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Abstract Immunity and inflammation are well estab-

lished factors in the pathogenesis of pulmonary arterial

hypertension (PAH). We aimed to investigate whether

dexamethasone (Dex), a potent immunosuppressant, could

prevent the development of monocrotaline (MCT)-induced

PAH in rats as compared with pyrrolidine dithiocarbamate

(PDTC) and its effect on the immune mechanism. PAH in

rats (n = 66) was induced by MCT (50 mg/kg) injected

intraperitoneally. Two days after MCT treatment, Dex

(1.0 mg/kg) and PDTC (100 mg/kg) were administered

once daily for 21 days. Samples were collected at 7, 14,

and 21 days. Dex effectively inhibited MCT-induced PAH

and reduced the T-helper (Th) 1 dominant cytokine

response (interferon-c) but up-regulated the Th2 one

(interleukin 4). It increased the number of CD4? T cells

and decreased the number of CD8? T cells around pul-

monary arteries, upregulated the mRNA expression of

fractalkine and downregulated that of CX3CR1 in the lung.

Serum levels of interferon c and interleukin 4 did not

significantly differ from that of controls. Dex attenuated the

process of MCT-induced PAH through its immunomodu-

latory property. Dex could be an appropriate therapy for

PAH, although more studies are needed to define the

appropriate treatment regimen.

Keywords Dexamethasone � Monocrotaline � T cell �
Immune response

Introduction

Monocrotaline (MCT) is a pyrrolizidine alkaloid extracted

from seeds of Crotalaria spectabilis and has been shown to

induce endothelial-cell membrane disruption in rat pul-

monary arteries with progressive pulmonary arterial

hypertension (PAH) [1, 2]. Inflammatory and immune

mechanisms appear to play a significant role in the patho-

genesis of PAH. For example, PAH has been increasingly

recognized as a common and severe complication of con-

nective tissue diseases (CTD) such as systemic scleorosis,

systemic lupus erythematosus and mixed connective tissue

diseases. As well, cases of HIV-related PAH have been

recognized with increasing frequency [3–5]. Histopatholo-

gical changes in the recognized forms of PAH are similar

[6]. Many pathobiological mechanisms of PAH have been

identified, but the exact initiation and perpetuation of the

pathological process are not well understood. Endothelial

dysfunction is firmly established as an initiation and prop-

agation factor in PAH [7–9]. The chemokine fractalkine

(FKN/CX3CL1) is largely synthesized by endothelial cells

as a membrane protein [10]. CX3CR1, the specific receptor

for FKN, is expressed by monocytes and T lymphocytes

[11]. T cells may have an important role in PAH [12, 13].

Dexamethasone (Dex), a potent anti-inflammatory and

immunosuppressive glucocorticoid, is widely used to treat
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inflammatory and autoimmune disorders [14]. It inhibits

the secretion of T-helper 1 cells (Th1) and enhances the

production of Th2 cytokines in vivo and in vitro [15–17].

Interferon c (IFN-c; Th1-type cytokine) and interleukin 4

(IL-4; Th2-type cytokine) have a role in the Th cytokine

response [18]. Case reports or observations in small groups

of patients of PAH associated with CTD reported an

improvement of PAH after treatment with immunosup-

pressants combined with corticoids [19, 20]. An NF-jB

inhibitor, pyrrolidine dithiocarbamate (PDTC) [21], was

reported to ameliorate pulmonary arterial pressure [22].

NF-jB is well documented to be involved in expression of

various genes, including that of inflammatory cytokines,

chemokines, immunoreceptors, and cell adhesion mole-

cules [23]. Likewise, inhibitors of NF-jB possess a great

therapeutic potential in inflammatory diseases [24, 25].

Glucocorticoids could also suppress the activation of

NF-jB coincident with their anti-inflammation and anti-

immune property [26].

We hypothesized that Dex could prevent PAH induced

by MCT through its anti-inflammation and immunosup-

pressant properties. To understand how T cells act in PAH,

we sought to examine the distribution of CD4? and CD8?

T cells around the pulmonary arteries in a rat PAH model.

We tested whether Dex could improve the microenviron-

ment of endothelia in a rat PAH model and examined the

mechanisms involved in the infiltration of T cells and FKN

in the pulmonary vasculature in the progression of this

endothelial-related disorder.

Materials and methods

Animal protocols

We randomly divided 66 male Wistar rats (6–8 weeks,

150–180 g) into 5 groups for treatment: (1) normal control

(NC) (n = 18), 0.9% saline intraperitoneally (i.p.) once on

day 1; (2) PAH (n = 18), MCT (Sigma-Aldrich, St. Louis,

USA), 50 mg/kg i.p. once on day 1; (3) PDTC (Sigma-

Aldrich, St. Louis, USA) (n = 6), 100 mg/kg daily, 2 days

after MCT exposure for 3 weeks; (4) Dex (Lukang Phar-

maceutical co., Jinan, China) (n = 6), 1.0 mg/kg daily,

2 days after MCT exposure for 3 weeks; (5) vehicle

(n = 18), 0.9% saline daily after the same MCT exposure

as PAH group for 3 weeks (data not shown because their

data did not significantly differ from that of the PAH

group). The control and PAH groups were killed on days 7,

14 and 21 after treatment; the PDTC and Dex groups were

killed on day 21 after treatment. All procedures were

approved by the Institutional Animal Care Committee of

Shandong University.

Measurement of pulmonary arterial pressure

On the last day of treatment, rats were anesthetized by pen-

tobarbital injection (45 mg/kg). An incision was made in the

neck, and the external jugular vein was exposed and cann-

ulated with a 3F tubing. The tubing, containing heparinized

saline (30 IU/ml), was inserted into the right ventricle (RV),

and the pressure was recorded and analyzed with use of the

PowerLab System (AD Instruments, Castle Hill, Australia).

Right ventricular systolic pressure (RVSP) was used to

indicate pulmonary arterial pressure (PAP). The right lung

was removed, quickly frozen in liquid N2, and stored at

-80�C for RNA extraction. The left lung was placed in 10%

buffered formaldehyde for immunohistochemistry (IHC).

Assessment of right-ventricular hypertrophy

Each heart was trimmed of atrial appendages, and the free

wall of the RV was separated from the left ventricle (LV)

and the septum (S). The ratio of RV to LV ? S was cal-

culated to assess right-ventricular hypertrophy (RVH).

Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted by use of Total RNA Isolation

Reagent (Bipec Biopharma, Cambridge, USA), and 500 ng

was reverse transcribed in a 10-ll system by use of a Tran-

scriptor First Strand synthesis kit (TaKaRa Biotechnology

(Dalian) Co., Dalian, China), according to the manufac-

turer’s instructions. The amplification mixture (20 ll) con-

tained 4 ll cDNA, 5 ll primers and 11 ll Ex TaqTM SYBR

Premix (Takara Bio Inc., Otsu, Japan). Amplification was

performed at 95�C for 2 min, then 40 cycles of 95�C for 30 s,

and 60�C for 1 min. The amplification was performed in

triplicate. PCR involved use of an ABI 7500HT instrument

(Applied Biosystems), and data analysis involved use of the

cycle threshold (Ct) 2-DDCt with normalization software

(Applied Biosystems). The primers are in Table 1.

Serum levels of IL-4 and IFN-c by enzyme linked

immunosorbent assay (ELISA)

Total serum levels of IL-4 and IFN-c were determined by

an ELISA kit (Uscn Life Science & Technology, Wuhan,

China). Each sample was measured in duplicate.

Immunohistochemistry (IHC)

Formalin-fixed, paraffin-embedded lung tissue sections

were analyzed by use of a streptavidine-biotin ABC kit

(Zhongshan Co., Beijing). Briefly, sections (5 lm) were

deparaffinized with turpentine and rehydrated through a
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graded ethanol series. Endogenous peroxidase was blocked

by incubation in 3% H2O2 for 15 min. Sections were

heated at 98�C for 15 min in 10 mM sodium citrate buffer

(pH 6.0) to retrieve antigen. Sections were incubated with

primary antibodies against CD4 or CD8 (Biolegend, San

Diego, CA, USA) overnight at 4�C, then incubated

for 30 min with mouse-anti-rat secondary antibody

(Zhongshan Co., Beijing) the next day. Immunoreactivity

was visualized with use of diaminobenzidine, and sections

were counterstained with hematoxylin. Brownish-yellow

granular or linear deposits in the cells were interpreted as

positive areas. The mean optical densities of CD4 or CD8

were measured at the original magnification (9400) in five

randomly chosen fields.

Statistical analysis

Data are presented as mean ± SD. Statistical analysis

involved use of SPSS v16.0 for Windows (SPSS Inc.,

Chicago, USA). The differences between groups were

analyzed by ANOVA with post-hoc testing. Comparisons

between two groups involved Student’s t test for para-

metric data and Mann–Whitney U test for nonparametric

data. A P \ 0.05 was considered statistically significant.

Results

Dex attenuated the establishment of PAH

As shown in Table 2, PAH induced in rats by MCT was

evident at 2 weeks as measured by RVSP (37.34 ±

1.05 mmHg) and was further increased at 3 weeks

(59.64 ± 2.64 mmHg). With PDTC treatment, RVSP was

significantly attenuated (35.99 ± 1.26 mmHg) but was still

higher than that in the control group (30.32 ± 0.62 mmHg)

(P \ 0.05). Dex restored PAP (31.99 ± 0.86 mmHg)

(P [ 0.05 vs. controls). Results for RVH were consistent

with this trend.

mRNA expression of IFN-c and IL-4 in the lung

With MCT treatment for 2 weeks to induce PAH, the

mRNA expression of IFN-c in lungs did not differ from

that in controls but was increased at 3 weeks (P \ 0.05).

The mRNA expression of IFN-c was lower with Dex

treatment than 3-week PAH and PDTC treatment

(Fig. 1a).

With MCT treatment for 2 weeks to induce PAH, the

mRNA expression of IL-4 was downregulated in lungs but

did not significantly differ from that in controls at 3 weeks.

The IL-4 expression with Dex treatment was higher than

that in 3-week PAH and with PDTC treatment (Fig. 1b).

Serum levels of IL-4 and IFN-c

Because we found significant changes in mRNA levels of

IFN-c and IL-4 in the lung, we investigated whether the

factors were also involved in systemic circulation in PAH.

As shown in Table 3, serum levels of IFN-c and IL-4 did

not differ from controls at 1-, 2-, or 3-week PAH.

mRNA expression of FKN and CX3CR1 in lung

The mRNA expression of FKN was lower than that in

controls with all treatments and was lowest at 3 weeks.

With PDTC and Dex treatment, the expression of FKN was

higher than that at 3 weeks (Fig. 1c).

The mRNA expression of CX3CR1 was high at 2 and

3 weeks as compared with controls. CX3CR1 level did not

differ between PDTC and control treatment. Dex treatment

produced minimal CX3CR1 expression (Fig. 1d).

Table 1 Primers used for RT-qPCR assays

Gene Sense primer Anti-sense primer

IFN-c CCATCAGCAACAACATAAGTGTCATC TCCGCTTCCTTAGGCTAGATTCTG

IL-4 TTACGGCAACAAGGAACACCAC CTTCAAGCACGGAGGTACATCAC

FKN GGAATTTCTGAGGTGGCTGCTG TGGTGGACGCTTGAGTAGATAGG

CX3CR1 CGCAACTCGGAGGTCAACATC AAGAAGACAACAACCACCAAGAGG

Table 2 Right ventricular systolic pressure (RVSP) and ratio of RV

to (LV ? S) (RV hypertrophy) with induction of pulmonary arterial

hypertension (PAH) by monocrotaline, and pyrrolidine dithiocarba-

mate (PDTC) and dexamethasone (Dex) treatment (n = 6 rats)

RVSP (mmHg) RV/(LV ? S)

Control 30.32 ± 0.62 0.24 ± 0.12

1 week PAH 27.03 ± 0.54 0.26 ± 0.14

2 week PAH 37.34 ± 1.05* 0.37 ± 0.03*

3 week PAH 59.64 ± 2.644* 0.47 ± 0.27*

PDTC 35.99 ± 1.26* 0.35 ± 0.05*

Dex 31.99 ± 0.86# 0.23 ± 0.16#

* P \ 0.05 vs. NC; # P \ 0.05 vs. 3 week and PDTC; PDTC pyr-

rolidine dithiocarbamate, Dex dexamethasone
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CD4? and CD8? T cells around the pulmonary artery

As shown in Table 4, the number of CD8? T cells

increased significantly with MCT-induced PAH at

3 weeks, but treatment with PDTC and Dex prevented the

increase in number of cells (Fig. 2). The number of CD4?

T cells gradually increased after MCT injection during the

3 weeks, with no significant difference in number of cells

with PDTC and Dex treatment (Fig. 3).

Discussion

Hilliker et al. reported Dex reduced RVH in rats treated with

MCT, but they were not sure whether this was related to

Dex’s specific pharmacological actions [27]. Here, the study

provide further evidence that Dex was efficient in preventing

the development of MCT-induced PAH in rats. Dex treat-

ment could significantly lower the PAP and suppress disease

activities according to hemodynamic parameters and path-

ological changes of lung tissues. Dex was more potent than

PDTC in preventing PAH in this model.

Dex treatment produced increased Th2-type cytokine

expression (IL-4) accompanied by decreased Th1-type

cytokine expression (IFN-c) in the rat lung. However, our

results were not consistent with those of Daley et al. [28],

who reported lack of a polarized Th2 response in IL-4-

deficient mice and significantly less severe pulmonary

artery remodeling. In our study, the Th1 cytokine response

was not activated during the first 2 weeks of PAH, and a

Th2 cytokine response seemed to be suppressed from the

beginning of treatment. Then the Th1 cytokine response

was dominant at 3 weeks, which paralleled the peak of

PAP (Fig. 1a, b). The groups did not differ in serum levels

of IFN-c and IL-4. Thus, Th-related cytokines were

involved in part with the pathogenesis of PAH, and the Dex

action was complicated in cellular and humoral immune

responses [29].

Fig. 1 mRNA expression of

IFN-c, IL-4, FKN and CX3CR1

in rat lung. a IFN-c. b IL-4.

c FKN. d CX3CR1. * P \ 0.05

vs. controls, # P \ 0.05 vs.

3 week and PDTC treatment.

NC controls (0.9% saline on day

1), 1, 2, 3 wk 1, 2, 3 weeks post-

monocrotaline (MCT) treatment

(50 mg/kg intraperitoneally on

day 1), PDTC pyrrolidine

dithiocarbamate treatment

(100 mg/kg daily, 2 days after

the MCT exposure for 3 weeks),

Dex dexamethasone treatment

(1.0 mg/kg daily 2 days after

the MCT exposure for 3 weeks)

Table 3 Serum levels of interferon (IFN)-c and interleukin (IL)-4

with induction of pulmonary arterial hypertension (PAH) by mono-

crotaline, and pyrrolidine dithiocarbamate (PDTC) and dexametha-

sone (Dex) treatment (n = 6 rats)

IFN-c (pg/ml) IL-4 (pg/ml)

Control 18.95 ± 3.16 51.73 ± 7.43

1 week PAH 12.97 ± 0.46 41.59 ± 5.62

2 week PAH 16.63 ± 2.33 33.16 ± 9.44

3 week PAH 14.14 ± 1.03 55.40 ± 6.50

PDTC 15.82 ± 3.54 21.76 ± 13.17*

Dex 15.16 ± 0.80 47.02 ± 12.94

* P \ 0.05 vs. control; # P \ 0.05 vs. 3 week and PDTC; PDTC
pyrrolidine dithiocarbamate, Dex dexamethasone

Table 4 Paravascular T-cell numbers with induction of pulmonary

arterial hypertension (PAH) by monocrotaline, and pyrrolidine

dithiocarbamate (PDTC) and dexamethasone (Dex) treatment (n = 6

rats)

CD4? T cells CD8? T cells

Control 13.2 ± 2.59 41.67 ± 2.80

1 week PAH 19.2 ± 2.95* 48.0 ± 2.97

2 week PAH 25.5 ± 3.11* 45.0 ± 3.41

3 week PAH 30.0 ± 4.85* 63.33 ± 7.47*

PDTC 39.0 ± 5.66* 26.5 ± 3.56*

Dex 37.0 ± 1.58* 13.6 ± 2.97*#

* P \ 0.05 vs. NC; # P \ 0.05 vs. 3 week and PDTC; PDTC pyr-

rolidine dithiocarbamate, Dex dexamethasone
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The immune response in each tissue depends in part on

lymphatic supply. Much research has demonstrated the

potential pathologic role of T cells in PAH [13, 30].

Compelling evidence verified that CD4? T cells special-

izing in the suppression of the immune response play a

critical role in immune regulation [31]. CD4? T cells can

produce multiple cytokines. In our study, CD4? T cells

seemed to work by suppressing a Th1-type response, as

was shown by reduced IFN-c production with Dex treat-

ment. Kumaraguru et al. [32] found that IFN-c was critical

in the response by CD4? Th-dependent CD8? cytotoxic T

lymphocytes (CTLs) and CD4? T cells can prevent CD8?

CTL activity in vivo through CD4? regulatory T cells

[33]. Our finding of increased number of perivascular

Fig. 2 Immunohistochemical

analysis of CD8? T cells in the

lung of rats. Sections were

control treatment (a), 3 weeks

post-MCT treatment (b), PDTC

treatment (c) and Dex treatment

(d). Positive-stained cells are

brown. Magnification 9400

Fig. 3 Immunohistochemical

analysis of CD4? T cells in rat

lungs. Sections were from

control treatment (a), 3 weeks

post-MCT treatment (b), PDTC

treatment (c) and Dex treatment

(d). Positive-stained cells are

brown. Magnification 9400
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CD8? T cells with 3-week PAH reflected a particular

phenomenon related to PAH evolution, and the infiltration

into the pulmonary artery was reduced with Dex treatment

(Fig. 2). In addition, we must point out that macrophages

also played an important role in PAH [12] and we have

found a time-dependent increase of them in the vicinity of

remodeled pulmonary vessel walls in this model (Fig. S1 in

Supplementary material).

We also aimed to explore the approaches for adhesion of

T cells to endothelia of pulmonary arteries by examination

of FKN and CX3CR1 levels. FKN can perform both

adhesive and chemotactic functions [34]. Expression of

chemokines are usually upregulated by inflammatory

reaction, but interestingly, we found the highest level of

FKN in normal rats (Fig. 1c). This finding contrasts with

that of Perros et al. [35] whose research found FKN gene

expression remained elevated during the process of PAH

with the same animal models. One explanation for the

difference is that the destruction of endothelial cells led to

reduced expression of FKN. Although Dex did not com-

pletely rescue FKN expression, it diminished the level,

which suggests its potential protection of endothelial cells.

CX3CR1 is expressed by T lymphocytes and monocytes

[36]. With disease progression, the expression of CX3CR1

is promoted. We found that the expression of CX3CR1 did

not correspond to that of FKN with treatment. As compared

with PDTC treatment, Dex downregulated CX3CR1

expression to much lower levels than that for FKN

(Fig. 1d). This finding was probably a result of Dex

inhibiting the migration of other inflammatory cells.

Plasma-soluble FKN (sFKN) has potent chemoattractant

activity for T cells and monocytes [11], but additional

experiments are still needed to evaluate whether sFKN is

expressed more and plays a more important role as com-

pared with other kinds of chemokines in PAH. We spec-

ulated that FKN and CX3CR1, a new type of leukocyte

trafficking regulators, have a complicated modulatory

mechanism on T cells in rat lungs, and other chemokines

and leukocyte adhesion molecules might be responsible for

the invasion of T cells.

PDTC ameliorated PAH in rats by an NF-jB/vascular

cell adhesion molecule 1 pathway [2]. However, Dex could

also trigger other inflammatory or immunologic cascades

through other pathways, which may be causally related to

its inhibition of PAH [37, 38]. Further investigations are

required to elucidate the mechanism by which Dex is more

powerful than PDTC in the immune response.

Our study contains some limitations. First, although

numerous studies of animal models with MCT-induced

PAH and the effects of anti-inflammation treatment have

stressed the importance of such therapeutic drugs [39, 40],

no genetic evidence was demonstrated that inflammatory

mechanism itself is necessary for the development of PAH

in this trial. Second, a large, randomized, placebo-con-

trolled clinical trial is essential to verify longterm efficacy

and safety of Dex. Further studies are needed to address

these questions. In addition, we didn’t evaluate the severity

of pulmonary medial hypertrophy. As shown it was not

difficult to find the difference among rats treated with MCT

and Dex (Fig. 4). Despite these limitations, the significant

Fig. 4 Pathological changes in

the lung of rats. Sections were

3 weeks post-MCT treatment

(a and b), Dex treatment (c and

d). Magnification 9100 (a and

c). Magnification 9400

(b and d)
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improvements in pulmonary hemodynamics are strong

evidence for a potent protective effect of Dex. Dex may

have ameliorated the development PAH and pulmonary

vascular disease in MCT-treated rats, at least in part by

suppressing perivascular numbers of CD8? T cells,

decreasing the mRNA expression of IFN-c and restoring

the integrity of endothelial cells. Dex used as an immu-

nosuppressive agent may contribute to the reduction of

PAH.
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