a stable baseline
(Taimen BP‑100A small animal heater; Chengdu Taimeng
Software Co., Ltd.). The plasma Hcy concentrations in WKYs
were determined by a 7500B automatic immunobiochemical
analyzer (Applied Biosystems; Thermo Fisher Scientific, Inc.)
following the manufacturer's instructions.
Cytokine release assay. Starting at the 9th week of gastric
gavage treatment for the WKY‑T group, the tail blood of
the rats in all groups was collected by centrifugation every
4 weeks. The collected blood samples were centrifuged at 4˚C
at 1,500 x g for 10 min to collect serum. The cytokine concen‑
trations of IL‑17A (cat. no. DY8410‑05), IL‑6 (cat. no. DY506),
IL‑10 (cat. no. DY522) and TGF‑β (cat. no. PMB100B; all from
R&D Systems, Inc.) in peripheral blood were measured by
ELISA. Each sample was tested in triplicate. The OD value
of each well was measured at a wavelength of 450 nm within
15 min. The concentration was calculated according to the
manufacturer's instructions.
Flow cytometric analysis. Th17/Treg lymphocytes were
determined by flow cytometry. The peripheral blood samples
of WKY‑C/M/T rats were selected for analysis at weeks 0,
4, 8, 12 and 16. Briefly, peripheral venous blood (1 ml) was
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Table I. The mRNA primers of this study.
Target gene
IL‑17A
RORγt
IL‑10
FoxP3
β‑actin

Primer direction

Primer sequence (5'‑3')

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

GCAGCGGTACTCATCCCTCAA
TCATTGCGGCTCAGAGTCCAG
GAACCAGAACAGGGCTCAGAC
TAGAAGGTCCTCCAGGCGTAG
ACGCTGTCATCGATTTCTCCC
TCCCACACTCCAGGTTCGGTC
CCCTTTCACCTATGCCACCCT
TTGTGGCGGATGGCATTCTTC
TCAGGTCATCACTATCGGCAA
AGCACTGTGTTGGCATAGAGG

RORγt, retinoic acid‑related orphan receptor γ t; FoxP3, forkhead box P3.

collected in anticoagulation tubes and mixed with 1 ml of
PBS (cat. no. P1020; Beijing Solarbio Science & Technology
Co., Ltd.). The PBS liquid was then slowly added to the
wall of the tube and centrifuged at 4˚C, 500 x g for 20 min.
Following centrifugation, the lymphocyte layer was collected
into a new tube. Subsequently, 1ml PBS solution was added,
and the mixture was centrifuged at 4˚C, 500 x g for 10 min.
After discarding the supernatant, the cells were washed
twice with PBS, and prepared to perform flow cytometric
analysis. CD3‑APC (cat. no. 17‑0030‑82; clone, eBioG4.18),
CD4‑PC5 (cat. no. 15‑0041‑82; clone, GK1.5), CD25‑FITC
(cat. no. MA1‑35144; clone, CD25‑3G10), FoxP3‑PE
(cat. no. 12‑5773‑82; clone, FJK‑16s) and IL‑17A‑PC7
(cat. no. 25‑7177‑82; clone, eBio17B7) antibodies were
purchased from eBioscience; Thermo Fisher Scientific, Inc.
The isotype controls were used as follows: Rat IgG2b κ isotype
control PE‑Cyanine5 (clone, eB149/10H5; cat. no. 15‑4031‑82;
eBioscience); Mouse IgG2b κ isotype control FITC (clone,
eBMG2b; cat. no. 11‑4732‑81; eBioscience); Rat IgG2a κ isotype
control PE (clone, eBR2a; cat. no. 12‑4321‑80; eBioscience);
Rat IgG2a κ isotype control PE‑Cyanine7 PE (clone, eBR2a;
cat. no. 25‑4321‑82; eBioscience). The cells were incubated with
indicated antibodies at 4˚C for 20 min and then washed once
with PBS and resuspended in PBS. For intracellular staining
of FoxP3, 1.0 ml 1X fixation/permeabilization solution (Foxp3
Transcription Factor Fixation/Permeabilization Concentrate
and Diluent; cat. no. 00‑5521‑00; eBioscience) was added to
each tube, which was vortexed and incubated at 4˚C for 60 min
in the dark. Following incubation, 1X permeabilization buffer
solution (10X Permeabilization Buffer; eBioscience, Inc.) was
added to each tube, and the tubes were vortexed and washed
two times and centrifuged at 4˚C, 400 x g for 10 min. The
supernatant was subsequently removed, and 5.0 µl FoxP3‑PE
antibody (cat. no. 11‑5773; eBioscience, Inc.) was added. Cells
were run on a CyAn ADP flow cytometer (Beckman Coulter,
Inc.) for flow cytometry. Treg cells were characterized as the
percentage of CD25+FoxP3+, and Th17 cells as the percentage
of CD4 +IL17+ cells among the CD3+CD4 + cell population.
Data were analyzed using Flow Jo software (version 10.4;
FlowJo LLC). Positive and negative cell populations for each
marker were determined using fluorescence controls and

unstained cells were used as a negative control. Instrument
settings were verified and adjusted with the mid‑peak bead of
the eight‑peak calibration bead set (Spherotech Inc.) before each
acquisition session. Compensation beads (BD Biosciences)
were used to correct for spectral overlap between channels, as
previously described (32).
Reverse transcription‑quantitative PCR (RT‑qPCR).
Total RNA was isolated from ~40 mg brain tissues using
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
according to the manufacturer's instructions. Total RNA
(~5 µg) of with oligo (dT) primers was reverse transcribed
in a 20‑µl volume using the RevertAid First Strand cDNA
Synthesis kit (Thermo Fisher Scientific, Inc.) according to
the manufacturer's instructions. qPCR was performed using
an ABI PRISM 7000 Sequence Detection System (Applied
Biosystem; Thermo Fisher Scientific, Inc.). The reactions
were set up as follows: 10 µl FastStart Universal SYBR Green
Master (cat. no. 4913850001; Roche Diagnostics), 0.4 µl
forward primer, 0.4 µl reverse primer, 1 µl cDNA template
and 8.2 µl ddH2O, for a total reaction volume of 20 µl. The
reaction system was preheated at 95˚C for 10 min, followed
by 40 cycles of 95˚C for 15 sec and 72˚C for 30 sec. After
gene amplification, the melting and amplification curves of
the target genes were recorded. Expression levels of target
genes were calculated using the 2‑∆∆ Cq method with β ‑actin
control (33). All experiments were repeated three times. The
IL‑17A, RORγ t, IL‑10, FoxP3 and β ‑actin‑specific primers
are listed in Table I. The PCR primers were selected from
different exons of the corresponding genes to discriminate
PCR products that might arise from possible chromosomal
DNA contaminants.
Western blot analysis. At week 16, the total protein was
extracted from brain tissues, and the protein expression of
RORγ t and FoxP3 was detected by western blotting. RIPA
protein lysis buffer (cat. no. R0020; Beijing Solarbio Science
& Technology Co., Ltd.) and protease inhibitor were used to
extract tissue protein. The volume ratio of RIPA and protease
inhibitor was 100:1. Bradford assay (Pierce Bradford Assay kit;
Pierce; Thermo Fisher Scientific, Inc.) was used to measure the
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Figure 1. Physical examination and detection of plasma Hcy content. (A) Body weight, (B) SBP and (C) plasma Hcy content changes over the 16 weeks in each
group. Data are presented as the mean ± standard error of the mean. *P<0.05 and ***P<0.001 as indicated. SBP, systolic blood pressure; Hcy, homocysteine;
C, control; M, methionine; T, treatment; WKY, Wistar‑Kyoto.

protein concentration at 595 nm. Equal amount (10 µg/lane)
proteins from each group were separated by 10% SDS‑PAGE
and then transferred onto a polyvinylidene fluoride membrane.
The membrane was blocked with 5% fat‑free milk for 1 h
at room temperature. Membranes were then incubated with
specific primary antibodies against FoxP3 (cat. no. ab215206;
1:800 dilution; Abcam), RORγ t (cat. no. ab207082; 1:1,000
dilution; Abcam) and actin (cat. no. ab179467; 1:5,000
dilution; Abcam) overnight at 4˚C. Then membranes were
incubated with a secondary antibody (goat anti‑rabbit IgG
HRP‑linked; cat. no. ab6721; 1:10,000 dilution; Abcam) for 1 h
at room temperature. Enhanced chemiluminescence reagent
(cat. no. 32106; Thermo Fisher Scientific, Inc.) was used to
visualize bands with a Tanon WB camera (Tanon Science and
Technology Co., Ltd.). ImageJ software (version, 1.53d_19;
National Institutes of Health) was used to perform densi‑
tometry analysis to quantify the protein expression (34). All
experiments were repeated three times.
MRI. A 7.0T MRI small animal magnetic resonance scanner
(Bruker Corporation) was used for MRI analysis. The selected
scan sequences included fast spin echo T1WI sequence and
T2WI sequence, both with the coronal scan, as commonly
used in rats (35). A total of 12 rats in the WKY‑C, WKY‑M and
WKY‑T groups at 24 weeks of age were selected, and 3 rats
in each group were subjected to routine head MRI examina‑
tion. Continuous respiratory anesthesia was performed using
2% isoflurane mixed with 98% oxygen, followed by MRI
scan under anesthesia. The following parameters were used:
Scan range, full head; tuning, <200 MHz prior to scanning;
shimming, 100 MHz. The scan parameters were as follows:
T2WI sequence imaging parameters: Repetition time (TR),
3000 msec; echo time (TE), 75 msec; echo train length
(ETL), 8; layer thickness, 1.5 mm; layer spacing, 0.2 mm;
number of the excitation (NEX), 4; matrix, 256x256; field of

view (FOV), 35x35 mm; imaging time, ~6 min and 30 sec.
T1WI sequence imaging parameters were as follows: TR,
500 msec; TE, 17 msec; layer thickness, 1.5 mm, layer spacing,
0.2 mm; NEX, 3; matrix, 256x256; FOV, 35x35 mm; imaging
time, ~5 min and 15 sec.
Statistical analysis. All animals were randomized into three
groups. The results are presented as the mean ± standard error
of the mean. The experiments (including physical examina‑
tion, ELISA, RT‑qPCR and flow cytometric analysis) were
repeated three times. Statistical analysis was performed
using GraphPad Prism 6.0 software (GraphPad Software,
Inc.). Differences between three groups were measured using
one‑way ANOVA with Tukey's post hoc test. P<0.05 was
considered to indicate a statistically significant difference.
Results
Detection of body weight and plasma Hcy content. In order
to explore the preliminary effects of a high methionine diet,
a statistical analysis of the body weights of WKY rats was
conducted (Fig. 1A). The overall observation was that the
weights of the rats in the three groups during the 16‑week
period exhibited a gradual upward trend. The results revealed
that from 0 to 16 weeks, the rats in the WKY‑C group
exhibited the heaviest weight and the most rapid increase
in weight. The amplitudes of body weight of the rats in the
WKY‑M group (n=20) and WKY‑T (n=20) group were lower
than those in the WKY‑C (n=20) group. The WKY‑M group
exhibited the highest SBP level, which was higher than the
baseline of the WKY‑C group (Fig. 1B). Following treatment,
it was observed that the SBP value began to gradually decrease
in the WKY‑T group and was significantly lower than that
in the WKY‑M group at week 16. To further investigate the
effects of a high methionine diet and to confirm the successful
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Figure 2. Cytokine release analysis. The plasma expression of (A) IL‑6, (B) IL‑17A, (C) IL‑10, and (D) TGF‑β in each group was determined by ELISA and
analyzed by the one‑way ANOVA with a Tukey's post hoc test. Data are presented as the mean ± standard error of the mean. n=5/group. *P<0.05 and **P<0.01
as indicated. C, control; M, methionine; T, treatment; WKY, Wistar‑Kyoto.

establishment of the HHcy model, plasma Hcy concentration
was examined in each group (Fig. 1C). Among the groups, the
WKY‑M group exhibited the highest plasma Hcy concentra‑
tion (≤6‑fold higher than the other groups). Compared with
the WKY‑M group, the plasma Hcy concentration in the
WKY‑T group was significantly reduced to levels comparable
with those in the WKY‑C group at week 16 (Fig. 1C). In
summary, these results indicated that a high methionine diet
exerted a significant effect on body weight and SBP. These
data also indicated that the HHcy model was successfully
established.
Determination of plasma cytokine secretion and expression of
related genes in brain tissue. In order to examine the effects
of a high methionine diet on the main secreted factors of Th17
and Tregs in rat veins, ELISA was performed to detect the
expression levels of various cytokines (IL‑6, IL‑17A, IL‑10
and TGF‑ β; Fig. 2). Compared with the WKY‑C group,
IL‑17A secretion was increased in the WKY‑M group, while
the IL‑10 and TGF‑β levels were decreased in the WKY‑M
group at week 16. Following treatment, compared with the
WKY‑M group, IL‑17A secretion in the WKY‑T group was
decreased, while the IL‑10 and TGF‑β levels were increased
at week 16. In order to further verify the role of Th17 and
Tregs, the levels of Tregs and Th17 cells were detected in
peripheral blood at weeks 0, 4, 8, 12 and 16 using flow cytom‑
etry (Figs. 3A and 4A). Under the joint action of HHcy and
hypertension, the levels of Treg were significantly inhibited,
while those of Th17 cells were upregulated (Fig. 3B and 4B).
Following folic acid, VitB6, and VitB12 intervention, these
effects were reversed. The levels of Tregs were significantly
enhanced, while those of Th17 cells were downregulated.

RORγ t and FoxP3 are important transcription factors
associated with the differentiation of Th17 and Tregs, respec‑
tively. In addition, at weeks 8, 12 and 16, fluorescent qPCR
was used to detect the mRNA levels of RORγ t, IL‑17A,
FoxP3 and IL‑10 in the brain tissues of the three groups of
rats to determine the possible regulatory changes. The results
revealed that at week 16, the mRNA levels of IL‑17A and
RORγt in the WKY‑M group were significantly upregulated,
while the mRNA levels of FoxP3 in the WKY‑M group were
significantly downregulated. The mRNA levels of IL‑17A and
RORγt were downregulated in the WKY‑T group. Conversely,
the mRNA levels of FoxP3 in the WKY‑T group increased
significantly (Fig. 5). Furthermore, the protein levels of RORγt
and FoxP3 in the brain tissues were further detected by western
blot analysis (Fig. 6A and B). The relative protein expression
levels of RORγt and FoxP3 in the WKY‑M and WKY‑T group
were significantly higher than those in the WKY‑C group.
The expression of RORγ t in the WKY‑M group was higher
than that in the WKY‑T group. The expression of FoxP3 in
the WKY‑M group was significantly lower than that in the
WKY‑T group.
Preliminary analysis of changes associated with ischemic
stroke. In order to determine whether ischemic lesions
appeared in rat brain tissue, MRI imaging was performed
(Fig. 7). Different from the classic thread embolization
method to induce the middle cerebral artery occlusion
of rats to establish a rat model of ischemic stroke, the rats
were directly selected after the feeding intervention test
for routine head MRI detection. The experiment did not
yield a definitive positive result, indicating that no obvious
damage was observed in the brain structure of each group.
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Figure 3. Flow cytometric analysis of Treg cells. CD25‑FITC, FoxP3‑PE and isotype control antibodies were used to determine the proportion of Treg
lymphocytes. (A) Percentage of Treg cells in WKY‑C, WKY‑M, and WKY‑T groups. (B) Percentage of Treg cells in week 16 was analyzed using the one‑way
ANOVA with a Tukey's post hoc test. Data are presented as the mean ± standard error of the mean. n=3/group. ***P<0.001 and ****P<0.0001 as indicated. C,
control; M, methionine; T, treatment; WKY, Wistar‑Kyoto; Treg cells, regulatory T cells; FoxP3, forkhead box P3.

Further analysis revealed that the animal species, age and
modeling method differed compared to several other classic
models (36,37). Although the expected results were not
obtained, the experiment did provide some experience for
future use; namely that the selection of species, rat age and
modeling methods need to be carefully selected.
Discussion
The blood vessels that comprise the central nervous system
(CNS) vasculature have unique characteristics, termed the
blood‑brain barrier (BBB) (38). The precise control of CNS
homeostasis by the barrier effect of the BBB allows neurons
to perform appropriate functions and also protects nerve
tissue from toxins and pathogens (39). At the same time, the
change in barrier characteristics of the BBB has also become
an important link in the pathology and development of various
diseases (40‑42). As regards Hcy, researchers have observed
that a diet high in Hcy can lead to damage to capillaries in
the hippocampal CA1 region, local and irregular thickening
of the basement membrane, swelling of the mitochondria
and cytoplasm, and the appearance of fibrosis in the hippo‑
campal CA1 region (43). Another study also demonstrated that

elevated Hcy levels exerted a significant toxic effect on cere‑
bral microvessels in the brain, indicating that Hcy was closely
related to the disruption of the BBB (16). However, the specific
mechanisms behind the changes caused by Hcy remain to be
fully determined.
On the one hand, HHcy alters the structure and function
of the BBB to increase its permeability; on the other hand,
HHcy alters the function of neurons by affecting astro‑
cytes (13,20,44). Hcy becomes the direct cause of brain tissue
damage, and the inflammatory response and the permeability
changes of the BBB mutually promote each other to accelerate
the damage to brain tissue caused by high Hcy levels (45‑49).
For hypertensive patients with HHcy, current research focuses
on the immune function of Th17 and Tregs (50‑52). Th17
and Tregs maintain a relative balance when the body is in
a normal state; however, when the body malfunctions, the
balance between Th17 and Tregs is altered (21). This immune
imbalance is related to the occurrence and development of a
variety of diseases, such as inflammation, infection, tumors
and autoimmune diseases (53).
In the present study, the systemic effects (body weight,
SBP and plasma Hcy levels) of the Hcy diet were first explored.
Following folic acid and vitamin B diet therapy intervention,
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Figure 4. Flow cytometric analysis of Th17 cells. CD4‑PC5, IL‑17A‑PC7 and isotype control antibodies were used to determine the proportion of Th17
lymphocytes. (A) Percentage of Th17 cells in WKY‑C, WKY‑M, and WKY‑T groups. (B) Percentage of Th17 cells in week 16 was analyzed using one‑way
ANOVA with Tukey's post hoc test. Data are presented as the mean ± standard error of the mean. n=3/group. **P<0.01 as indicated. C, control; M, methionine;
T, treatment; WKY, Wistar‑Kyoto; Th17, T helper cell 17.

Figure 5. Expression of IL‑10, FoxP3, RORγt and IL‑17A mRNA in brain tissues. mRNA expression levels of (A) IL‑10, (B) FoxP3, (C) RORγt and (D) IL‑17A
were determined by reverse transcription‑quantitative PCR and normalized to β‑actin gene. Data are presented as the mean ± standard error of the mean.
n=3/group. *P<0.05, **P<0.01 and ***P<0.001 as indicated. C, control; M, methionine; T, treatment; WKY, Wistar‑Kyoto; ns, no statistical significance; FoxP3,
forkhead box P3; RORγt, retinoic acid‑related orphan receptor γ t.
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Figure 6. Protein expressions of FoxP3 and RORγt in brain tissues. (A) Western blotting results of RORγt and FoxP3 protein expression in brain tissues. (B) Relative
protein expression levels of RORγt and FoxP3 were normalized to actin protein. Data are presented as the mean ± standard error of the mean. n=3/group. *P<0.05
as indicated. C, control; M, methionine; T, treatment; WKY, Wistar‑Kyoto; FoxP3, forkhead box P3; RORγt, retinoic acid‑related orphan receptor γ t.

Figure 7. MRI imaging examination of brain tissues. The MRI scan was performed by T1WI sequence and T2WI sequence in each group. As indicated by the
red arrows, there was no obvious damage observed in the brain structure in each group.
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further analysis revealed that the expression levels of the main
secretory factor, IL‑17A, and the transcriptional regulator,
RORγt, of Th17 cells in the brain tissue of the WKY‑T group
decreased, and returned to the corresponding levels of the
normal diet group. It was demonstrated that folic acid and
vitamin B treatment attenuated the effects of HHcy‑induced
hypertension by suppressing the role of Th17 cells and weak‑
ening the inflammatory response process. This was consistent
with the findings that patients with cardiovascular disease have
high blood pressure, and plasma Hcy levels are higher than
in normal subjects, while folic acid, vitamin B6, vitamin B12
levels are lower than normal (54). In the present study, flow
cytometry revealed that the proportion of Tregs in the WKY‑M
group was significantly lower than that of the normal diet
group, and following folic acid and vitamin B intervention, the
proportion of Tregs and the expression level of their regula‑
tory factor, FoxP3, were increased in the WKY‑T group. The
results of RT‑qPCR and western blot analysis revealed that the
numbers of Th17 cells were decreased in the brain tissues of
the WKY‑T group, while those of Tregs were increased. The
numbers of Th17 cells in the WKY‑M group were increased
gradually at 16 weeks and the protein expression of RORγt and
FoxP3 in the brain tissues was also consistently altered. This
indicated that HHcy not only enhanced the Th17 response,
but also reduced the body's immune suppression mechanism
by reducing the level of Tregs. Based on the current observa‑
tion, dietary interventions of folic acid and vitamin B may
suppress the inflammatory response process by rectifying
the Th17/Treg balance, and may attenuate the adverse effects
induced by hypertension. A limitation of the present study was
that no differences in brain structure were observed by MRI,
and the imbalance of the Treg/Th17 immune response by
HHcy was detected in a preliminary perspective and not fully
explained by relevant molecular mechanisms. Further studies
are required to investigate the molecular mechanisms respon‑
sible for brain injury caused by HHcy. Future studies should
focus on investigating the molecular mechanisms of brain
injury caused by HHcy. Although any damage to the rat brain
structure in the experiment was not observed, the experiment
did provide certain experience for future use; namely that the
selection of species, rat age and modeling methods need to be
carefully selected.
In conclusion, the present study examined the effects of
a high methionine diet on the main secretory factors (IL‑6,
IL‑17A, IL‑10 and TGF‑ β) and transcriptional regulators
(RORγt and FoxP3) of rat Th17 and Tregs. Imaging changes of
rat brain tissue and changes following folic acid and vitamin B
intervention were combined, and it was found that HHcy
could cause a Th17/Treg immune imbalance. This immune
imbalance state was closely associated with the inflammatory
response. The diet intervention (supplements of folic acid,
vitamin B6 and vitamin B12) not only reduced the damage
to brain tissue induced by Hcy by reducing the level of Hcy
in the blood, but also reduced the inflammatory response and
rectified the Treg/Th17 immune imbalance to attenuate brain
tissue damage.
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