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Abstract

The objective of this study is to investigate whether stem cell delivery of secreted Klotho (SKL), 

an aging-suppressor protein, attenuates monocrotaline (MCT)-induced pulmonary vascular 

dysfunction and remodelling. Overexpression of SKL in mesenchymal stem cells (MSCs) was 

achieved by transfecting MSCs with lentiviral vectors expressing SKL-GFP. Four groups of rats 

were treated with MCT, while an additional group was given saline (control). Three days later, 

four MCT-treated groups received IV delivery of non-transfected MSCs, MSC-GFP, MSC-SKL-

GFP, and PBS, respectively. Ex vivo vascular relaxing responses to acetylcholine were diminished 

in small pulmonary arteries (PA) in MCT-treated rats, indicating pulmonary vascular endothelial 

dysfunction. Interestingly, delivery of MSCs overexpressing SKL (MSC-SKL-GFP) abolished 

MCT-induced pulmonary vascular endothelial dysfunction and PA remodelling. MCT significantly 

increased right ventricular (RV) systolic blood pressure, which was attenuated significantly by 

MSC-SKL-GFP, indicating improved pulmonary arterial hypertension (PAH). MSC-SKL-GFP 

also attenuated RV hypertrophy. Non-transfected MSCs slightly, but not significantly, improved 

PAH and pulmonary vascular endothelial dysfunction. MSC-SKL-GFP attenuated MCT-induced 

inflammation, as evidenced by decreased macrophage infiltration around PAs. MSC-SKL-GFP 

increased SKL levels which rescued the downregulation of SIRT1 expression and eNOS 

phosphorylation in the lungs of MCT-treated rats. In cultured endothelial cells, SKL abolished 

MCT-induced downregulation of eNOS activity and NO levels and enhanced cell viability. 

Therefore, stem cell delivery of SKL is an effective therapeutic strategy for pulmonary vascular 

endothelial dysfunction and PA remodelling. SKL attenuates MCT-induced PA remodelling and 

PASMC proliferation, likely by reducing inflammation and restoring SIRT1 levels and eNOS 

activity.
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Introduction

Pulmonary arterial hypertension (PAH) is a progressive disease involving an increase in 

pulmonary vascular resistance and pulmonary arterial pressure (PAP), which leads to right 

ventricular (RV) dysfunction and failure and ultimately death. Although fairly uncommon 

(15 cases per million),1 PAH is associated with high mortality (5-year survival rates ranging 

from 34–58%).2 Treatment is expensive and is often based on vasodilators, which relieve the 

symptoms but do not cure the disease. PAH pathogenesis is complex and involves multiple 

factors (metabolism, the immune system/inflammation, right ventricle function) that 

contribute to disease progression.3 Monocrotaline (MCT)-induced PAH in rats involves 

initial endothelial dysfunction followed by rapid medial remodeling in small pulmonary 

arteries, which leads to increased PAP, RV dysfunction, and death in animals at 4–6 weeks 

after insult. The MCT model is associated with endothelial toxicity, endothelial dysfunction, 

increased endothelial permeability in small pulmonary arteries (PA), significant 

inflammation in lungs, over-proliferation of PA smooth muscle cells, and PA medial 

remodeling.

Several types of progenitor cells, such as endothelial progenitor cells (EPCs), induced 

pluripotent stem cells (iPSCs), and mesenchymal stem cells (MSCs) have been investigated 

for the treatment of PAH. Some cell-based therapies are at various stages of preclinical or 

clinical trials.4 MSCs were reported to have anti-inflammatory and immune-modulating 

properties5–6 and were shown to prevent or repair endothelial injury.7–8 Thus, MSC therapy 

is an attractive strategy for PAH treatment, as inflammation and endothelial injury play an 

important role in the pathogenesis of PAH. It was previously reported that MSCs improve 

PAH, lung pathology, and RV dysfunction,9–12 PA remodeling,11, 13 and impaired PA 

responses to vasodilators9 in MCT models of PAH in rats. We chose to use MSCs in this 

study, because they also have other characteristics that facilitate their application, such as 

their expansion potential, ease of collection, and decreased susceptibility to genetic 

mutations during in vitro passaging.14 MSCs engineered with the desired therapeutic genes 

may expand and have enhanced therapeutic potential.14 Genetically modified MSCs 

overexpressing genes of interest, for example, eNOS15 or prostacyclin synthase,16 have also 

been used in the treatment of MCT-induced PAH in rats. Nevertheless, MSC-based therapy 

has been less effective than expected.

Klotho is an anti-aging gene that causes extensive premature aging phenotypes and shortens 

lifespan when disrupted17 and slows the aging process and extends lifespan when 

overexpressed.18–19 Klotho gene mutation causes lung inflammation and emphysema,19 

while unmutated Klotho has been shown to reduce inflammation and oxidative stress in 

kidneys.19–21 Secreted Klotho (SKL) was reported to protect against endothelial 

dysfunction22–23 and endothelial cell (EC) apoptosis24 and attenuate vascular remodeling 
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associated with systemic hypertension.23 Mesenchymal stem cells entail have secretory 

function.14 In this study, we engineered mouse MSCs to overexpress SKL and intravenously 

injected the modified MSCs into MCT-treated rats. To our knowledge, this is the first study 

to investigate whether MSC delivery of SKL attenuates MCT-induced PAH.

Materials and Methods

A detailed method section is available in the Online Supplemental Methods and Data.

Generation of MSCS overexpressing SKL

MSCs overexpressing SKL were generated by transducing MSCs with lentiviral-based 

transfer of SKL gene (MSC-SKL-GFP) or GFP gene (MSC-GFP) (see Online Supplemental 

Methods).

Animal studies

Briefly, five groups of rats (six rats per group) were used for the study: Saline, MCT, MCT + 

MSC, MCT + MSC-GFP and MCT + MSC-SKL-GFP. Four groups were given 

monocrotaline (MCT) daily (60 mg/kg) via subcutaneous injections, while the last group 

was given saline and served as a control. After 3 days of MCT injections, three MCT-treated 

groups were administered MSCs, MSCs carrying eGFP (MSC-GFP), and MSCs carrying 

eGFP-SKL (MSC-SKL-GFP), respectively, via injection into the right jugular vein (3.5 × 

106 cells/rat), while one MCT-treated group received no treatment and served as a control. 

Twenty-one days post MCT injection, RV pressures were measured under anesthesia. The 

scheme of the experimental protocol is shown in Supplemental Figure S1 (Fig. S1).

Immunohistochemical (IHC) analysis of the lungs

The IHC was performed as described recently.25–28 A detailed protocol is provided in the 

Online Supplemental Methods.

Western blot for SKL, SIRT1, eNOS, and p-eNOS expression in serum and lung lysates

Western blotting was performed as we described previously.29,30–33 A detailed protocol is 

provided in the Online Supplemental Methods.

Cell culture experiments

A detailed protocol is provided in the Online Supplemental Methods.

Statistical analysis

All data are presented as mean ± SEM unless otherwise specified. Data were analyzed using 

one-way ANOVA and Student’s t-test. The Newman–Keuls procedure was used to assess the 

significance of differences between groups, and p<0.05 was considered statistically 

significant.
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Results

Transfection of mesenchymal stem cells (MSCs) with the mouse secreted Klotho (SKL) 
gene

A lentiviral vector construct, pLenti-SRCMVi-mSKL-GFP (Fig. 1A), was constructed in 

which the expression of mSKL was driven by a CMV promoter, with extra enhancers from 

SV40 and RSV promoters and an intron from the backbone of the pAAV-MCS plasmid for 

enhancing expression of the mSKL gene. Besides mSKL, it also expresses an internal 

ribosome-entering site (IRES)-mediated eGFP for easy detection of the transduction of 

target cells. A lentiviral vector construct, pLenti-SRCMVi-GFP, was also constructed as a 

control construct (Fig. 1B). MSCs were in a healthy condition (Fig. 1C). Following 

transfection of 293T cells, robust expression of eGFP was observed as an indication of 

efficient production of infectious lentiviral vectors, and the target MSCs were transduced 

with nearly 100% efficiency following infection of suspended cells at a multiplicity of 

infection (MOI) of 10–20 (Fig. 1D). Western blot analysis of SKL protein expression in 

MSC lysates and serum-free conditioned medium (SFCM) from the transduced MSCs and 

untransfected MSCs showed that mSKL was expressed in these cells and was also secreted 

into the medium (Fig. 1E). The full-length Klotho protein (130 kDa) was not detectable in 

cell lysates and medium. Overexpression of mSKL increased SKL protein levels in cell 

lysates and medium (Fig. 1E). Due to attachment with Flag-tag and His-tag in the c-

terminal, the size of the transgenic SKL protein is ~3 kDa larger than the endogenous SKL 

protein. The slightly increased size of the secreted SKL protein in the medium is likely 

attributed to the post-translational modifications (e.g., glycosylation).

MSCs overexpressing SKL abolished MCT-induced pulmonary vascular dysfunction

To measure PA responses to vasodilators in our experimental model of PAH, we isolated 

small intralobar PA rings (3rd order) from the lungs at 3 weeks after MCT injection and 

mounted them on a wire myograph (DMT) for measuring PA relaxation responses to the 

endothelium-dependent vasodilator ACh or the endothelium-independent vasodilator SNP. 

The 3rd-order branches are regarded as resistance PAs. Compared with PAs from the Saline 

group, PAs from the MCT group had markedly decreased relaxation in response to ACh 

(Fig. 2A), indicating that MCT impairs pulmonary vascular endothelial function. PAs from 

the MCT + MSC and MCT + MSC-GFP groups had slightly, but not significantly, better 

relaxation responses to ACh than PAs from the MCT group. It is noteworthy that the PAs 

from the MCT + MSC-SKL-GFP group showed a significantly greater relaxation in 

response to ACh, which was comparable to that of the Saline group (Fig. 2A). This result 

suggests that implantation of MSCs overexpressing SKL rescues MCT-induced pulmonary 

vascular endothelial dysfunction.

There was no significant difference in PA relaxation responses to the vasodilator SNP among 

all groups (Fig. 2B), suggesting that endothelium-independent PA relaxation function is not 

affected significantly by administration of MCT or implantation of MSCs overexpressing 

SKL.
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MSCs overexpressing SKL attenuated MCT-induced pulmonary arterial remodeling

Human PAH is characterized by significant medial hyperplasia/hypertrophy in small 

pulmonary arteries.34 (REF, cite Patrick papers). We analyzed PA sections using H&E 

staining, and medial hyperplasia was quantified by measuring the medial thickness and 

lumen area in the small 3rd-order PAs (diameter 50–80 μm). MCT significantly increased 

medial thickness and decreased lumen area (Fig. 3A–C), indicating medial hypertrophy and 

occlusion of small PAs. MCT-induced PA remodeling was abolished by MSC-SKL-GFPs. 

The MCT-induced medial thickening or hypertrophy was likely due to increased 

proliferation of PA-SMCs, as MCT significantly increased expression of medial α-smooth 

muscle actin (α-SMA) (Fig. 3D, E). α-SMA is a marker of SMCs, and MCT-induced SMC 

over-proliferation was eliminated by MSC-SKL-GFPs. Thus, implantation of MSCs 

overexpressing SKL effectively rescued MCT-induced PA-SMC proliferation and PA 

remodeling.

MSCs overexpressing SKL attenuated MCT-induced pulmonary arterial hypertension (PAH) 
and RV hypertrophy

Right ventricular systolic pressure (RVSP) was significantly higher in rats from the MCT 

group than from the Saline group (31.88 ± 1.39 vs. 17.27 ± 4.86 mmHg) (Fig. 4A), 

indicating PAH. Treatment with control MSCs slightly, but not significantly, attenuated the 

RVSP increase. By contrast, treatment with MSC-SKL-GFP (23.35 ± 3.26 mmHg) 

significantly attenuated the MCT-induced increase in RVSP but not to the control level (Fig. 

4A). The ratio of RV to LV+S weights was increased significantly in the MCT group 

compared with the Saline group, indicating RV hypertrophy. Treatment with MSCs, 

especially MSC-SKL-GFP, decreased RV hypertrophy in MCT rats (Fig. 4B). RV wall 

thickness, measured in H&E-stained heart sections, was also used as an indicator of RV 

hypertrophy. MCT significantly increased RV wall hypertrophy, and treatment with MSCs 

slightly, but significantly, attenuated RV hypertrophy (Fig. 4C). By contrast, treatment with 

MSC-SKL-GFP more effectively attenuated RV hypertrophy than did untransduced MSCs 

(Fig. 4C). Thus, MSCs overexpressing SKL improved MCT-induced PAH and RV 

hypertrophy.

MSCs engrafted into the lung parenchyma and expressed SKL

Eighteen days after IV delivery of MSCs (via the right jugular vein), eGFP-positive MSCs 

were found in clusters or as single cells in the lung parenchyma in OCT-embedded lung 

sections from the MCT + MSC-SKL-GFP and MCT + MSC-GFP groups (Fig. 5A). This 

result suggests that MSCs homed to the lung. eGFP-positive cells were not seen in the 

Saline, MCT, or MCT + MSC groups. The transgenic cells did not engraft into the 

pulmonary arteries (PAs) as eGFP-positive cells and were not seen in the vasculature (Fig. 

S2). Unexpectedly, the transgenic MSCs did not differentiate into epithelial cells, endothelial 

cells, or smooth muscle cells.

Western blot analysis showed that SKL expression was significantly decreased by MCT 

(Fig. 5B). SKL levels in the lung were significantly higher in the MCT + MSC-SKL-GFP 

group than in the other groups (Fig. 5B), indicating increased SKL expression. The full-

length Klotho protein (130 kDa) was not detectable in the lung. SKL concentrations in the 

Varshney et al. Page 5

Hypertension. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



serum were slightly but not significantly increased in the MCT + MSC-SKL-GFP group 

(Fig. S3). These results suggest that the MSCs secreted SKL to the lungs in a paracrine 

fashion and that only a minor amount of the secreted SKL entered the circulation. Thus, 

MSC-SKL-GFP effectively rescued the downregulation of SKL levels in the lungs in MCT-

treated rats.

MSCs overexpressing SKL attenuated MCT-induced inflammation in PAs and abolished 
downregulation of SIRT1 expression and eNOS activity in the lungs

IHC analysis revealed extensive infiltration of macrophages (CD68+) around small PAs and 

in the lungs of MCT-treated rats (Fig. 6A, B), indicating inflammation. Treatment with 

MSC-SKL-GFP significantly attenuated MCT-induced macrophage infiltration. By contrast, 

MSCs or MSC-GFP did not affect macrophage infiltration significantly (Fig. 6A, B). Thus, 

implantation of MSCs overexpressing SKL effectively attenuated inflammation in PAs due 

to MCT insult. These results suggest that SKL enhances the anti-inflammatory capacity of 

MSCs, which contributes to its beneficial effect on pulmonary vascular dysfunction and PA 

remodeling.

Western blot analysis indicated that the expression level of SIRT1, an important deacetylase, 

was diminished in the lungs of all MCT-treated groups (Fig. 6C). Interestingly, MSC-SKL–

GFP effectively restored SIRT1 expression to the control level (Fig. 6C). The results suggest 

for the first time that MSCs overexpressing SKL regulate SIRT1 expression in the lungs of 

MCT-treated rats. Western blot analysis showed that eNOS phosphorylation (p-eNOS) was 

significantly decreased in the lungs of MCT-treated rats, suggesting that MCT suppresses 

eNOS activity (Fig. S4A). Interestingly, MSC-SKL-GFP also rescued MCT-induced 

downregulation of eNOS activity in lungs (Fig. S4A).

SKL prevented MCT-induced impairment in endothelial cell viability and downregulation of 
nitric oxide bioavailability in HUVECs

To further explore whether SKL affects endothelial cell function, we treated HUVECs with 

different concentrations of MCT for a period of 48 hours. The MTT assay showed a dose-

dependent decrease in HUVEC viability in response to MCT treatment (Fig. S4B, C). 

Interestingly, the addition of SKL (0.5 μg/ml) to culture medium rescued MCT-induced 

impairment in cell viability (Fig. S4D). MCTP, a metabolic product of MCT, diminished NO 

production, as measured by the DAF-2DA assay, at four days after treatment (Fig. S4E). 

Interestingly, the addition of SKL abolished MCTP-induced downregulation of NO 

production (Fig. S4E). L-NAME decreased NO levels (Fig. S4E) and prevented an SKL-

induced increase in NO production in MCTP-treated HUVECs (not shown), suggesting that 

SKL stimulates NO production via activation of eNOS.

Discussion

This study demonstrates for the first time that intravenous delivery of MSCs overexpressing 

SKL effectively prevented MCT- induced pulmonary vascular endothelial dysfunction and 

PA remodeling. MSC-SKLs also attenuated the elevation of RV pressure and RV 

hypertrophy in MCT-treated rats. This finding is significant, because it provides a new and 
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effective therapeutic approach for PAH, a devastating disease with no cure. By contrast, 

untransduced MSCs did not significantly improve pulmonary vascular endothelial 

dysfunction or PA remodeling. Thus, overexpression of secreted Klotho (SKL) enhances the 

therapeutic potential of MSCs. The beneficial effects of MSCs overexpressing SKL may be 

achieved through increasing SKL levels in the lungs.

Klotho was originally identified as an aging-suppressor gene that is primarily expressed in 

kidney distal tubule epithelial cells and brain choroid plexuses. In this study, we found that 

SKL is also expressed in the lungs, which was diminished by MCT (Fig. 5). Interestingly, 

MSC-SKLs rescued MCT-induced downregulation of SKL, suggesting that implantation of 

MSCs overexpressing SKL effectively increased SKL levels in the lung. MSCs have the 

ability to secrete paracrine factors, leading to the improvement of injured tissue.12,14, 35 

Although MSCs are known to secrete a variety of regulatory and trophic factors, the 

complete MSC secretome remains to be determined.36 This study demonstrates that the 

engineered MSCs exhibit paracrine activity, as the released SKL was limited to the lung 

(Fig. 5), with a minor amount of SKL entering the circulation (Supplemental Figure S3). 

Although Klotho deficiency has been implicated in systemic hypertension,21, 37–38 this study 

provides the first evidence that MSCs overexpressing SKL significantly improve pulmonary 

vascular endothelial dysfunction and PA remodeling. These results also suggest that 

downregulation of SKL in the lungs contributes to MCT-induced pulmonary vascular 

endothelial dysfunction, PA remodeling, and PAH.

MSCs are unique in possessing the potential to differentiate into other cell types and home 

to the injured tissue.12 They can enter the circulation and follow chemotactic gradients to 

home to sites of injury or inflammation, participating in wound healing and tissue repair via 
their regenerative and paracrine functions.39–42 We reported recently that SKL regulates 

adipogenic stem cell (ADSC) proliferation and differentiation.43 Silencing of SKL impairs 

ADSC differential potential, while overexpression of SKL enhances ADSC viability.43 

Nevertheless, whether overexpression of SKL increases MSC therapeutic potential for PAH 

has never been assessed. In this study, we demonstrated that the engineered MSCs 

overexpressing SKL were engrafted in the lung parenchyma in MCT-treated rats (Fig. 5), 

suggesting effective homing to the injured lungs. Unexpectedly, these MSCs did not 

differentiate into any types of lung cells (alveolar epithelial cells type I or II), pulmonary 

vascular endothelial cells, or smooth muscle cells (Fig S2). These results suggest that the 

beneficial effect of MSCs overexpressing SKL cannot be attributed to their regenerative 

capacity. Instead, this is likely mediated by their paracrine function, for example, by release 

of SKL.

Inflammation is a key mediator in MCT-induced PASMC proliferation, PA remodeling, and 

PAH.44 Interestingly, MSCs overexpressing SKL effectively attenuated MCT-induced 

inflammation, as evidenced by decreased infiltration of macrophages around small PAs (Fig. 

6). Therefore, the therapeutic effect of MSCs overexpressing SKL may be mediated, at least 

in part, by their anti-inflammatory effect. We reported recently that haplodeficiency of 

Klotho increases the release of chemokines (e.g., MCP-1) and cytokines (e.g., TNFα), 

leading to macrophage infiltration and inflammation in kidneys.37 The current study showed 

that overexpression of SKL enhances the anti-inflammatory effect of MSCs in PAs and lungs 
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(Fig. 6). This finding is supported by a recent report that Klotho may suppress 

inflammation.45 On the other hand, we cannot exclude the possibility that SKL also induces 

MSCs to release other paracrine factors, such as anti-inflammatory cytokines (e.g., IL-10). 

This hypothesis, however, needs to be validated. Recently, SIRT1 has come to the attention 

of researchers in the field, as it may protect against lung inflammation and PASMC 

proliferation.46–48 Resveratrol, a SIRT1 activator, has been shown to prevent or rescue MCT-

induced PAH in rats by reducing inflammation and oxidative stress and inhibiting PASMC 

proliferation.46–48 Inhibition of SIRT1 increased SMC proliferation48, while resveratrol 

prevented SMC proliferation.47–48 Activation of SIRT1 protects endothelial cells and 

improves endothelial function.49–50 Interestingly, we found that MCT depleted SIRT1 levels 

in the lungs, which were rescued by MSCs overexpressing SKL (Fig. 6). To our knowledge, 

this is the first study demonstrating that SKL regulates SIRT1 expression in vivo. Thus, it is 

expected that the enhanced SIRT1 levels contribute to the beneficial effect of MSCs 

overexpressing SKL on pulmonary vascular endothelial dysfunction and PA remodeling.

Another interesting finding is that MSCs overexpressing SKL almost rescued MCT-induced 

downregulation of eNOS activity (Fig. S4). Consistently, the pulmonary vascular relaxation 

response to stimulation of eNOS by acetylcholine was increased by MSCs overexpressing 

SKL in MCT-treated rats (Fig. 2), suggesting an enhanced ability of endothelial cells to 

generate nitric oxide (NO). NO not only leads to PA vasodilation but also inhibits PASMC 

proliferation.34, 44 Indeed, MSCs overexpressing SKL significantly improved pulmonary 

vascular endothelial dysfunction, PASMC proliferation, and PA remodeling. It was reported 

that inhalation of NO improves PAH in patients44. Implantation of MSCs overexpressing 

eNOS also attenuates PAH and RV hypertrophy15. Thus, impaired eNOS activity and NO 

production may be involved in the pathogenesis of PAH34, 44. We further assessed whether 

SKL has a direct protective effect in endothelial cells challenged by MCT. Interestingly, 

SKL significantly improved MCT-induced impairment in endothelial cell viability (Fig. S4). 

It is noteworthy that SKL abolished the MCT-induced decrease in NO levels in endothelial 

cells, suggesting for the first time that SKL rescues the downregulation of eNOS activity.

Engineering MSCs for overexpressing therapeutic genes seems to be a promising strategy 

for the treatment of PAH. In this study, MSCs were genetically engineered to provide a 

source for the therapeutic protein SKL. Takemiya et al. genetically modified MSCs to 

overexpress prostacyclin synthase16 and found that the transgenic MSCs significantly 

attenuated PAH-related morbidity in MCT rats, while the untransduced MSCs failed to 

alleviate PAH-associated pathogenic changes. Implantation of MSCs overexpressing eNOS 

attenuated MCT-induced PAH.15 The engineered MSCs overexpressing eNOS provided 

moderately better treatment outcomes (RV hypertrophy, survival) compared with 

untransduced MSCs.

Some reports indicated that delivery of MSCs partially decreases PAH and attenuates PA 

remodeling.9, 11–12 In this study, untransduced MSCs slightly, but not significantly, 

attenuated pulmonary vascular dysfunction, PAH, or PA remodeling (Figs. 2–4). Similarly, 

Takemiya reported that untransduced MSCs failed to attenuate MCT-induced PAH and PA 

remodeling.16 The variation in the treatment effect of MSCs is likely due to the disparity in 

the function of the allogeneic MSCs. On the other hand, the untransduced MSCs 
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significantly improved MCT-induced hypertrophy (Fig. 3), suggesting that MSCs improve 

the RV impairment, which is independent of PAH. The untransduced MSCs may repair heart 

damage via their paracrine function.14

Perspective

PAH is a life-threatening disease with high mortality. The 5-year survival rate ranges from 

34–58%, and the current therapy relieves only the symptoms and does not cure the disease. 

In this study, we demonstrated that MSCs overexpressing SKL effectively attenuated MCT-

induced PA endothelial dysfunction, PAH, PA remodelling, and RV hypertrophy. SKL 

augments the therapeutic effects of MSCs in PAH by: 1) decreasing inflammation and 

rescuing downregulation of SIRT1 expression and eNOS activity and 2) improving 

endothelial cell survival and function. This is, to our knowledge, the first report 

demonstrating the great efficacy of Klotho gene-engineered MSCs for the treatment of PAH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

1. What is new?

1. It is new and interesting that mesenchymal stem cell delivery of aging-

suppressor protein SKL abolished MCT-induced pulmonary vascular 

endothelial dysfunction, PAH, and RV hypertrophy.

2. This study demonstrates, for the first time, that SKL attenuates MCT-

induced PA remodelling and PASMC proliferation, likely by reducing 

inflammation and restoring SIRT1 levels and eNOS activity.

2. What is relevant?

1. It is significant that a decrease in lung SKL is associated with 

pulmonary vascular endothelial dysfunction, PA remodeling, and PAH.

2. This study reveals that stem cell delivery of SKL is an effective 

therapeutic strategy for pulmonary vascular endothelial dysfunction 

and PA remodelling.

3. Summary

This study provides the first evidence that Klotho deficiency is linked to pulmonary 

vascular endothelial dysfunction and pulmonary hypertension. SKL attenuates MCT-

induced PA remodelling and PASMC proliferation by reducing inflammation and 

restoring SIRT1 levels and eNOS activity.
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Figure 1. Transfection of mesenchymal stem cells (MSCs) with the mouse secreted Klotho 
(mSKL) gene
A) Map of lentiviral vector expressing the mSKL and eGFP genes. LTR, long terminal 

repeat; psi, ψ domain; RRE, Rev responsive element; cPPT, central polypurine tract; 

SRCMVi, a CMV promoter plus enhancers from RSV and SV40 promoters and a human β-

globin intron; mSKL, mouse secreted Klotho gene; IRES, internal ribosome entry site; 

eGFP, enhanced green fluorescent protein gene; WPRE, woodchuck hepatitis virus post-

transcriptional regulatory element; SIN, self-inactivating LTR as a result of the deletion of 

the U3 promoter. B) Map of the control lentiviral vector expressing eGFP only. C) Phase-

contrast image of MSCs in culture. D) eGFP expression in Lenti-SKL-GFP-transduced 

MSCs. E) Western blot analysis of SKL protein expression in cell lysates and conditioned 

medium from transfected and non-transfected MSCs.
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Figure 2. MSCs overexpressing SKL abolished MCT-induced pulmonary vascular dysfunction
A) Responses of small pulmonary arteries (PAs) to ACh. B) Responses of small PAs to 

sodium nitroprusside (SNP). #p<0.05 vs. the MCT group. n=6. Data = means±SEM.
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Figure 3. MSCs overexpressing SKL attenuated MCT-induced pulmonary arterial remodeling
A) Representative H&E staining images of small pulmonary artery (PA) cross-sections (60–

80 μM) in rat lungs. B) Quantitative analysis of medial thickness. C) Lumen area in rat small 

PA cross-sections. D) α-SMA staining using IHC in small PA cross-sections. E) 
Quantification of α-SMA staining. Scale bar, 20 μm. *p<0.05 vs. Saline; #p<0.05 vs. MCT. 

n=6. Data = means±SEM.
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Figure 4. MSCs overexpressing SKL attenuated MCT-induced pulmonary arterial hypertension 
(PAH) and RV hypertrophy
A) Right ventricular systolic blood pressure (RVSP). B) The RV/LV+S weight ratio. C) 
Quantification of RV wall thickness. *p<0.05 vs. Saline; #p<0.05, ##p<0.01 vs. MCT. n=6. 

Data = means±SEM.
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Figure 5. MSCs engrafted into the lung parenchyma and expressed SKL
A) GFP-positive cells in the lungs of MCT + MSC-SKL-GFP and MCT + MSC-GFP 

groups. B) Western blot analysis of SKL protein levels in the lung lysates. *p<0.05 vs. 
Saline. n=6. Data = means±SEM.
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Figure 6. MSCs overexpressing SKL attenuated MCT-induced inflammation in pulmonary 
arteries (PAs) and abolished downregulation of SIRT1 expression in the lungs
A) IHC analysis of macrophages around small PAs (dark brown staining, CD68 marker). B) 
Quantification of CD68 staining. C) Western blot analysis of SIRT1 expression in lung 

lysates. *p<0.05, **p<0.01, **p<0.001 vs. Saline; #p<0.05 vs. MCT. n=6. Data = means

±SEM.
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