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 Background: Studies in ApoE knockout mice have shown that pseudolaric acid B (PB) can act as an immunomodulatory 
drug and attenuate atherosclerosis progression by modulating monocyte/macrophage phenotypes. Our previ-
ous study demonstrated that high salt intake could shift the phenotype of monocytes/macrophages to an in-
flammatory phenotype, and that this shift was related to hypertension and hypertensive left ventricular (LV) 
remodeling. However, no comprehensive assessment of the effects of PB on hypertensive LV remodeling has 
been conducted.

 Material/Methods: In this study, RAW264.7 macrophages cultured with different concentrations of NaCl were used to investigate 
the modulating effects of PB on macrophage phenotype. Furthermore, N-nitro-l-arginine methyl ester hyper-
tensive mice were used to investigate the modulating effects of PB on monocyte phenotype. LV remodeling 
was investigated by echocardiography. LV morphologic staining (for cardiomyocyte hypertrophy and collagen 
deposition) was performed at the time of sacrifice.

 Results: The results showed that PB significantly improved the viability of RAW264.7 cells, suppressed their phagocytic 
and migration abilities, and inhibited their phenotypic shift to M1 macrophages. In addition, the blood pressure 
of PB-treated mice was significantly decreased relative to that of control mice. Furthermore, after PB treatment, 
the percentage of Ly6Chi monocytes was significantly decreased while that of Ly6Clo monocytes was apparent-
ly increased. Moreover, PB preserved LV function and alleviated myocardial fibrosis and cardiomyocyte hyper-
trophy as measured at the end of the experimental period. The transfer of monocytes from PB-treated mice to 
hypertensive mice achieved the same effects.

 Conclusions: Together, these findings indicate that PB exerts its protective effects on hypertensive LV remodeling by mod-
ulating monocyte/macrophage phenotypes and warrants further investigation.
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Background

Ample evidence has shown that long-term high salt (HS) in-
take is an important environmental factor involved in the ag-
gravation of hypertension and related cardiovascular diseas-
es [1-3]. Recent studies have demonstrated that high salt (HS) 
loading can not only induce hypertension but detrimentally in-
fluence target organs independent of its effects on blood pres-
sure (BP) [4-6]. As an important part of the body’s innate im-
mune system, monocytes/macrophages play important roles 
in anti-inflammation, tumor inhibition, and immune regula-
tion. Macrophage infiltration in hypertensive target organs has 
been reported in animal model studies [7-9]. In addition, in hy-
pertension, the degree of macrophage infiltration is positively 
correlated with the degree of target organ damage. However, 
the detailed mechanism remains unclear.

In mice, circulating monocytes are divided into 2 subsets: Ly6Chi 
(Ly6C+, equivalent to the CD43+ monocytes of rats and the 
CD14++CD16– monocytes of humans) and Ly6Clo (Ly6C–, equiv-
alent to the CD43++ monocytes of rats and the CD14++CD16++ 
monocytes of humans). Ly6Chi monocytes, which can differen-
tiate into M1 macrophages under conditions of inflammation 
and infection, play important roles in inflammation, phagocy-
tosis, and bacterial clearance. Ly6Clo monocytes, which can dif-
ferentiate into M2 macrophages, play important roles in inju-
ry repair, tissue remodeling, and immune regulation [10-13]. 
A previous study demonstrated that HS can shift the pheno-
types of monocytes/macrophages to an inflammatory pheno-
type. This change was found to be associated with hyperten-
sive left ventricular (LV) remodeling, suggesting that it may 
play an important role in the progression of hypertension and 
related target organ damage [14,15].

Pseudolaric acid B (PB) is a diterpene acid extracted from the 
root bark of Pseudolarix kaempferi, which has many biologi-
cal activities such as antitumor, antifertility, and anti-angio-
genesis activities [16,17]. A recent study demonstrated that 
PB can inhibit lipopolysaccharide-induced differentiation of 
RAW 264.7 cells into M1 macrophages by regulating the per-
oxisome proliferator-activated receptor g (PPARg)/nuclear fac-
tor-kB (NF-kB) pathway [18]. This observation is an example 
of undue mixing of features or behaviors of cultured cells and 
in vivo effects. However, the role of PB in HS intake-induced 
hypertensive LV remodeling is still unclear. The present study 
was designed to investigate the modulating effects of PB on 
HS intake-induced phenotypic changes of monocytes/macro-
phages and to observe the influence on HS intake-induced hy-
pertensive LV remodeling.

Material and Methods

Cell Culture

RAW264.7 macrophages (a murine macrophage cell line) were 
obtained from the American Type Culture Collection (ATCC, 
TIB-71) and cultured in high-glucose Dulbecco’s modified 
Eagle’s medium containing 120 mL/L fetal bovine serum and 
4 mmol/L l-glutamine and placed in a 37°C, 50 mL/L CO2 in-
cubator. After 24 h of incubation, the cells were divided into 
a control group, an LS (20 mmol/L NaCl) treatment group, an 
HS (HS, 40 mmol/L NaCl) treatment group, and an HS+PB (50 
nmol/L) treatment group. Cells were collected for subsequent 
experiments after 24 and 48 h of intervention.

Cell Viability Measurement

Cells in the logarithmic growth phase were seeded at a density 
of 1×103 cells/well in 96-well plates, with 5 replicate wells per 
group for 24 and 48 h. After the addition of Cell Counting Kit-
8 (CCK-8) and incubation for 2 h in an incubator, a plate read-
er was used to measure the optical density (OD) at 450 nm. 
Cell viability was calculated as: cell viability (%)=(intervention 
cell OD–blank OD)/(control cell OD–blank OD).

Cell Phagocytosis Assay

The EZCell™ Phagocytosis Assay Kit (Biovision, California, USA) 
was used for cell phagocytosis determination. Briefly, logarith-
mic growth phase cells were incubated for 24 and 48 h, digest-
ed, and centrifuged, and the supernatant was discarded. After 
the addition of 200 μL of medium and 5 μL of Green Zymosan 
to each well, the cells were resuspended and incubated for 
2 h. The cells were then centrifuged and resuspended again, 
and 300 μL of phagocytosis buffer was added to each well. 
Then, the cells were washed 3 times, and resuspended in 1 
mL of phagocytosis buffer for flow cytometry determination. 
The experiment was repeated 3 times.

Cell Migration Assay

An 8-μm transwell chamber (Costar, Texas, USA) was used for 
cell migration determination. First, 600 μL of complete medi-
um containing 10% fetal bovine serum was added to the lower 
chamber, and 200 μL (1×105) of serum-free resuspended cells 
was added to the upper chamber. The cells were then cultured 
in a 37°C, 5% CO2 incubator for 24 and 48 h. Next, the cham-
ber was removed from the incubator, and the cells on the up-
per surface of the chamber were removed with a wet cotton 
swab and fixed in absolute ethanol for 10 min. Subsequently, 
the cells were stained with 1 g/L of crystal violet for 30 min 
and then washed with phosphate-buffered saline. The cells on 
the lower surface of the polycarbonate membrane were then 
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counted under a microscope (TE2000, Nikon, Tokyo, Japan). 
Ten fields of view were randomly selected and the average 
cell number was calculated for analysis.

Animals

Six-week-old C57BL/6 mice were purchased from Aochen 
Laboratory Animal Sales Co., Ltd. (Tianjin, China). Mice were 
maintained on a dark/light cycle (12/12 h) in air-conditioned 
rooms (23±1°C, 55±5% humidity) and were acclimatized to 
the local conditions for 1 week before the study. All of the 

Gene Primers Sequence Expected amplicon (bp)

b-actin
Forward 5’-CTAAGGCCAACCGTGAAAAG-3’

104 bp
Reverse 5’-ACCAGAGGCATACAGGGACA-3’

TNF-a
Forward 5’-CTCCAGCTGGAAGACTCCTCCCAG-3’

171 bp
Reverse 5’-CCCGACTACGTGCTCCTCACC-3’

CCL-2
Forward 5’-TTAAGGCATCACAGTCCGAG-3’

129 bp
Reverse 5’-TGAATGTGAAGTTGACCCGT-3’

IL-1b
Forward 5’-AACGTGTGGGGGATGAATTG-3’ 

130 bp
Reverse 5’-CATACTCATCAAAGCAATGT-3’

CCL-5
Forward 5’-CCATATGGCTCGGACACCACTC-3’

167 bp 
Reverse 5’-CACTTCTTCTCTGGGTTGGCAC-3’

Ym-1
Forward 5’-CTGAACCTCGGGGGTTAGTA-3’

150 bp
Reverse 5’-GAAGGAAGGAAAGGAGGGAG-3’

Arg-1
Forward 5’-AGGAGAAGGCGTTTGCTTAG-3’

115 bp
Reverse 5’-AGGAGAAGGCGTTTGCTTAG-3’

MRC-1
Forward 5’-CATGAGGCTTCTCCTGCTTCT-3’

143 bp
Reverse 5’-TTGCCGTCTGAACTGAGATGG-3’

IL-10
Forward 5’-TGCACTACCAAAGCCACAAGG-3’

150 bp
Reverse 5’-TGGGAAGTGGGTGCAGTTATTG-3’

Table 1. List of primers used for the PCR analysis.

Arg-1 – arginase-1; CCL-2 – CC class chemokine ligand-2; CCL-5 – CC class chemokine ligand-5; IL-1b – interleukin-1b; 
IL-10 – interleukin-10; MRC-1 – mannose receptor-1; PCR – polymerase chain reaction; TNF-a – tumor necrosis factor-a; 
Ym-1 – chitinase3-like-1.
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Figure 1.  The viability analysis of different groups. (A) The viability results of different groups after the 24-h intervention. (B) The 
viability results of different groups after the 48-h intervention. Values displayed are mean±SD. (n=3 per group). * P<0.05 vs 
control group, # P<0.05 vs LS group, & P<0.05 vs HS group. LS – low salt; HS – high salt.
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Figure 2.  Flow cytometry analysis of macrophage phagocytosis in different groups. (A)The gating strategy used for analysis of Green 
Zymosan-positive macrophages. (B) The negative control results. (C) The representative temporal profiles of flow cytometry 
analysis (pseudocolor plots) in different groups. (D) The phagocytosis results in different groups after the 24-h intervention. 
(E) The phagocytosis results in different groups after the 48-h intervention. Data are reported as mean±SD (n=3 per group). 
* P<0.05 vs control group, # P<0.05 vs LS group, & P<0.05 vs HS group. FSC – forward-scattered light; HS – high salt; LS – low 
salt; MFI – mean fluorescence intensity; SSC – side-scattered light.
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procedures were performed in agreement with national and 
international laws and policies and were approved by the 
Institutional Animal Care and Ethics Committee of Characteristic 
Medical Center of the Chinese People’s Armed Police Forces.

After the 1-week adaptation period, the mice were divided 
into 4 groups: an LS diet group (1.0% NaCl, n=10), an HS diet 
group (8.0% NaCl, n=10), an HS+N-nitro-l-arginine methyl es-
ter group (HS+L-NAME, n=20), and an HS+L-NAME+PB group 
(n=30). According to treatment, the mice were given a 1.0% 
(LS) or 8.0% (HS) NaCl diet for the ensuing 12 weeks. L-NAME, 
which can increase the hypertensive effect of HS, was pre-
pared with saline at a concentration of 10 mg/mL and admin-
istered to mice by intraperitoneal injection at a dosage of 50 
mg/kg/d. PB was dissolved in saline at a concentration of 1 
mg/mL and administered to mice by gavage at a dosage of 5 
mg/kg/d. All mice were permitted free access to chow and tap 
water. BP was dynamically measured in conscious mice using 
the tail-cuff method as previous described [19].

Flow Cytometry Analysis of the Phenotype of Circulating 
Monocytes

To observe the effects of PB on the phenotype of circulating 
monocytes, flow cytometry analysis was performed as previ-
ously reported [20,21]. Subsets of circulating monocytes were 
assessed using blood anti-coagulated with ethylenediamine-
tetraacetic acid immediately after collection and maintained 
at room temperature for the entire staining procedure. Whole 
blood cell suspensions were stained with anti-mouse Ly6G-
PerCP/Cy5.5 (clone 1A8), anti-mouse CD11b-PE (clone M1/70), 
and anti-mouse Ly6C-FITC (clone HK1.4) and their isotypes 
IgG2a-PerCP/Cy5.5, IgG2b-PE, and IgG2c-FITC, followed by an 
incubation period of 30 min at room temperature in the dark. 
After red blood cell lysis, the samples were subjected to flow 
cytometry with a Cytomics FC500 instrument (Beckman Coulter, 
Miami, FL, USA) and analyzed with FlowJo software (TreeStar, 
Ashland, OR, USA).
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Figure 3.  The results of macrophage migration ability of different groups. (A, C) Representative images and statistical results of 
migration ability in different groups after the 24-h intervention. (B, D) Representative images and statistical results of 
migration ability in different groups after the 48-h intervention. Values displayed are mean±SD (n=3 per group). Scale bar 
indicates 100 μm. * P<0.05 vs control group, # P<0.05 vs LS group, & P<0.05 vs HS group. HS – high salt; LS – low salt.
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Figure 4.  (A-H) The mRNA expression levels of macrophage phenotype-related inflammatory factors in different groups. Values 
displayed are mean±SD (n=3 per group). * P<0.05 vs control group, # P<0.05 vs LS group, & P<0.05 vs HS group. HS – high 
salt; LS – low salt
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Adoptive Transfer Experiments with Monocytes

From the ninth week after HS loading, peripheral blood mono-
cytes (PBMs) from mice of the HS+L-NAME+PB group were sort-
ed and transferred to mice of the HS+L-NAME group (HS+L-
NAME+PBM, n=10) for the remaining 4 weeks of the 12-week 
dietary intervention. The PBMs were sorted using Ly6G-PerCP/
Cy5.5 (clone 1A8) and anti-mouse CD11b-PE (clone M1/70) on 
a BD FACS Aria Flow Cytometry Sorting System (BD Biosciences, 
San Jose, CA, USA). They were then incubated in a 37°C, 5% CO2 
incubator for 4 h and then prepared into a monocyte suspen-
sion. The mice of the HS+L-NAME+PBM group were adminis-
tered 0.2 mL of monocyte suspension via tail vein, which was 
injected at 1-week intervals 4 times in total.

Quantitative Real-Time Polymerase Chain Reaction

Total RNA from RAW264.7 macrophages and heart tissue was 
isolated using TRIzol reagent (Takara Bio. Inc., Kyoto, Japan) 
according to the manufacturer’s recommendations. RNA purity 
was assessed by the 260/280 nm ratio, and total RNA (2 μg) 
was reverse-transcribed into cDNA using a reverse transcription 
assay (Promega, Madison, WI, USA) in 25-μL reaction volumes 
according to the manufacturer’s instructions. Real-time poly-
merase chain reaction (PCR) was performed with a QuantiFast 
SYBR® Green PCR Kit (Roche Diagnostics, Indianapolis, IN, USA) 
on an ABI Prism 7300 sequence detection system (Applied 
Biosystems, Foster City, CA, USA). The primer sequences used 
for real-time PCR are shown in Table 1. The conditions for am-
plification were as follows: 95°C for 10 min, followed by 40 
cycles at 95°C for 15 s and 60°C for 60 s. Relative expression 
of real-time PCR products was normalized to the expression 
of b-actin and expressed as the transcript fold change rela-
tive to that of the control group using the 2–DDCt method [22].

Echocardiography

At the end of the experimental period, all animals were anes-
thetized (with isoflurane, 2% induction and 1.5% maintenance) 
and examined noninvasively using an echocardiographic system 
equipped with a MS-550D transducer (Visual Sonics Vevo 2100 
ultrasound system, Toronto, Canada). Two-dimensional guid-
ed M-mode echocardiography was performed to evaluate the 
LV end-diastolic diameter (LVEDD), the LV end-systolic diame-
ter (LVESD), the LV posterior wall diastolic thickness (LVPWD), 
the LV end-diastolic volume (LVEDV), and the LV end-systol-
ic volume (LVESV). The LV fractional shortening (LVFS) and LV 
ejection fraction (LVEF) were calculated as: LVFS (%)=[(LVEDD–
LVESD)/LVEDD]×100 and LVEF (%)=[(LVEDV–LVESV)/LVEDV]×100, 
as previously described [23]. All the data were averaged from 
3 consecutive cycles. An experienced sonographer, blind to the 
study, collected the data.

Histological Analysis

All heart tissues were incubated in 4% formalin, embedded in 
paraffin, and sectioned into 5-μm slices for histological anal-
ysis. Masson staining was performed to observe LV collagen 
deposition as previously described [24]. The sections were vi-
sualized and imaged on a microscope (E600POL, Nikon, Tokyo, 
Japan), and the average collagen volume fraction (CVF) was 
calculated for further analysis. The cardiomyocyte cross-sec-
tional area of the left ventricle was stained with tetrameth-
ylrhodamine isothiocyanate-labeled wheat germ agglutinin 
(Invitrogen, Grand Island, NY, USA). The nuclei were counter-
stained with 4,6-diamidino-2-phenylindole (Vector Laboratories, 
Burlingame, CA, USA). The sections were visualized on a flu-
orescence microscope (80i, Nikon, Tokyo, Japan) and imaged 
for further analysis as previously described [9].
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Statistical Analysis

Data are presented as the mean±SD. The normal distribution 
of the data was estimated using the Kolmogorov-Smirnov test. 
Data were compared among groups using 1-way ANOVA fol-
lowed by post hoc analysis with the Bonferroni test. A 2-tailed 
P<0.05 was considered statistically significant. All data were 
analyzed using GraphPad Prism 5.0 (GraphPad, San Diego, 
CA, USA).

Results

PB Reduces the Effects of HS on Macrophage Viability

As shown in Figure 1, after 24 and 48 h of HS stimulation, 
macrophage viability was significantly decreased compared 
with that in the corresponding control groups (all P<0.05). PB 
markedly mitigated the effects after HS on macrophage via-
bility of 24 h of stimulation (Figure 1A, P<0.05). However, the 

macrophage viability in the PB treatment group did not signifi-
cantly differ from that in the HS group, although a trend of high-
er viability in the PB group was observed (P>0.05, Figure 1B).

PB Inhibits HS-Induced Enhancements of Macrophage 
Phagocytosis

As shown in Figure 2, HS stimulation significantly increased 
the phagocytosis ability of macrophages at both 24 and 48 h 
compared with the level in the corresponding control groups 
(Figure 2C-2E, all P<0.05). However, in the PB-treated group, 
macrophage phagocytosis ability was apparently decreased at 
both 24 h and 48 h compared with the level in the HS groups 
(Figure 2C-2E, all P<0.05).

PB Inhibits HS-Induced Increases in Macrophage Migration 
Ability

As shown in Figure 3, the migration ability of macrophages 
after HS stimulation was both markedly increased at both 24 
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and 48 h compared with the corresponding level in the control 
group (Figure 3A-3C, all P<0.05). However, PB significantly in-
hibited this effect at 24 and 48 h, as evidenced by comparison 
of migration ability in the HS group (Figure 3A-3C, all P<0.05).

Effects of PB on HS-induced macrophage differentiation 
into the M1 phenotype

The real-time reverse-transcription (RT)-PCR analysis showed 
that after 24 h of HS stimulation, the mRNA expression lev-
els of M1 macrophage markers such as tumor necrosis fac-
tor-a (TNF-a), CC class chemokine ligand (CCL)-2, interleukin 
(IL)-1b, and CCL-5 were all significantly increased compared 
with the levels in the control group (all P<0.05, Figure 4A-4D), 
whereas those of the M2 macrophage markers chitinase3-like1 
(Ym-1), arginase-1 (Arg-1), mannose receptor 1 (MRC-1), and 
IL-10 were all significantly decreased (all P<0.05, Figure 4E-4H). 
Compared with HS treatment alone, PB markedly decreased 
the mRNA expression levels of the M1 macrophage mark-
ers of TNF-a, CCL-2, IL-1b, and CCL-5 and increased those of 
M2 macrophage markers Ym-1, Arg-1, MRC-1, and IL-10 (all 
P<0.05, Figure 4A-4H).

Changes of Systolic BP in Different Groups

As demonstrated in Figure 5, the systolic BP levels of the HS 
diet groups gradually increased over time and were signifi-
cantly higher than those of the LS group at both 8- and 12-
week time points (all P<0.05). At end of 12 weeks, the sys-
tolic BP levels of the HS+L-NAME+PB and HS+L-NAME+PBM 
groups were both markedly decreased compared with those 
of the HS+L-NAME group (both P<0.05).

Changes in the Phenotype of PBMs at Different Time 
Points

As shown in Figure 6, the percentages of circulating Ly6Chi 
monocytes in the HS groups began to strongly and continu-
ously increase after day 1 until peaking between day 3 and 
day 5; they then decreased, gradually plateauing after day 7 
(Figure 6C, 6D). In addition, PB treatment significantly inhibit-
ed the increase in the percentage of Ly6Chi monocytes by day 
3, as evidenced by comparison with the HS+L-NAME group 
(P<0.05, Figure 6C, 6D). In contrast, the percentages of Ly6Clo 
monocytes in the HS and HS+L-NAME groups initially decreased 

Figure 6.  Flow cytometry analysis of mouse circulating monocyte subsets in different groups. (A) The gating strategy used for analysis 
of mouse circulating monocyte subsets. (B) The isotype control results of Ly6C-FiTC staining. (C) Representative temporal 
profiles of flow cytometry analysis (pseudocolor plots) in different groups. B shows the changes of Ly6Chi monocytes in 
different groups; D shows the changes of Ly6Chi monocytes in different groups; E shows the changes of Ly6Cint monocytes 
in different groups; and F shows the changes of Ly6Clo monocytes in different groups. Data are reported as mean±SD (n=10 
per group). * P<0.05 vs LS group, # P<0.05 vs HS group, & P<0.05 vs HS+L-NAME group. HS – high salt; L-NAME – N-nitro-l-
arginine methyl ester; LS – low salt; SSC – side-scattered light.
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Figure 7.  (A-H) The mRNA expression levels of macrophage phenotype-related inflammatory factors in heart tissue of different groups. 
Values displayed are mean±SD (n=5 per group). * P<0.05 vs LS group, # P<0.05 vs HS group, & P<0.05 vs HS+L-NAME group. 
HS – high salt; L-NAME – N-nitro-l-arginine methyl ester; LS, low salt.
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over time, reaching the lowest levels, and then gradually pla-
teaued after day 7 (Figure 6C, 6F). In the PB-treated group, the 
percentages of Ly6Clo monocytes strongly and continuously in-
creased up to day 5, being significantly higher than that in the 
HS and HS+L-NAME groups (all P<0.05), and then decreased 
until plateauing after day 7 (Figure 6C, 6F). No significant dif-
ferences of the percentages of Ly6Cint monocytes were found 
in different groups at different time points (Figure 6C, 6E).

The mRNA Expression Levels of Phenotypic Markers of 
Macrophages in Heart Tissue of Different Groups

The real-time RT-PCR analysis demonstrated that the mRNA ex-
pression levels of the M1 macrophage markers TNF-a, CCL-2, 
IL-1b, and CCL-5 and the M2 macrophage markers Ym-1, Arg-1, 
and IL-10 were all significantly increased in the HS+L-NAME 
group compared with the LS group (all P<0.05, Figure7A-7H). 
However, in the PB-treated group, the mRNA expression lev-
els of M1 macrophage markers of TNF-a, CCL-2, CCL-5, and 

IL-1b were all apparently decreased while the mRNA expression 
levels of M2 macrophage markers of Ym-1, Arg-1, MRC-1 and 
IL-10 were all markedly increased compared with HS+L-NAME 
group. Meanwhile, the HS+L-NAME+PBM group showed the 
same trend as PB-treated group (all P<0.05, Figure 7A-7H).

Echocardiographic Parameters of Different Groups

As shown in Figure 8, the LV enlargement was more severe in 
the HS and HS+L-NAME groups than in the LS group as dem-
onstrated by LVEDD; however, PB and PBM treatment signifi-
cantly reduced this enlargement, as evidenced by comparison 
with the HS+L-NAME group (all P<0.05, Figure 8A). In addition, 
the LV systolic function of the HS+L-NAME group was marked-
ly compromised compared with that of the LS group as shown 
by LVFS and LVEF; however, PB and PBM treatment obviously 
improved LV systolic function compared with that in the HS+L-
NAME group (all P<0.05, Figure 8B, 8C). No significant differ-
ences in LVPWT at the end of the experimental period were 
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Figure 8.  (A-E) Transthoracic 2-dimensional echocardiography analysis of different groups. Data are reported as mean±SD (n=5 per 
group). * P<0.05 vs LS group, # P<0.05 vs HS group, & P<0.05 vs HS+L-NAME group. HS – high salt; L-NAME – N-nitro-l-
arginine methyl ester; LS – low salt; LVEDD – left ventricular end-diastolic diameter; LVEF – left ventricular ejection fraction; 
LVFS – left ventricular fractional shortening; LVPWT – left ventricular posterior wall diastolic thickness.

observed, although trends for lower levels were observed in 
the PB- and PBM-treated group (P>0.05, Figure 8D).

Pathological Staining Findings

Masson staining was performed to observe LV fibrosis. The 
HS+L-NAME group had greater collagen deposition than the 
LS and HS groups; however, PB and PBM treatment significant-
ly improved LV fibrosis compared with that observed in the 
HS+L-NAME group (all P<0.05, Figure 9A, 9C). Wheat germ ag-
glutinin staining showed that the cross-sectional area of the 
HS+L-NAME group was markedly increased compared with the 
values in the LS and HS groups; however, PB and PBM treat-
ment alleviated cardiomyocyte hypertrophy compared with that 
observed in the HS+L-NAME group (all P<0.05, Figure 9B, 9D).

Discussion

In the present study, we used RAW264.7 macrophages stim-
ulated with different concentrations of NaCl and HS-induced 
L-NAME hypertensive mice to investigate the effects of PB 
on hypertensive LV remodeling. We found that (1) under HS 
stimulating conditions, PB could inhibit the differentiation of 
macrophages into an M1 phenotype, maintaining them as 
M2 macrophages; (2) PB increased the percentage of Ly6Clo 

monocytes and decreased the percentage of Ly6Chi monocytes 
in HS-induced L-NAME hypertensive mice; and (3) PB decreased 
BP and improved hypertensive LV remodeling in HS-induced 
L-NAME hypertensive mice.

The L-NAME-induced hypertensive rat model is a commonly 
used model in animal hypertension studies [25-27]. We revised 
the protocol and created L-NAME-induced hypertensive mice 
by administration of L-NAME at 50 mg/kg/d and an 8% NaCl 
diet. This hypertensive mouse model can not only rapidly de-
velop hypertension, but also exhibits accelerated LV remod-
eling and early heart failure. In the present study, the systolic 
BP of the HS+L-NAME group was increased relative to that of 
the LS group by 22 mm Hg in 8 weeks and by 35.8 mm Hg at 
12 weeks and accompanied by significant LV remodeling and 
compromised cardiac systolic function.

PB is a drug that can modulate the activities of immune cells. 
A previous study showed that PB can inhibit the inflammato-
ry response and macrophage differentiation into the M1 phe-
notype in RAW264.7 macrophages induced by lipopolysac-
charide via the NF-kB/PPARg signaling pathway [18]. In the 
present study, we used different concentrations of NaCl to 
stimulate RAW264.7 macrophages and found that PB could 
significantly improve the viability of RAW264.7 macrophages, 
suppress their phagocytic and migration abilities, and inhibit 
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their differentiation into M1 phenotypes. These results indi-
cated that PB can inhibit the macrophage inflammatory phe-
notype, which might be beneficial for the treatment of HS in-
take-related cardiovascular diseases.

Monocyte and macrophage populations are heterogeneous 
in phenotype and function [12,28,29]. Binger et al [30] found 
that HS could inhibit the activation of bone marrow-derived 
mouse M2 macrophages and promote the proinflammatory 
M1 phenotype. In our previous study, we found that short-
term increased dietary salt intake could induce the expansion 
of CD14++CD16+ monocytes, revealing the cellular basis of tar-
get organ inflammation caused by HS intake [31]. PB has been 
proved to be an immunomodulatory drug. By activating PPARg, 
it not only increases the proportion of regulatory T cells and 

reduces the proportion of Th17 cells, and thereby inhibits in-
flammation, but it also inhibits the percentage of Ly6Chi mono-
cytes and significantly decreases the volume of atherosclerotic 
plaque and lipid deposition in atherosclerotic vessels of ApoE–/– 
mice [18,32]. In the present study, we found that PB decreased 
the percentage of Ly6Chi monocytes and increased the percent-
age of Ly6Clo monocytes. Furthermore, we found that PB de-
creased the mRNA expression levels of M1 macrophage mark-
ers and increased those of M2 macrophage markers. Moreover, 
BP was markedly decreased in the PB-treated group, and LV 
remodeling and systolic function were significantly improved 
in the PB-treated group compared with the HS+L-NAME group, 
indicating that monocyte/macrophage phenotypic modulation 
not only inhibits the inflammatory response but also decreas-
es BP and improves HS-induced hypertensive LV remodeling.
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Figure 9.  Collagen deposition and cardiomyocyte hypertrophy in different groups. (A) Representative Masson-stained heart tissue 
images for collagen deposition. (B) Representative wheat germ agglutinin-stained heart section for cardiomyocyte 
hypertrophy. (C) Comparisons of collagen volume fraction. (D) Comparisons of cardiomyocyte cross-sectional area. Values 
displayed are mean±SD (n=5 per group). Scale bar indicates 100 μm. * P<0.05 vs LS group, # P<0.05 vs HS group, & P<0.05 vs 
HS+L-NAME group. CVF – collagen volume fraction; CSA – cross-sectional area; HS – high salt; L-NAME – N-nitro-l-arginine 
methyl ester; LS – low salt.
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The present study has several limitations. First, the tail-cuff 
method for BP measurement is not well-suited for measuring 
diastolic pressure, and BP may be influenced by environmen-
tal factors such as temperature and noise. Second, although 
the present study investigated the effects of PB on HS-induced 
hypertensive LV remodeling, the mechanism remains unclear 
and needs further study. Third, in addition to regulating the 
phenotypes of monocytes/macrophages, PB has a variety of 
other biological effects, such as modulating the function of T 
lymphocytes [33]. The effects of PB on hypertensive LV remod-
eling observed in this study may be a combined effect of mul-
tiple factors. Thus, the influences of other PB-associated fac-
tors on hypertensive LV remodeling need study.

Conclusions

In conclusion, the present study demonstrated that PB could 
decrease BP and improve HS-induced hypertensive LV remod-
eling through modulating monocyte/macrophage phenotypes, 
which warrants for further investigation.
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