EXPERIMENTAL AND THERAPEUTIC MEDICINE 13: 1386-1392, 2017

Dysfunction of the thymus in mice with hypertension
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Abstract. The aim of this study was to evaluate thymus func-
tion in mice with hypertension. A total of 60 C57BL/6J mice
were randomized into control, sham surgery and two-kidney,
one-clip groups (n=20 in each). At 4 or 8 weeks after surgery,
mice were sacrificed, and blood, spleens, kidneys and
thymuses were harvested. The results of reverse transcrip-
tion-quantitative polymerase chain reaction analysis revealed
that the mRNA levels of Forkhead box protein N1 (Foxnl) and
autoimmune regulator (AIRE) in the thymus tissue of mice
from the HTN group were significantly lower than those from
the control group at 4 and 8 weeks (P<0.05). Foxnl and AIRE
expression was also reduced in the sham surgery group at
4 weeks after surgery, but had recovered 4 weeks later. Similar
results were observed for the expression of signal-joint T cell
receptor excision circles and the percentages of T cell subsets.
The present study indicates that impaired thymus function
is associated with hypertension in mice, which suggests that
thymus function may be a novel target for the treatment of
patients with hypertension.

Introduction

Hypertension is a multifactorial disease associated with
various types of cells and affected by multiple factors (1,2).
It is characterized by elevated arterial pressure, and may be
complicated by damage to the heart, blood vessels, brain,
kidneys, retinas and other target organs, and metabolic
changes in systemic disease (3). Patients with hypertension
exhibit an increased incidence of heart and cerebrovascular
disease and associated mortality; therefore, the ultimate goal
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of antihypertensive therapy is to reduce these risks by control-
ling blood pressure (4).

In 1970, Ebringer and Doyle reported that 30% of patients
with hypertension exhibited increased serum immunoglobulin
levels (5) and, with the rapid development of clinical immu-
nology, it has been demonstrated that hypertension is associated
with immune dysfunction, which suggests that immune factors
are associated with the complications of hypertension (6).
Previous studies have revealed that T cells are able to induce
high blood pressure, vascular disorders and kidney disease and
that possible mechanisms for this may include the release of
cytokines, which directly affect vascular and renal function
or indirectly stimulate cells to release additional cytokines,
and induce the infiltration of inflammatory cells (7,8). The
thymus is a primary immune organ, in which T cells are
generated and matured (9); therefore, high blood pressure is
likely to be associated with thymus function. A recent study
has revealed that the thymus atrophies and becomes dysfunc-
tional with age (10). A thymus transcription factor, Forkhead
box protein N1 (Foxnl) is an important factor for complete
physiological function of the thymus (11). As the thymus
atrophies, the expression of the thymus aging-associated gene
Foxnl decreases, leading to a downregulation of Foxnl with
age (12). Increased expression of Foxnl has been shown to
improve thymus function, and potentially promote regenera-
tion of the thymus (13), suggesting that Foxnl may serve a role
in high blood pressure. A previous study reported that atrophy
of the thymus was observed in mice with hypertension (14);
however, the specific changes in thymus function remain to be
elucidated.

The autoimmune regulator (AIRE) is expressed in the
thymus, particularly in thymic medullary epithelial cells. The
expression profile of peripheral tissue antigens is affected by
AIRE (15), and AIRE expression levels have been shown to
have functional effects in the thymus (16).

The thymus is a vital immune organ, serving an impor-
tant role in human health. With increasing age, the thymus
gradually shrinks and its functionality declines or is lost
completely (17). Thymus function may be used as a proxy to
indicate the condition of a patient's immune system to a certain
degree. At the CD4 CDS8 -phase, thymocytes begin the rear-
rangement of their T cell receptor (TCR) a chain, and 95%
of T cells are TCRaf} (18). The signal-joint (sj) TCR excision
circle (TREC) is an extra-chromosomal DNA fragment ring,
which is generated when the TCRO gene is deleted prior to
TCRa gene rearrangement. It is stable but not replicated, so
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with increased cell generation and dilution, the level of sjTREC
is highest in T cell populations most recently generated, and
is lower in cell groups after the cell division cycle (19-21).
The prevalence of sjTREC therefore provides an indication
of the number of naive T cells during functional TCR forma-
tion. The presence of naive T cells, which enable the immune
system to recognize all antigens, serves as an indicator of the
generation and output of T cells; therefore, the level of syTREC
may reflect the functional status of the thymus (22,23).

To date, research into hypertension has predomi-
nantly focused on the changes in the renin-angiotensin
system (24,25), with less investigation of changes in immune
mechanisms and organs being performed. Investigating the
changes to immune organs in patients with hypertension
may identify a novel target for the treatment of hypertension
through immune function.

Materials and methods

Animals. A total of 60 8-week-old C57BL/6J male mice with
a mean weight of 20 g were purchased from Shanghai SLAC
Laboratory Animal Co., Ltd. (Shanghai, China). Animals
were housed in a climate-controlled, light-regulated space
with 12-hour day and night cycles. They were fed a normal
mouse chow and water ad libitum. Animal protocols were
approved by the ethics committee of Second Military Medical
University (Shanghai, China), and performed according to the
Guide for the Care and Use of Laboratory Animals published
by the United States National Institutes of Health (NIH
Publication no. 85-23, revised 1996).

Induction of two-kidney, one-clip hypertension. Following
1 week of acclimation, mice were randomly divided into the
control, sham surgery and two-kidney, one-clip (HTN) groups
(n=20 in each). As previously described (26), the mice in the
sham surgery and HTN groups were anesthetized with sodium
pentobarbital (50 mg/kg; intraperitoneally; cat. no. P3761;
Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) the
left kidney was exposed via flank incision, renal arteries were
separated and a silver clip was placed around the left renal
artery. Mice in the sham surgery group underwent an identical
surgical procedure with the exception of the arterial clip. At
4 weeks post-surgery, 10 mice from each group were fasted
overnight, anesthetized with sodium pentobarbital (50 mg/kg;
intraperitoneally) and sacrificed via carotid puncture. The
remaining mice were fasted overnight and sacrificed as above
at 8 weeks post-surgery. Blood samples were harvested from
the carotid artery, and organs of interest (spleen, kidneys and
thymus) were immediately harvested, blotted dry, weighed
and stored at -80°C until required. Blood samples and spleens
were prepared as previously described (27,28), and organ
indices were calculated using the following formula: Organ
index=organ weight/body weight x1,000.

Measurement of blood pressure. The systolic blood pressure
(SBP) and diastolic blood pressure (DBP) of mice in each group
were measured weekly using a non-invasive computerized
tail-cuff system (ALC-NIBP; Shanghai Alcott Biotech Co.,
Ltd., Shanghai, China). The SBP and DBP of each mouse were
measured three times and the mean was calculated.
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DNA and RNA extraction, and reverse transcription-quan-
titative polymerase chain reaction (RT-qPCR). Total RNA
was extracted from the thymus of each mouse using TRIzol
reagent. The purity of obtained RNA was estimated using
a NanoDrop 2000c spectrophotometer (Thermo Fisher
Scientific, Inc., Wilmington, DE, USA), and RNA with an
A260/A280 ratio >1.8 was used for cDNA synthesis. First
strand cDNA synthesis was performed using the First Strand
cDNA Synthesis kit (cat. no. 6210A; Takara Bio, Inc., Otsu,
Japan) according to the manufacturer's protocol. gPCR was
performed using SYBR Green PCR Master Mix iQ (cat.
no. 170-8882AP; Bio-Rad Laboratories, Inc., Hercules, CA,
USA) and the CFX Connect Real-Time PCR System (Bio-Rad
Laboratories, Inc., Hercules, CA, USA), according to the
manufacturer's protocols. qPCR conditions were as follows:
3 min at 95°C, followed by two-step PCR at 95°C for 10 sec
and 58°C for 30 sec for 50 cycles, with fluorescence monitoring
at the end of each elongation step. All primers were obtained
from Thermo Fisher Scientific, Inc. (Waltham, MA, USA), and
are listed in Table I. Relative mRNA expression of target genes
was calculated using the 2“4 method (29). Target sequences
were normalized to 3-actin in multiplexed reactions performed
in duplicate.

Quantification of TRECs. Genomic DNA was extracted from
thymocytes using the Wizard Genomic DNA Purification kit
(cat. no. A1125; Promega Corporation, Madison, WI, USA).
qPCR was performed using a CFX Connect real-time PCR
System (Bio-Rad Laboratories, Inc.) to detect the number of
TRECs. Each amplification was performed using SYBR-Green
PCR Master Mix iQ (cat. no. 170-8882AP; Bio-Rad
Laboratories, Inc.) according to the manufacturer's protocol.
The PCR conditions were as follows: 5 min at 95°C, followed
by three-step PCR: 95°C for 15 sec, 60°C for 40 sec and 72°C
for 30 sec for 45 cycles, with fluorescence monitoring at the
end of each elongation step. PCR data was analyzed using SDS
software (version 2.2.3; Applied Biosystems; Thermo Fisher
Scientific, Inc.). The PCR product of sjTREC and recombina-
tion activating protein 2 (RAG,) sequence was cloned into the
PCR3.1 plasmid (Invitrogen; Thermo Fisher Scientific, Inc.)
at known concentrations: 109, 10°, 10*, 10° and 10* copies/ul.
Target sequences were normalized to f-actin in multiplexed
reactions performed in duplicate. Each sample was performed
in triplicate and the data expressed as the number of copies
of SJTREC/10° cells based on the mouse genome of 2.6x10°
bp (30). All primers were obtained from Thermo Fisher
Scientific, Inc., and primer sequences are displayed in Table I.

Flow cytometric analysis. Blood cells and splenocytes were
incubated with the appropriate antibodies as previously
described (31,32) and flow cytometry was performed using a
FACSCalibur cell analyzer (BD Biosciences, Franklin Lakes,
NIJ, USA). Antibodies (all BioLegend, Inc., San Diego, CA,
USA) used are as follows: Alexa Fluor 488 anti-mouse CD3
(cat. no. 100210), PreCP/Cy5.5 anti-mouse CD4
(cat. no. 100540), Alexa Fluor 647 anti-mouse/human CD44
(cat. no. 103018) and PE anti-mouse CD62 L (cat. no. 104408).
All antibodies were used at a dilution of 1:12. Data were
analyzed using FlowJo software, (version 10.0.7; Tree Star,
Inc., Ashland, OR, USA).
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Table I. Oligonucleotide primers used for reverse transcription-quantitative polymerase chain reaction.

Gene Forward Reverse

m [3-actin 5'-GGTCATCACTATTGGCAACG-3' 5'-ACGGATGTCAACGTCACACT-3'
m Foxnl 5'-"TGACGGAGCACTTCCCTTAC-3' 5'-GACAGGTTATGGCGAACAGAA-3'
m AIRE 5'-GGTTCCTCCCCTTCCATC-3' 5'-GGCACACTCATCCTCGTTCT-3'

m sjTREC 5'-CATTGCCTTTGAACCAAGCTG-3' 5'-TTATGCACAGGGTGCAGGTG-3'
m RAG, 5'-TGACGTGGTGTATAGTCGA-3' 5'-TCCTGAAGTTCTGGGAGA-3'

m, murine; Foxnl, forkhead box protein N1; AIRE, autoimmune regulator; sjTREC, signal joint T cell receptor excision circle; RAG2, recom-

bination activating gene 2.
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Figure 1. (A) Systolic and (B) diastolic blood pressure in the con, sham and HTN groups. Data are presented as the mean =+ standard error of the mean, n=10.
“P<0.05 vs. con. Con, control group; sham, sham surgery; HTN, two-kidney, one-clip hypertension group.

Hematoxylin and eosin (H&E) staining. Standard H&E
staining was performed according to the manufacturer's
protocol (Beijing Xin Hua Luyuan Science and Technology,
Ltd., Beijing , China), and viewed under an Olympus IX51
fluorescence microscope (OLYMPUS CORPORATION,
Japan).

Statistical analysis. Data are presented as the mean + standard
error of the mean. Data analysis was performed using Student's
t-test for comparison between two groups and one-way anal-
ysis of variance was performed to test for differences among
multiple groups, followed by Fisher's least significant differ-
ence test using SPSS 19.0 (IBM SPSS, Armonk, NY, USA).
P<0.05 was considered to indicate a statistically significant
difference.

Results

Blood pressure. At 4 weeks post-surgery, the SBP and DBP
of the HTN group were significantly increased (P<0.001)
compared with those of the sham and control groups,
and reached the hypertension criteria (SBP >140 mmHg;
Fig. 1) (27), indicating that the hypertensive models were
successfully established.

Changes in thymus function.Organs of interest (spleen, kidneys
and thymus) were immediately removed following sacrifice

and the organ indices were calculated. Thymus atrophy was
observed in the HTN group as illustrated in Fig. 2A-C. The
thymic index of the HTN group exhibited no significant differ-
ences at 4 or 8 weeks post-surgery compared with the control
and sham groups (Table II).

H&E staining of the thymus revealed stereotypical
deterioration of the thymic epithelial compartment, reduced
distinction between the cortical and medullary regions and a
reduction in the number of medullary islets per thymic lobe in
the HTN group (Fig. 2D-F).

At 4 and 8 weeks post-surgery, the expression of Foxnl and
AIRE mRNA in the thymus was significantly downregulated
(4 weeks, Foxnl and AIRE, P<0.001; 8 weeks, Foxnl P<0.001
and AIRE P<0.05) in the HTN group compared with the
control group (Fig. 2G and H). There was no significant differ-
ence in the expression of Foxnl and AIRE mRNA at 8 weeks
post-surgery between the sham and HTN groups; however,
there was a significant difference (P<0.001) between the
sham and control groups at 4 weeks post-surgery. Patterns of
sJTREC expression were similar to those of Foxnl and AIRE,
as shown in Fig. 2I and J. Expression of sjTREC in the thymus
was significantly downregulated in the HTN group compared
with the control group at 4 and 8 weeks post-surgery (both
P<0.001), and a significant difference (P<0.001) was observed
between the sham and HTN groups at 8 weeks post-surgery.
Furthermore, a significant difference (P<0.001) was observed
between the control and sham groups at 4 weeks post-surgery.
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Table II. Body, thymus and spleen weight, and thymus index of mice.

Control group Sham group HTN group
Parameters Wk 4 (n=10) Wk 8 (n=10) Wk 4 (n=10) Wk 8 (n=10) Wk 4 (n=10) Wk 8 (n=10)
Body weight, g 21.11+0.82 26.32+3.62 20.32+0.76 25.67+1.99 20.40+1.22 26.33+2.17

Thymus weight, g 0.043+0.051 0.039+0.011 0.038+0.0029  0.037+0.0061 0.041+0.0071 0.038+0.008
Spleen weight, g 0.079+0.013 0.087+0.02 0.076+0.0058 0.079+0.004 0.084+0.0097 0.086+0.0082
Thymus index 1.83+0.475 1.588+0.374 1.818+0.266 1.506+0.22 1.834+0.354 1.575+0.225

Values are expressed as the mean + standard error of the mean. Wk, weeks post-surgery; HTN, 2-kidney, 1-clip hypertension.
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Figure 2. Changes in thymus function. Harvested thymuses from animals in the (A) con, (B) sham and (C) HTN groups. Hematoxylin and eosin staining of
thymus tissue (magnification, x40) from (D) con, (E) sham and (F) HTN mice. Relative expression of thymus Foxnl and AIRE at (G) 4 weeks and (H) 8 weeks
post-surgery. Expression of thymus sjTREC at (I) 4 weeks and (J) 8 weeks post-surgery. Data are presented as the mean + standard error of the mean, n=10.
“P<0.05 vs. con; "P<0.05 vs. sham. Con, control group; sham, sham surgery group; HTN, two-kidney, one-clip hypertension group; sjTREC, signal-joint T cell
receptor excision circle.

Changes in T cell subsets evaluated by flow cytometry. Flow  as shown in Fig. 3A and B. Significant differences were
cytometric analysis was performed on blood and splenocytes, observed between the T cell subset percentages in the blood



1390

EXPERIMENTAL AND THERAPEUTIC MEDICINE 13: 1386-1392, 2017

FL4-H :: CD44 AF647
Ll

el
o)
[~

M |

Q2
6.20

A
4"
Jd00 Jq1 Q2
114.4 11.9
~ 103';'
= 3
© 3
4 -
: z .'
S 10 --I
r 1
< 4
)
= 10
1Q4 Q3
o 11.83 . 71.9
10 AL LLLL | v L LR | LS AALL | LIS LALI
1l.'.'!0 101 1[.'!2 1[}3 1l7!“'l
FL2-H :: CD62L PE
C
80-
= Con
@ Sham (77} Lok x
o U] =W HTN é
: /
E %
@ 404 %
: .
& g % &
20 - * % é
N
i f//:
TEM naive T TEM naive T
Blood spleen

100
jQ4 Q3
0 19.32 _ 65.2
10 -|_I_l—l1!Trl'I_l— ‘—I‘r!l‘rl'l*“—f‘:“l‘"t"ﬂtl'_!_l—l"rﬁtl
10° 10! 102 10° 10?
FL2-H :: CD62L PE
D
80+
= Con
&2 Sham T o
604 mmm HTN
@
=]
£
S 40-
e
a %4
204 *i#
Lol I'I%I
TEM naive T TEM naive T
Blood spleen

Figure 3. Changes in T cell subsets measured by flow cytometry. Blood and splenocyte flow cytometric analysis at (A) 4 weeks and (B) 8 weeks post-surgery.
Changes in the percentages of T cell subsets at (C) 4 weeks and (D) 8 weeks post-surgery. Values are expressed as the mean + standard error of the mean, n=10.
“P<0.05 vs. con; "P<0.05 vs. sham. Con, control group; sham, sham surgery group; HTN, 2-kidney, 1-clip hypertension group; TEM, effector memory T cell.

and splenocytes of the control group compared with the other
groups at 4 weeks post-surgery [blood and splenocytes, effector
memory T cells (TEM) P<0.001; splenocytes, naive T cells
P<0.05], whereas there was no significant difference between
the HTN and sham groups (Fig. 3C). T cell subsets in the HTN
group were significantly different (blood, TEM P<0.05; sple-
nocytes, TEM and naive T cells P<0.001) compared with those
in the sham and control groups, whereas the other two groups
exhibited no significant differences from each other 8 weeks
post-surgery (Fig. 3D).

Discussion

Various cells and influencing factors are associated with the
progression of hypertension. Previous studies have demon-
strated that hypertension is associated with immunity. The
present study assessed the changes in thymus function in
mice with hypertension, and the results demonstrated that
thymus functionality is significantly decreased in mice with
hypertension, suggesting that the immune system is associ-
ated with the process of hypertension. Therefore, treating
the thymus may improve functionality, promote immune
system function and ameliorate hypertension, potentially

providing a novel therapeutic target for the treatment of
hypertension.

The present study demonstrated that mice with hyperten-
sion exhibited had decreased immune function due to atrophy
of the thymus, based on observations of the gross thymus,
thymic pathology slices, the thymus index and expression of
the anti-thymus aging related gene Foxnl.

As the development and maturation of T cell occurs in
the thymus, changes to the T cell subsets are also indicative
of abnormal thymus function (33-35). syTREC may be used
to evaluate the output of naive T cells and thereby serve as
a proxy for thymus output function, indirectly demonstrating
thymus dysfunction (36-38). Hypertension is acknowledged
to be a chronic disease (39,40); however, in the present study
hypertension was induced in mice via the two-kidney one-clip
method only 4 or 8 weeks prior to sacrifice, which may explain
why the thymic index showed no significant differences
between the three groups. In future research, it may be better
to allow a longer period of time between surgery and sacrifice
to investigate whether the thymic index is significantly altered.

Previous studies have demonstrated that Foxnl is exclu-
sively expressed in the thymus (41-43). Increasing Foxnl
expression may induce partial or total recovery of thymus
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function (13); therefore, increasing the expression of Foxnl
may raise the cure rate and provide new diagnostic methods
for hypertension and other immune-related diseases, such as
asthenic bulbar paralysis.

A number of studies have suggested that stress may induce
a decline in thymus function (44-46), by demonstrating that
stress induces a transient reduction in thymus functionality;
however, when individuals recover to a non-stressed state,
thymus function is restored. However, these studies did not
explore the mechanisms responsible for the transient effects
of stress on thymus function. This may be associated with
the increase of angiotensin, renin angiotensin and thyroid
hormone, and may also be associated with stimulation of
sympathetic nerves. Further research is required to confirm
this hypothesis.

In the present study, the two-kidney, one-clip model of
hypertension was used, which is secondary renal hyperten-
sion; therefore the results demonstrate that the immune system
may be associated with the pathological process of renal
hypertension. However, it remains to be determined whether
the immune system has an association with primary hyperten-
sion and other types of secondary hypertension.

In conclusion, in vivo experiments on mice with hyper-
tension suggest that there may be a correlation between
hypertension and immune dysfunction. Improving immune
system or thymus function may enhance the therapeutic
effects of treatments for hypertension, which may provide a
novel therapeutic target and treatment concept for treating
hypertension, and potentially lead to the development of an
anti-hypertension vaccine.
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