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Abstract

Introduction—No medical therapies are yet available to slow abdominal aortic aneurysm (AAA) 

growth. This study sought to investigate the effect of different genders of bone marrow derived 

mesenchymal stem cells (MSC) on AAA growth in a murine AAA model. Given the decreased 

rate of AAA in women, it is hypothesized that female MSC would attenuate AAA growth more so 

than male MSC.

Materials and Methods—Aortas of 8- to 10-week-old male C57Bl/6 mice were perfused with 

purified porcine pancreatic elastase to induce AAA formation. Bone marrow-derived MSC from 

male and female mice were dosed via tail vein injection (3 million cells per dose, 500 μL of 

volume per injection) on post-aortic perfusion days 1, 3, and 5. Aortas were harvested after 14 

days.

Results—Mean aortic dilation in the elastase group was 121±5.2% (mean±SEM), while male 

MSC inhibited AAA growth (87.8±6.9%, P=0.008) compared to elastase. Female MSC showed 

the most marked attenuation of AAA growth (75.2±8.3% P= 0.0004). Pro-inflammatory cytokines 

tumor necrosis factor α (TNF-α), interleukin-1β (IL-1β), and macrophage chemotactic protein-1 

(MCP-1) were only decreased in tissues treated with female MSC (p=0.017, p=0.001, and 

p<0.0001, respectively when compared to elastase).
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Conclusions—These data exhibit that female MSC more strongly attenuate AAA growth in the 

murine model. Furthermore, female MSC and male MSC inhibit proinflammatory cytokines at 

varying levels. The effects of MSC on aortic tissue offer a promising insight into biologic 

therapies for future medical treatment of AAAs in humans.
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1. Introduction

Abdominal aortic aneurysms (AAAs) are characterized by a dilation of the abdominal aorta 

150% of its normal diameter and are primarily a disease of elderly male smokers, affecting 

nearly 7% of the older population (1–3). The natural history of this disease is progressive 

dilation and eventual rupture, which carries extremely high mortality and morbidity. This 

disease was primarily responsible for roughly 10,500 deaths in the United States in 2009, 

and is the 15th leading cause of death in the United States (4). Therefore, medical therapies 

to treat this deadly disease are necessary for the aging western populations. AAAs are 

characterized by inflammation involving an elevation of pro-inflammatory cytokines, elastin 

and collagen disruption, and smooth muscle cell apoptosis, but the exact pathogenic 

mechanism of AAAs is not well defined (5–7).

Mesenchymal stem cells (MSC) are an emerging medical therapy for multiple disease states. 

Experimental applications of MSC have reached into treatments for spinal cord injury, acute 

kidney injury, liver failure, and regeneration of cardiomyocytes post-myocardial infarction 

(8–10). Cardiac regenerative therapies have branched over into human treatments, as there 

are a number of trials evaluating the utility of MSC myocardial regeneration for ischemic 

cardiomyopathy (10). Therapies with MSC have been explored previously in experimental 

animal models of AAA and have shown beneficial effects on aneurysm formation (11–13). 

Additionally, reports exist which reveal superior efficacy of female MSC when utilized as 

therapy for other disease states (14, 15), However, there is a paucity of literature describing 

the effects of varying genders of stem cells on AAAs. Given the existing trends in gender 

difference in cardiovascular disease and the increasing frequency of stem cell based 

therapies, we hypothesized that MSC derived from females will have a more potent effect on 

experimental AAA formation.

2. Materials and Methods

2.1 Mice

Wild Type (WT) C57Bl/6 were obtained from Jackson Laboratories (The Jackson 

Laboratory, Bar Harbor, Maine) and maintained in house. Red fluorescent protein (RFP) 

mice (Strain B6.Cg-Tg(CAG-DsRed*MST)1Nagy/J, Stock Number 006051) were also 

obtained from Jackson Laboratories (Bar Harbor, Maine) and maintained within our 

vivarium. All mice were fed minimal phytoestrogen diet (2016 Teklad Diet, Harlan 

Laboratories, Indianapolis, Indiana). Animal care and use were in accordance with the Guide 

for the Care and Use of Laboratory Animals. The animal protocol was approved by the 

Davis et al. Page 2

J Surg Res. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



University of Virginia Institutional Animal Care and Use Committee in compliance with the 

Office of Laboratory Animal Welfare.

2.2 Aneurysm Model

All mice underwent a surgical model of AAA formation with elastase perfusion as described 

previously (16, 17). Eight to 12-week old male C57Bl/6 mice underwent induction and 

maintenance of anesthesia with isoflurane. A midline abdominal incision was created, and 

the infrarenal aorta was isolated. Proximal and distal control was achieved with 4-0 silk 

sutures. An aortotomy was created, and a perfusion catheter was inserted into the aorta. The 

aorta was perfused with 0.35M purified porcine pancreatic elastase or heat-inactivated 

elastase for 5 minutes. After the allotted time the elastase was evacuated, the aortotomy site 

was closed, and distal perfusion was restored by untying the proximal and distal silk sutures. 

The abdomen was closed with 6-0 absorbable polyglactin suture, and the skin was closed 

with a 6-0 polypropylene suture. The mouse was given buprenorphine for postoperative 

analgesia. After 14 days, the mouse underwent reinduction of anesthesia and reoperation. 

The midline was reopened and the aorta was exposed. Video micrometry was used to 

determine the size ratio between the largest segment of perfused aorta and un-perfused 

native segment of aorta above above the indentation representing the location of the 

proximal tie from the perfusion procedure. The aorta was removed and flushed with saline. 

Aortas were either: 1) snap frozen in liquid nitrogen for real-time polymerase chain reaction 

(PCR) analysis or protein extraction or 2) incubated overnight in 4% paraformaldehyde 

solution for immunohistochemistry. Additionally, tissue samples from livers and lungs were 

procured from the animals after removal of the aorta. These samples were incubated 

overnight in 4% paraformaldehyde solution for immunohistochemistry.

2.3 Mesenchymal Stem Cell Isolation and Delivery

Mouse mesenchymal stem cell isolation and culture was based on a modified method of the 

original protocol as described by Guo et al (18) and described in detail by Zhu (19). Namely, 

mice aged 2–3 weeks underwent euthanasia via isofluorane inhalation and cervical 

dislocation. The femurs and tibiae were isolated and flushed twice with saline to release the 

hematopoietic cells. The compact bones were then dissected into 1–3 mm fragments and 

digested with collagenase II in alpha-MEM with 10% FBS (1 mg/mL by volume, Sigma-

Aldrich, St. Luis, MO). Two hours following the digestion, the collagenase II was washed 

away and the bone fragments were then cultured in MSC culture medium, alpha-MEM with 

10% FBS. Media was changed three days following seeding and by 5 days following 

seeding cultures reached 70–80% confluency. These cultures are available for use from 

passages 3–8.

Bone marrow-derived MSC were delivered via tail vein injection with 3 million cells per 

dose at a volume of 500 μL in phosphate-buffered saline. Conditioned media (500 μL) or 

MSC treatments were given on postoperative days 1, 3, and 5. Finasteride-primed MSC 

were given in the same manner.
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2.4 Treatment Arms

Aortas of 8–12 week old male WT mice were perfused with porcine pancreatic elastase as 

described above (n=7). Heat inactivated elastase (HIE) was used as a negative control (n=7). 

These two groups were used as controls for each experimental arm. Two groups of male WT 

mice were given either conditioned media from male MSC culture (n=10) or conditioned 

media from female MSC culture (n=9) on postoperative days 1, 3, and 5 after aortic 

perfusion with elastase [Figure 1A], and a separate treatment arm was given either male 

MSC (n=11) or female MSC (n=9) in similar fashion [Figure 1B]. Additional arms were 

performed which WT mice underwent elastase perfusion and received cells derived from 

male and female RFP mice. These mice were harvested on days 3, 7, and 14 (n=5 per group 

per gender) in order to utilize confocal microscopy to evaluate the location of MSC in 

different tissues during multiple progressive time points [Figures 2 and 3]. In separate 

experiments, male or female MSC were primed with finasteride, a 5-alpha reductase 

inhibitor (50 μg/mL, Sigma Aldrich, St. Louis, MO) for 48 hours before injection of male or 

female MSC into the elastase perfused WT male mice. These treated MSC were given days 

1, 3, and 5 post-operatively and mice were harvested 14 days following aneurysm formation 

[Figure 4].

2.5 Cytokine Array

For the purpose of determining the effects of stem cell application and its effect on the pro-

inflammatory cytokine mileu of the aortic wall, mouse cytokine array (R&D Systems, 

Minneapolis, MN, Mouse Cytokine Antibody Array, Panel A) were performed using 

isolated protein from mouse aortas harvested at day 14 after elastase perfusion. Protein 

samples from each group were pooled for analysis, and all samples were run in duplicate 

(16, 17, 20, 21).

2.6 Histology

Infrarenal aortas were harvested at euthanasia and irrigated with normal saline. Fixation was 

achieved with overnight incubation in 4% paraformaldehyde followed by paraffin 

embedding and sectioning at 5μm. Verhoeff-Van Gieson stain was used to evaluate aortic 

elastin content. Microwave antigen retrieval was performed and antibodies were bound and 

detected using VectaStain Elite Kit (Vector Laboratories, Burlingame, CA). Antibodies used 

for immunohistochemistry were anti-mouse CD3 for CD3+ T-cells (1:500; Santa Cruz 

Biotechnology Inc, Santa Cruz, CA) and anti-rat Mac2 for macrophages (1:10 000; 

Cedarlane Laboratories, Burlington, Canada. Visualization color development was 

completed using diaminobenzidine (Dako Corporation, Carpinteria, CA) for Mac2. Images 

were obtained using a Nikon eclipse Ti imaging system. Blinded cell counts were performed 

and pixel density analysis was performed in order to quantify elastin and cell content within 

aortic aneurysm tissues.

Additional murine aortic, lung, and liver cross sections were evaluated with confocal 

fluorescence immunohistochemistry at multiple time points after aneurysm formation with 

staining for nuclei (DAPI), macrophages (Mac2 antibody, 1:1000) smooth muscle cells 

(Smooth muscle alpha actin, 1:1000), pneumocytes (Pro-SPC antibody. 1:200), biliary cells 

(cytokeratin 19 antibody, 1:200), cells containing 5-α-reductase (SRD5a1 antibody, 1:250), 
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and the RFP tag from the RFP labeled MSC to identify MSC located within the aortic wall 

and adventitia during aneurysm formation. Cells were visualized using an LSM 710 

scanning confocal microscope and results are representative of male WT mice receiving 

male RFP cells and female RFP cells (n=5 per group).

2.7 Statistical Methods

Statistical analysis was performed using GraphPad Prism Version 6.0e software (Graphpad 

Software, La Jolla, CA). Maximal aortic dilation (%) was calculated as [(maximal aortic 

diameter)/(internal control diameter) – 1]. The internal control was an unperfused segment 

of infrarenal aorta cranial to the proximal ligation site. This section was not perfused with 

elastase; however, it was susceptible to hemodynamic changes from volume shifts during 

the operative and postoperative phases, as well as expected animal growth over time. Values 

are reported as mean±SE of the mean (SEM). Aortic dilation between groups was compared 

using Analysis of Variance (ANOVA), and post hoc analysis was performed using Tukey 

correction to determine significance of individual comparisons with α=0.05.

3. Results

3.1 Female MSC Attenuate Experimental AAA Formation When Compared to Male MSC

Aortas from male WT mice perfused with elastase revealed significant dilation when 

compared to heat inactivated elastase (HIE) (p<0.0001). Elastase-perfused WT mice that 

received conditioned media from female MSC culture had significant attenuation on AAA 

formation when compared to untreated elastase perfused mice (p<0.0013) [Figure 1C], while 

male MSC conditioned media failed to inhibit AAA formation. In contrast to conditioned 

media experiments, male MSC significantly attenuated AAA formation compared to elastase 

(p=0.0079), though female MSC had a more significant effect on AAA attenuation 

(p=0.0004) [Figure 1C]. Representative images of immunohistochemistry reveal no 

difference in elastin preservation or inflammatory cell infiltration was seen between the 

mice without and with MSC treatment after elastase perfusion [Supplemental Figure 1A].

3.2 Mesenchymal Stem Cells Integrate into the Aortic Wall

Confocal microscopy performed on aorta harvested at 3, 7, and 14 day time points revealed 

integration of MSC from both male and female RFP+ MSC administered by tail vein 

injection on postoperative days 1, 3, and 5 after elastase perfusion [Figures 2 and 3]. Both 

male and female RFP MSC are evident within the aortic wall within each time point. 

Additionally, MSC of both genders expressing RFP integrated into lung tissue and survived 

at postoperative days 3 and 7 [Supplemental Figures 3 and 4]. Mesenchymal stem cells 

expressing RFP were not present in lung or liver tissue at day 14 [Supplemental Figures 5 

and 6].

3.3 Treatment of Male Mesenchymal Stem Cells with Finasteride Further Inhibits 
Experimental AAA Formation

Recent reports in the literature have indicated treating MSC with pharmacologic agents 

while in culture further enhances therapeutic efficacy (22, 23). As androgens have been 

shown to play a major role in the pathogenesis of AAAs (24, 25), male MSC were treated 
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with finasteride while in cell culture. Finasteride prevents the conversion of testosterone into 

the more active dihydrotestosterone (DHT) by inhibiting 5-α-reductase. These cells were 

given to male WT mice after elastase perfusion on postoperative days 1, 3, and 5 Aortas 

treated with finasteride-primed male MSC exhibited improved attenuation of aneurysms 

when compared to elastase (p=0.007) and when compared to unprimed male MSC (p=NS) 

[Figure 4A]. Interestingly, finasteride-primed female MSC did not significantly attenuate 

aneurysm formation. Histologic analysis suggests macrophages present in aneurysm tissues 

contain 5-α-reductase [Supplemental Figure 2]. However, a variation of the concentration of 

5-α-reductase exists between tissues treated with finasteride primed male and female cells 

[Figure 4B and 4C].

3.4 Female Mesenchymal Stem Cells Significantly Attenuate Pro-Inflammatory Cytokine 
Expression in Aortic Aneurysm Tissue

When compared to levels of pro-inflammatory cytokines found in elastase-perfused aortas, 

mice treated with female MSC exhibited decreased levels of TNF-α, interleukin (IL)-1α, 

and IL-1β when compared to tissues after treatment with male MSC [Figure 5A]. Aortas 

treated with female MSC had significantly decreased expression of monocyte chemotactic 

protein (MCP)-1 and regulated on activation, normal T cell expressed and secreted 

(RANTES), and male cells exhibited decreased expression of RANTES. [Figure 5B]. 

Growth factors granulocyte/monocyte - colony stimulating factor (GM-CSF) and 

macrophage colony stimulating factor (M-CSF) were also significantly decreased in tissues 

treated with female cells. Male MSC also significantly decreased expression of GM-CSF 

[Figure 5C].

3.5 Treatment of Male Mesenchymal Stem Cells with Finasteride Decreases the Pro-
inflammatory Cytokine Milieu

Cytokine arrays were performed on aortic tissue treated with finasteride-primed male MSC 

and compared with cytokine levels from non-primed MSC. Treatment with finasteride-

primed male MSC decreased pro-inflammatory cytokine IL-1β levels when compared to 

levels of non-primed male MSC. Similarly, tissues treated with finasteride-primed male 

MSC had decreased expression MCP-1, RANTES, and M-CSF when compared to levels of 

non-primed MSC [Figure 5].

4. Discussion

The present study documents the beneficial role of MSC in the treatment of experimental 

AAAs in a murine model, and, furthermore, revealed a difference in the efficacy of varying 

genders of MSC on AAA formation. Female mesenchymal stem cells have a more potent 

effect on the attenuation of experimental aneurysm formation and decrease the overall 

inflammatory profile of aneurysmal aortic tissue. We also demonstrated that both genders of 

MSC have integrated into the aneurysmal aortic wall at multiple time points. Furthermore, 

priming male MSC with finasteride, an anti-androgen, potentiates the anti-inflammatory 

properties of male MSC. This is the first report demonstrating the greater effectiveness of 

female MSC in the treatment of experimental AAA and demonstrates that priming male 

stem cells makes them relatively more effective inhibitors of AAA formation.
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Mesenchymal stem cells have been shown to have beneficial effects in experimental 

aneurysm formation and inflammation commonly associated with AAAs. Hashizume and 

colleagues exhibited attenuation of angiotensin II-induced AAAs in Apolipoprotein E 

knockout utilizing bone marrow derived MSC (11). This group also co-cultured bone 

marrow-derived mesenchymal stem cells with macrophages and smooth muscle cells and 

revealed decreased expression of matrix metalloproteinases (MMPs) and TNF-α in 

macrophages and preserved elastin content in SMCs when compared to cells cultured 

without MSC. Our lab used human placenta-derived female MSC in a murine elastase 

perfusion model of experimental AAA formation and exhibited decreased aneurysm 

formation and decreased levels of pro-inflammatory cytokines, particularly IL-17 (12). 

These experiments illustrate the promising anti-inflammatory properties of MSC. Gender 

differences of MSC with regards to anti-inflammatory and regenerative properties have been 

previously illustrated in an ischemic myocardium model, though the efficacy of treatment 

with different genders of has not been applied in AAA models. Treatment of ischemic 

myocardium with female MSC reveal improved myocardial function and decreased levels of 

tissue TNF-α and increased levels of vascular endothelial growth factor (VEGF) compared 

to tissue treated with male MSC or vehicle (14). Similar results were noted when female and 

male MSC were exposed to lipopolysaccharide and hypoxia (15), which suggests TNF-α 

expression plays a significant role in the more prominent anti-inflammatory properties of 

female MSC. However, a definitive mechanism has not been well defined in applications for 

AAAs.

Mesenchymal stem cells possess an innate ability to hone to areas of tissue injury and 

inflammation. Localization and integration into injured tissues has been identified in acute 

kidney injury (26), liver failure (8), and post myocardial infarction (10), though integrative 

properties of MSC have not been well described in the pathology associated with AAA. The 

mechanism explaining the ability of MSC to identify areas of injury after systemic 

administration has not been well defined, though experiments involving MSC application 

after dermal injury in a murine model suggest complex paracrine signaling involving the 

activation of macrophages and endothelial progenitor cells (27). Identification of MSC in the 

aortic wall at multiple time points and up to14 days is encouraging and suggests continued 

paracrine signaling well after the inflammatory insult has occurred and cells have been 

administered. Our experiments utilizing confocal microscopy have indicated a predilection 

for MSC to integrate into lung tissues in addition to inflammatory aortic tissue. Turnbull and 

colleagues have utilized a large animal model to successfully identify MSC in aortic walls of 

experimental porcine AAA up to 7 days after AAA formation (13). Additionally, harvested 

aortas revealed significantly increased capillary density and levels of VEGF (13), further 

corroborating the findings of the increased expression of VEGF by Crisostomo et al. (14, 

15). Despite the evidence of MSC integration into aneurysmal tissues in animal models, the 

overall pathogenesis and disease progression is different in humans, and it is unclear 

whether MSC integration will be as evident in human aneurysms.

Pharmacologic priming of mesenchymal stem cells is a novel method of enhancing drug 

delivery and therapeutic effects of MSC (22, 23). As androgens have been shown to have a 

detrimental effect on the inflammatory state of the aortic wall and formation of AAA (24, 

25), priming MSC with finasteride, an anti-androgen drug commonly used in prostate 
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cancer, exhibits a more significant attenuation of experimental aneurysm, as well as a 

decrease of the inflammatory profile of aortic tissues, when compared to unprimed male 

MSC. Finasteride is a potent 5-α-reductase inhibitor, but any anti-inflammatory properties 

this drug may possess, especially with regard to AAA formation, have not been well 

documented. Our results demonstrate priming male MSC with finasteride exhibits aneurysm 

attenutation and cytokine alteration similar to that of female MSC thereby underlining the 

impact of pharamacological intervention of gender-specific MSC.

5. Conclusions

Gender differences exist in cardiovascular disease as female gender imparts a protective 

effect against cardiovascular disease. This protective effect is evident in the treatment of 

experimental aortic aneurysms with molecular therapies utilizing different genders of MSC. 

We demonstrate female MSC more significantly inhibit aneurysm progression and 

inflammation in the aortic wall. Furthermore, MSC are present in aortic tissues at 14 days. 

Finally, priming male MSC with finasteride resulted in therapeutic and anti-inflammatory 

characteristics similar to those of female MSC. Currently, no definitive medical therapies 

exist for AAAs, and the application of MSC from differing gender sources offer promise 

into future biologic therapies for AAAs.
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Figure 1. 
Scheme of treatment arms. A) Conditioned media treatment arm (male CM n=10, female 

CM n=9) B) MSC treatment arm (male MSC n=11, female MSC n=9). C) Aortic diameter 

measured with video micrometry of mice treated with male and female conditioned media 

and male and female MSC. The same elastase and heat-inactivated elastase (HIE) controls 

were used for both treatment arms. Female MSC-derived conditioned media, but not male 

MSC-derived CM had a significant attenuation of AAA formation compared to elastase 

(p=0.0013). Male MSC had significant attenuation of AAA formation compared to elastase 

(p=0.008), while female MSC exhibited more significant attenuation of AAA compared to 

elastase (p=0.0004).
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Figure 2. 
Confocal microscopy reveals integration of male MSC into aortic wall. A) Convergence of 

channels of confocal microscopy revealing integration of male MSC into the aortic wall at 

(arrow) day 3. B) Convergence of channels of confocal microscopy revealing integration of 

male MSC into the aortic wall (arrow) on day 7. C) Convergence of channels of confocal 

microscopy revealing integration of male MSC into the aortic wall (arrow) on day 14 

(L=lumen, W=wall).
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Figure 3. 
Confocal microscopy reveals integration of female MSC into aortic wall at multiple time 

points. A) Convergence of channels of confocal microscopy revealing integration of female 

MSC into the aortic wall at (arrow) day 3. B) Convergence of channels of confocal 

microscopy revealing integration of female MSC into the aortic wall (arrow) on day 7. C) 

Convergence of channels of confocal microscopy revealing integration of female MSC into 

the aortic wall (arrow) on day 14 (L=lumen).
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Figure 4. 
Finasteride-primed male MSC more significantly inhibit AAA formation. A) Aortic dilation 

data of MSC and finasteride-primed MSC. B) Confocal microscopy revealing convergence 

of channels with tissues treated with finasteride-primed male MSC and stained for DNA 

(blue), smooth muscle cells (green), 5-alpha-reductase (teal), and RFP cells (red). C) 

Confocal microscopy revealing convergence of channels with tissues treated with female 

MSC and stained for DNA (blue), smooth muscle cells (green), 5-alpha-reductase (teal), and 

RFP cells (red).
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Figure 5. 
Females more potently alter cytokine profiles and finasteride-primed MSC more closely 

resemble cytokine profiles of female MSC. Cytokine array results for A) pro-inflammatory 

cytokine, B) chemokines, and C) growth factor profiles present in aortic tissues after 

treatment with male MSC, finasteride-primed male MSC, or female MSC.
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