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Lipid phosphate phosphatase 3 
in smooth muscle cells regulates 
angiotensin II‑induced abdominal 
aortic aneurysm formation
Patrick M. Van Hoose1, Liping Yang1, Maria Kraemer1, Margo Ubele1, Andrew J. Morris1,2 & 
Susan S. Smyth1,2*

Genetic variants that regulate lipid phosphate phosphatase 3 (LPP3) expression are risk factors for 
the development of atherosclerotic cardiovascular disease. LPP3 is dynamically upregulated in the 
context of vascular inflammation with particularly heightened expression in smooth muscle cells 
(SMC), however, the impact of LPP3 on vascular pathology is not fully understood. We investigated 
the role of LPP3 and lysophospholipid signaling in a well‑defined model of pathologic aortic injury and 
observed Angiotensin II (Ang II) increases expression of PLPP3 in SMCs through nuclear factor kappa 
B (NF‑κB) signaling Plpp3 global reduction (Plpp3+/−) or SMC‑specific deletion (SM22‑Δ) protects 
hyperlipidemic mice from AngII‑mediated aneurysm formation. LPP3 expression regulates SMC 
differentiation state and lowering LPP3 levels promotes a fibroblast‑like phenotype. Decreased 
inactivation of bioactive lysophosphatidic acid (LPA) in settings of LPP3 deficiency may underlie these 
phenotypes because deletion of LPA receptor 4 in mice promotes early aortic dilation and rupture in 
response to AngII. LPP3 expression and LPA signaling influence SMC and vessel wall responses that 
are important for aortic dissection and aneurysm formation. These findings could have important 
implications for therapeutics targeting LPA metabolism and signaling in ongoing clinical trials.

Lysophosphatidic acid (LPA) and sphingosine-1-phosphate (S1P) are bioactive lipids with roles in  migration1, 
hematopoietic cell  trafficking2,3, proliferation, survival and vascular  development4,5. Endothelial cells, platelets 
and vascular smooth muscle cells (SMC) respond to LPA and S1P via discrete G-protein coupled receptors 
(LPAR 1-6, S1PR 1-5)6. LPA is generated by the extracellularly-secreted lysophospholipase D (lysoPLD) autotaxin 
(ATX) that hydrolyzes lysophosphatidylcholine (LPC)7–10, while S1P is generated intracellularly by sphingosine 
kinase 1 and 2-mediated phosphorylation of  sphingosine11. Extracellular, biologically active lysophospholipids 
including LPA and S1P are inactivated by a family of lipid phosphate phosphatases (LPPs, LPP1, LPP2, and 
LPP3) that dephosphorylate a broad range of lipid phosphates generating receptor inactive products. LPPs con-
tain 6 predicted transmembrane helices that are orientated with their active site on the extracellular or luminal 
surface with both the N- and C-terminal sequences on the cytoplasmic  face12. Whereas LPPs dephosphorylate 
extracellular lipids, intracellular S1P is also degraded by S1P lyase and S1P  phosphatases6. Mouse models of 
targeted inactivation of the genes encoding LPPs (Plpp1-3) reveal non-redundant functions for the enzymes. In 
particular, genetic deficiency of Plpp3 that encodes LPP3 results in embryonic lethality in mice due to the failure 
of extra-embryonic vasculature  formation13.

Evidence from genetic association studies in humans has also highlighted a unique role for LPP3 as a risk 
factor for the development of coronary artery  disease14–16. Polymorphisms that disrupt C/EBPβ binding to a 
putative PLPP3 enhancer region are associated with lower PLPP3 expression and heightened risk of myocardial 
 infarction14–16. These observations have focused attention on the role of LPP3 in atherosclerotic vascular dis-
ease. Loss of LPP3 in SMCs results in increased intimal hyperplasia in vascular  injury17, perhaps in part due to 
heightened LPA signaling. Additionally, global reduction in Plpp3 expression and SMC-specific inactivation of 
Plpp3 promotes the development of experimental atherosclerosis in  mice18. Together, these results indicate that 
LPP3, perhaps in part due to its ability to degrade LPA and thereby limit LPA signaling functions to mitigate 
SMC proliferation, vascular inflammation and SMC phenotypic switching. Regulation of LPP3 expression either 
during development or in adults with vascular disease is presently not well understood.
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LPP3 is strongly upregulated during vascular  inflammation17,18, potentially as a consequence of functional 
NF-kappaB (NF-κB) response elements in the  promoter19. In exploring upstream signaling pathways that may 
regulate LPP3 expression, we identified angiotensin II (AngII) as a strong activator of NF-κB-dependent PLPP3 
expression in SMCs. In an attempt to understand the biological relevance of this observation, we found that 
global and SMC-specific loss of LPP3 expression protects hyperlipidemic mice from the development of aortic 
aneurysm and transmural rupture following AngII infusion. Our findings reveal a unique role for SMC LPP3 in 
modifying phenotypic responses that occur with vascular response to injury.

Material and methods
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.

Cell culture and treatment. Human coronary artery smooth muscle cells (caHSMCs, Lonza Cat #CC-
2583) were cultured in SmBM media (Lonza, Cat #CC-3181) with 5% fetal bovine serum and SmGM-2 Sin-
gleQuot Kit (Lonza, CC-4149) and maintained at 37 °C in a humidified atmosphere containing 5%  CO2. Cells 
were used between passage 3–7 and at 80–90% confluency before treatment. caHSMCs were serum starved for 
12 h and treated with Mβ-CD Cholesterol (10 µγ/ul, Sigma, Cat. #C4951) LPA (1 µM), AngII (1 µM, Bachem, 
Cat. # 4006473), transforming growth factor beta 1 (TGFβ) (1 µM, R&D Systems, Cat. #240-B002), parthenolide 
(1 µM, Sigma Cat. #P0667), Irbesartan (Sigma, Cat. #61188) or PD-123-319 (Sigma, Cat. #P186) for either: 24, 
48 or 72 h.

Mice. All procedures conformed to the recommendations of the Guide for the Care and Use of Laboratory 
Animals (Department of Health, Education, and Welfare publication number National Institutes of Health 78-23, 
1996) and were approved by the University of Kentucky Institutional Animal Care and Use Committee. The 
study was carried out in compliance with the ARRIVE guidelines. The production and characterization of mice 
in which Plpp3 is depleted in SMC by crossing Plpp3fl/fl mice with mice carrying Cre transgene under the SM22 
promoter has been previously  described17. The mice were backcrossed to the Ldlr−/− (B6.129S7-Ldlrtm1Her/J, 
The Jackson Laboratory) to generate Plpp3fl/fl Ldlr−/− (fl/fl) and Plpp3fl/fl SM22Cre+ Ldlr−/− (SM22-Δ) animals. 
Mice lacking Lpar4 have been previously  described20,21 and were backcrossed to C57BL/6 J mice (Stock #000664, 
Jackson Laboratory). Plpp3 heterozygous (Plpp3+/−) mice were generated by backcrossing Plpp3fl/fl mice with 
B6.C-Tg (CMV-Cre)1Cgn/J mice (Stock #006054, Jackson Laboratory), then Plpp3WT/fl Cre+ were crossed 
with C57BL/6 J mice (Stock #000664, Jackson Laboratory) to generate Plpp3+/− mice.

Abdominal aortic aneurysm model. Male and female SM22-Δ and fl/fl mice (on the Ldlr−/− back-
ground) were placed on Western diet (Research Diets, Cat. # D12079B) at 8–12 weeks of age. One week later, 
subcutaneous osmotic mini pumps (Alzet, Model 2004, 0.25 µl/h) were implanted to deliver vehicle or AngII 
(1000 ng/kg/min, Bachem Cat. #H-1706) for 7 or 28 days. Mice received buprenorphine S.R (1.2–1.5 mg/kg) for 
post procedure analgesics.

Male C57BL/6J, Plpp3+/−, LPAR4Y/−, and their respective wild-type (WT) littermate control mice (8–12 weeks 
old) were injected with adeno-associated virus expressing PCSK9 (PCSK9D377Y.AAV; 20 ×  1010 genomic copies, 
University of Pennsylvania Vector Core) and fed Western diet (Research Diets, Cat. # D12079B) two weeks prior 
to and up to 4 weeks during AngII infusion. Mice were anesthetized with inhaled isoflurane, and angiotensin II 
(1000 ng/kg/min, Cat. #4006473, Bachem) was infused subcutaneously via osmotic mini pump (Alzet, Model 
2004, 0.25 µl/h) for 7 or 28 days. Mice were given buprenorphine S.R (1.2–1.5 mg/kg) as post procedure analge-
sics. Only male mice were used for these studies as female mice are resistant to Ang II-induced AAA.

Systolic blood pressure. Systolic blood pressure was measured daily using CODA blood pressure analysis 
tail cuff system (Kent Scientific Corporation) after 1 week of training. Tail-cuff blood pressure measurements 
were assessed in the morning (10 am) and blood pressure was measured each day for at least 5 days during the 
duration of 4 week AngII infusion.

Plasma cholesterol and triglyceride levels. Baseline blood samples were collected via submandibular 
bleed, and post AngII infusion samples were collected via retro-orbital bleed. Blood was collected in CTAD:EDTA 
and centrifuged at 2000xg for 5 min to separate plasma. Total plasma cholesterol was measured with the Wako 
Cholesterol E Kit (Wako Diagnostics, Cat. #999-02601) and plasma triglycerides were measured using the Wako 
L-Type Triglyceride M kit (Wako Diagnostics, Cat. #994-02891), according to the manufacturer’s instructions.

Abdominal aorta ultrasound. Mice were anesthetized with inhaled isoflurane and ultrasound obtained 
using a 50-MHz linear probe (Vevo3100). The suprarenal abdominal aorta lumen approximately 0.5 to 2.0 mm 
above the right renal artery was imaged and VevoLab software version 5.5.1 (https:// www. visua lsoni cs. com/ 
resou rce/ vevo- lab- softw are) was used to measure maximal abdominal aorta luminal diameter.

Real time (qRT) PCR and gene array. caHSMCs were lysed and collected in Trizol (ThermoFisher Sci-
entific, Cat. #15596026) and stored at − 80 °C. Abdominal aorta tissues were collected and snap frozen. RNA was 
isolated using Trizol, according to manufacturer’s protocol. cDNA was generated using High-Capacity cDNA 
Reverse Transcription Kit (ThermoFisher Scientific, Cat. # 4368814) according to manufacturer’s protocol. qRT-

https://www.visualsonics.com/resource/vevo-lab-software
https://www.visualsonics.com/resource/vevo-lab-software
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PCR and custom gene array (ThermoFisher Scientific) was performed on QuantStudio 7 Flex (Applied Bio-
systems) using TaqMan Universal PCR Master Mix and TaqMan FAM primers with 18s as an internal control.

Abdominal aorta histology and immunohistochemistry. Abdominal aortas were collected and 
embedded in OCT, and serial cross section (6 µM) obtained from the last intercostal artery until the right renal 
artery, which is defined as the abdominal aorta. Abdominal aorta tissue sections were stained with hematoxylin 
and eosin (H&E; Sigma Aldrich) and Movat Pentachrome (Poly Scientific R&D Corps, Cat. #K042) according 
to manufacturer’s instructions. Immunofluorescence and immunohistochemistry were performed for smooth 
muscle α-actin (ACTA2, Sigma Aldrich, Cat. #A5441),  LPP322,23, vimentin (Cell Signaling, Cat. #5741), and 
calponin (Abcam, Cat. # Ab46794). Immunofluorescence was quantified with Image J.

In situ hybridization and proximity ligation assays (ISH‑PLA). Dimethylation of lysine 4 on histone 
3 (H3K4me2) of the smooth muscle myosin heavy chain 11 (Myh11) promoter was detected by in situ hybridiza-
tion (ISH) and Proximity Ligation Assay (PLA) as previously  published24. Briefly, the 2 kb promoter of Myh11 
was amplified by PCR, cloned into pCR2.1 vector for amplification (TOPO cloning kit, ThermoFisher Scien-
tific) and biotin labeled probes were generated by Nick Translation (Roche) using biotin-14-ATP (ThermoFisher 
Scientific). Probes were denatured in hybridization buffer (2X SSC, 50% high grade formamide, 10% dextran 
sulfate, 1 μg mouse Cot-1 DNA) for 5 min at 80 °C. Abdominal aorta sections were incubated with 0.5% pepsin 
at 37 °C for 15 min, followed by incubation with hybridization buffer containing biotinylated probe for 5 min at 
80 °C then followed by incubation for 16–24 h at 37 °C. Following hybridization, slides were washed in 2X SSC, 
0.1% NP-40 buffer. Sections were blocked, incubated with mouse H3K4dime (5 μg/mL, Millipore Sigma, clone 
CMA303) and rabbit Biotin (5 μg/mL, Abcam #ab53494) antibodies overnight at 4 °C, followed by incubated 
with secondary antibodies containing PLA probe at 37 °C for 1 h. Ligation and amplification were performed 
(Duolink detection kit Orange 555 nm) and mounting medium with DAPI was used. Immunofluorescence was 
quantified with Image J.

Aortic smooth muscle cell isolation. Aortic smooth muscle cells were isolated from fl/fl and SM22-Δ 
mice as previously  described17 and used in experiments before the first passage. Cells were serum starved for 
12 h and treated with 1 µM AngII for 24 h.

Statistical analysis. All results were expressed as mean ± SEM. All data were analyzed for normality by 
SharpiroWilk normality test and Brown-Forsythe equal variance prior to parametric analysis or non-parametric 
analysis. Data was analyzed by Student t-test or ANOVA if data was parametric and if data was non-parametric 
Mann–Whitney rank sum test, Chi square, or Fisher exact test was used to analyze data. Chi square analysis was 
used for AAA incidence. Experiments containing small size have limitations in drawing conclusions. Statistical 
analysis was performed using SigmaPlot software version 14 (Systat Software Inc). Box plots are shown with 
median (solid line) and mean (dashed line). A P < 0.05 was considered significant.

Results
AngII‑increases PLPP3 expression in smooth muscle cells through an NF‑κB dependent path‑
way. Our previous work has demonstrated that LPP3 expression is dynamically upregulated in SMCs under 
conditions of vascular inflammation and contributes to vascular  pathology4,17,25. We recently identified RelA 
and RelB responsive elements in the PLPP3 gene that regulate expression through canonical activation of NF-kB 
 signaling19. We therefore sought to identify upstream regulators of LPP3 expression and observed that AngII, 
but not LPA or TGF-β, increased LPP3 expression in caHSMCs (Fig. 1A). As previously reported, Mβ-CD cho-
lesterol loading of SMCs also increased LPP3  expression22. The AngII effect was time-dependent with highest 
levels of Plpp3 mRNA detected at 72 h (Fig. 1B). AngII is a known activator of NF-κB  signaling26 and p65 and IL6 
expression, downstream markers of NF-κB signaling, increased at 72 h (Fig. 1B,C). AngII receptor I inhibition 
blocked the AngII-mediated increase in PLPP3 gene expression (Fig. 1D), implicating Ang II receptor-mediated 
signaling. We previously demonstrated that C/EBPβ binding to an enhancer within PLPP3 upregulates gene 
expression in response to oxLDL or cholesterol  loading14,22; however, following AngII treatment of SMC, C/
EBPβ levels were not significantly altered (Fig. 1C). Instead, the NF-κB signaling inhibitor parthenolide attenu-
ated AngII-induced increases in PLPP3 gene expression (Fig. 1E), suggesting a role for NF-κB signaling down-
stream of AngII.

Loss of Plpp3 in smooth muscle cells protects against aortic aneurysm and transmural rup‑
ture. In hyperlipidemic mice, AngII (1000 ng/kg/min) stimulates aortic aneurysm  formation27. Therefore, 
we sought to determine whether AngII-upregulation of LPP3 influenced pathologic progression by using mice 
heterozygous for Plpp3 expression (Plpp3+/−). Hyperlipidemia was achieved by injecting littermate control WT 
or Plpp3+/− mice with PCSK9D377Y.AAV to lower LDL receptor expression and feeding the animals Western 
diet. At 28 days after AngII infusion, plasma cholesterol levels were similar in Plpp3+/− and WT littermate control 
animals (Fig. 2A). Abdominal aorta expression of Plpp3 was lower in Plpp3+/− as compared to WT mice (Fig. 2B). 
Interestingly, the overall abdominal aortic diameter was smaller and transmural rupture was decreased in hyper-
lipidemic Plpp3+/− mice after AngII infusion (Fig. 2C,D; P < 0.05), although there was no difference in the overall 
incidence of aneurysm formation, as defined by a greater than 50% increase of abdominal aortic diameter from 
baseline to post AngII (Fig. 2E). No difference was observed in aortic arch diameter between WT and Plpp3+/− 
mice (1.923 versus 2.01 mm; P = 0.633; student t-test). The small abdominal aortic diameter suggests that LPP3 
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may normally promote aneurysm formation in the AngII model and that a reduction in LPP3 expression may 
be sufficient to provide protection.

We next investigated whether SMC expression of LPP3 was required for aneurysm formation in response to 
AngII using previously characterized mice lacking SMC Plpp3 expression on the Ldlr−/− background (SM22-Δ). 
At 28 days after AngII infusion, systolic blood pressure (Fig. 3A) and plasma cholesterol (Fig. 3B) were similar 
in SM22-Δ and littermate control fl/fl animals on the Ldlr−/− background (fl/fl). No difference was observed in 
plasma triglycerides between fl/fl vs SM22-Δ mice (527 ± 290 vs 299 ± 246; P = 0.177). Similar to Plpp3+/− mice, 
SM22-Δ mice had a significant reduction in overall abdominal aortic diameter in comparison to fl/fl mice 
(1.82 ± 0.53 vs 1.28 ± 0.34 mm; P < 0.001; Fig. 3C). SM22-Δ mice also had a lower overall incidence of aneurysm 
formation as defined by a greater than 50% increase of abdominal aortic diameter from baseline to post AngII 
and decreased transmural rupture. (84% in fl/fl vs 20% in SM22-Δ; Fig. 3D,E). One-month mortality was similar 
in the groups at 14.3% in fl/fl and 10.5% in SM22-Δ male mice. Female SM22-Δ mice also displayed a smaller 
mean abdominal aortic diameter following AngII than their fl/fl littermates (Supplemental Figure I). Histologic 
examination of abdominal aorta with Movat pentachrome staining (Fig. 3F) and H&E (Fig. 3G) staining dem-
onstrated aortic wall rupture, elastic breaks, and thrombus formation in the fl/fl mice, whereas the overall aortic 
structure of the medial layer was relatively preserved in SM22-Δ mice. A reduction in LPP3 expression was 
observed in the media of SM22-Δ animals (Supplemental Figure II). Overall, these results indicate that loss of 
LPP3 within SMCs protects against aortic aneurysm formation and rupture. No significant difference in vessel 
contraction was observed in fl/fl and SM22-Δ mice (Supplemental Figure III and IV).

Figure 1.  Regulation of PLPP3 expression by AngII and NF-κB in caHSMC. (A) caHSMC were treated with 
vehicle (n = 3), Mβ-CD Cholesterol (10 μg/ul, n = 3) LPA (1 μM, n = 3)), AngII (1 μM, n = 3), or transforming 
growth factor beta (TGFβ, 1 μM, n = 3) for 72 h and gene expression analyzed by qRT-PCR using 18 s as internal 
control. Results are presented as relative gene expression (mean ± SEM), *P < 0.05, One-way ANOVA. (B) 
caHSMCs were treated with vehicle (n = 3) or AngII (1 μM,) for 12 (n = 3), 24 (n = 3), 48 (n = 3) or 72 h (n = 6). 
Results are presented as relative gene expression (mean ± SEM). *P < 0.05, One-way ANOVA, #P < 0.05 Kruskal–
Wallis One-way ANOVA on Ranks. (C) caHSMCs were treated with vehicle (n = 4) or AngII (1 μM, n = 6) for 
72 h. Results are presented as relative gene expression (mean ± SEM), *P < 0.05, unpaired two-tailed student 
t-test. (D) caHSMCs were treated with vehicle, AngII (1 μM), AngII + Irbesartan (1 μM), or AngII + PD-123,319 
(1 μM) for 72 h, n = 3 for all treatment conditions. Results are presented as relative PLPP3 gene expression. (E) 
caHSMCs were treated with vehicle (n = 4), angiotensin II (1 μM, n = 8) or angiotensin II + parthenolide (1 μM, 
n = 3) for 72 h. Results are presented as relative gene expression (mean ± SEM) *P < 0.05, One-way ANOVA.
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LPP3 regulates SMC phenotypic switching and vascular inflammation. AngII treatment results 
in changes in the extracellular matrix that likely result in aortic aneurysm formation. These changes are asso-
ciated with phenotypic modulation of SMCs resulting in their migration, clonal proliferation, and aneurysm 
 formation28. We therefore examined the effect of LPP3 on expression of genes associated with SMC phenotypic 
modulation, extracellular matrix, and inflammation. At 28 days after AngII infusion, a significant reduction 
in Acta2 expression with no change in p65, Cnn1, or Mmp9 occurred in abdominal aortas of SM22-Δ mice 
(Fig. 4A). In keeping with the gene expression data, ACTA2 staining (Fig. 4B) was also significantly reduced in 
SM22-Δ compared to fl/fl abdominal aorta at four weeks after AngII infusion (Fig. 4C), along with reduction 
in calponin expression another marker of differentiated SMC (Fig. 4D), suggesting a difference in phenotypic 
switching in the SM22-Δ mice. In addition to phenotypic switching, SMCs undergo apoptosis during aneurysm 
development. To determine if the reduction in Acta2 and calponin expression reflected a lack of committed 
SMCs, ISH-PLA was performed on aortic sections to measure dimethylation of lysine 4 on histone 3 (H3K4me2) 
at the smooth muscle myosin heavy chain 11 locus, an epigenetic mark exclusive to  SMC24 that is maintained 
in SMC that undergo phenotypic switching. ISH-PLA for H3K4me2 in fl/fl and SM22-Δ (Fig. 4E) abdominal 
aorta sections revealed a similar number of positive cells per section (Fig. 4F) suggesting the number of SMCs 
within the abdominal aorta is similar between fl/fl and SM22-Δ mice. Together this data suggests that the loss of 
LPP3 in SMCs reduces expression of committed markers such as smooth muscle α-actin and calponin following 
AngII treatment.

To determine if LPP3 was regulating early changes in the aortic wall prior to aneurysm formation, mice 
were treated with AngII for one week, a time point in which abdominal diameters were the same in fl/fl and 

Figure 2.  Reduced Plpp3 expression protects against abdominal aortic aneurysm development. (A) Plasma 
cholesterol at baseline and post-4 week AngII were measured in WT (n = 7) and Plpp3+/− (n = 6) mice, *P < 0.001, 
Two-way ANOVA, Bonferroni t-test, all pairwise multiple comparison. (B) Abdominal aorta gene expression 
from WT (n = 6) and Plpp3+/− (n = 6) following AngII treatment. (C) Representative images of aortas from WT 
and Plpp3+/−. (D) Abdominal aortic diameter measurements of WT (n = 9) and Plpp3+/− (n = 6) were measured 
using ultrasound at baseline and 4 week AngII,*P < 0.001, #P < 0.05, Two-way ANOVA, Holm-Sidak, all pairwise 
multiple comparison. (E) Percent incidence of AAA in WT (n = 9) and Plpp3+/− (n = 6) mice treated with AngII 
for 4 weeks P = 0.068 by Fischer’s exact test.
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SM22-Δ mice as measured by ultrasound (Supplemental Figure V). At one week after AngII infusion, plasma 
cholesterol (738 ± 176 vs 749 ± 257 mg/dL; P = 0.946) and triglycerides (323 ± 115 vs 356 ± 207 mg/dL; P = 0.779) 
were not significantly different between fl/fl vs SM22-Δ animals. Movat pentachrome and H&E staining revealed 
an overall similar aortic structure between genotypes with no difference in elastic breaks (Supplemental Fig-
ure V), adventitial thickening (0.33 ± 0.19 vs 0.17 ± 0.02 µm2; P = 0.276), medial thickening (0.346 ± 0.1.16 vs 
0.188 ± 0.101 µm; P = 0.101), TUNEL staining (Supplemental Figure V), CD68 staining (Supplemental Figure VI), 
collagen hydrolyzing peptide (Supplemental Figure VII), or picrosirius red staining (Supplemental Figure VIII) 
in fl/fl and SM22-Δ mice at this early time point. Despite these histologic similarities, gene array expression 
data demonstrated lower levels of Ctgf, Icam1, and Ccl2 in SM22-Δ tissue (Fig. 5A), consistent with alterations 
in inflammation and extracellular matrix pathways following AngII treatment. Additionally, Acta2 expression 
was significantly decreased with no change in Mmp9 in SM22-Δ abdominal aortas one week after AngII treat-
ment (Fig. 5B).

To understand whether these differences reflected alterations in the phenotypic state of SMCs, aortic SMCs 
were isolated from fl/fl and SM22-Δ mice and treated with AngII in culture. As expected, Plpp3 expression was 
significantly lower in SM22-Δ than fl/fl cells (Fig. 5C) following AngII treatment. SMCs from SM22-Δ mice had 
significantly reduced levels of Myh11 and Col1a1 with a trend of decreasing Acta2 gene expression (Fig. 5C). 
While vimentin gene expression was not increased in isolated SMCs from SM22-Δ mice following AngII treat-
ment, vimentin staining (Fig. 5D) was increased within the medial layer of aortas from SM22-Δ mice following 
1 week AngII infusion, suggesting a fibroblast-like phenotype. In keeping with these observations, FSP-1 (Fig. 5E) 
staining was higher within the medial layer of aortas from SM22-Δ mice. Recently, the pluripotency factor 
Oct4 has been demonstrated to regulate SMC function and phenotypic  switching29. We observed significant 

Figure 3.  Loss of smooth muscle cell Plpp3 reduces abdominal aortic aneurysm development. (A) Systolic 
blood pressure measurements from fl/fl (n = 4) and Sm22-Δ (n = 3) mice treated with AngII for 4 weeks. (B) 
Plasma cholesterol at baseline and post-4 week AngII were measured in fl/fl (n = 10) and SM22-Δ (n = 7) 
mice. (C) Abdominal aortic diameter measurements of fl/fl (n = 10) and SM22-Δ (n = 8) were measured using 
ultrasound at baseline and 4 week AngII. *P < 0.001, Two-way ANOVA, Holm-Sidak, all pairwise multiple 
comparison. (D) Percent incidence of AAA in fl/fl (n = 10) and SM22-Δ (n = 7) mice treated with AngII for 
4 weeks. (E) Representative images of aortas from fl/fl and SM22-Δ. (F) Representative movat pentachrome 
stained images of abdominal aorta from fl/fl and SM22-Δ mice following 4 week AngII treatment. (G) 
Representative H&E stained images of abdominal aorta from fl/fl and SM22-Δ mice following 4 week AngII 
treatment.
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upregulation of Oct4 mRNA in abdominal aorta of control SM22-Δ mice (Fig. 5F) and isolated aortic SMC from 
SM22-Δ mice (Fig. 5G). These findings suggest that in the absence of LPP3, SMC have lower expression of SMC 
markers and higher vimentin, FSP-1 and Oct4, suggesting changes in regulation of SMC differentiation state.

LPP3 is known to regulate LPA  signaling22,30–32, which in turn promotes SMC de-differentiation33 and 
 fibrosis34–36. Indeed, a reduction in LPP3 expression will lower LPA degradation and could potentiate the effect 
of LPA on de-differentiation and fibrosis, consistent with the phenotype observed in the SM22-Δ mice. If LPP3 
is normally limiting the effects of LPA, then we would expect that LPA signaling may provide protection against 
the development of dissecting aneurysm in response to AngII. In mice, LPAR4 has been implicated in vascular 
development and inflammation in the context of  atherosclerosis21, and therefore, we examined the phenotype 
of mice lacking LPAR4 signaling in the AngII-aneurysm model. For these experiments, LPAR4 deficient mice 
(LPAR4Y/−) or WT controls were treated with PCSK9D377Y.AAV and fed Western diet to elicit hyperlipidemia. 
Plasma cholesterol levels were similar at 1 week after AngII infusion (Fig. 6A). Abdominal aortic diameter 
was significantly greater in LPAR4Y/− mice compared to WT (Fig. 6B). Additionally, the LPAR4Y/− mice were 
more prone to death due to rupture with an odds ratio of > 9 (Fig. 6C; P = 0.026). In the surviving mice, plasma 
cholesterol, abdominal aortic dimensions, Plpp3 and Acta2 gene expression were similar between WT and 
LPAR4Y/− mice at four weeks (Supplemental Figure IX). The early increase in abdominal diameters and increased 
rupture rate in mice lacking LPAR4 is consistent with the hypothesis that heightened LPA signaling in context 
of LPP3 deficiency contributes to protection from aneurysm formation.

Figure 4.  Smooth muscle cell phenotypic switching in SM22-Δ mice. (A) Abdominal aorta gene expression 
from fl/fl (n = 5) and Sm22-Δ (n = 5) mice following 4 week AngII treatment. Data is represented as relative 
gene expression. Relative gene expression was calculated using an average CT value from fl/fl mice treated with 
AngII for 4 weeks. fl/fl mice treated with AngII for 4 weeks were used as the control and compared to SM22-Δ 
mice treated with AngII for 4 weeks. *P < 0.05, unpaired two- tailed student t-test. (B) Immunofluorescence 
of Acta2 (green) and DAPI (blue) in abdominal aorta from fl/fl and SM22-Δ mice following 28 day AngII 
treatment. (C) Relative Acta2 fluorescence in abdominal aorta from fl/fl (n = 7) and SM22-Δ (n = 4) mice 
treated with AngII. Acta2 staining was quantified with Image J and presented as mean ± SEM. *P < 0.05, Welch’s 
t-test. (D) Representative calponin stained images of abdominal aorta from fl/fl and SM22-Δ mice following 
4 weeks AngII treatment. (E) Immunofluorescence of H3K4me2 (red) on Myh11 promoter and Acta2 (green) in 
abdominal aorta from fl/fl mice following 28 day AngII treatment. Representative image is shown. (F) Number 
of H3K4me2+ cells per section from fl/fl (n = 7) and SM22-Δ (n = 4) mice following AngII treatment.
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Discussion
Abdominal aortic aneurysm (AAA) is a potentially fatal condition due to aortic rupture, with a 4–7% prevalence 
in men over 55 years  old37. Currently, monitoring aneurysm growth followed by surgical intervention represents 
the only treatment option for AAA 38. The pathophysiology of AAA is complex and not completely understood 
but includes macrophage accumulation, alterations in inflammatory mediators, changes in extracellular matrix 
integrity, and smooth muscle cell phenotypic  switching38.

In this study, we provide the first evidence that lysophospholipid signaling regulates the development of 
dissecting aortic aneurysm elicited by AngII in hyperlipidemic mice and suggest novel targets for therapeutic 
intervention. Specifically, the loss of LPP3 in SMC confers protection against the formation of dissecting abdomi-
nal aortic in association with significant reductions in SMC makers, inflammatory markers and a corresponding 
increase in fibroblast markers. We previously demonstrated that LPP3 regulates SMC differentiation following 
vascular injury in carotid arteries or in the context of atherosclerosis. Somewhat surprisingly, while the loss of 
LPP3 in SMC increased the development of atherosclerosis in mice, it protects from AngII-mediated aneurysm 
formation. The role of LPP3 in regulating the development of dissecting aortic aneurysm may reflect a role in 
influencing phenotypic switching within SMC and the associated changes in the SMC contractile apparatus.

Figure 5.  Reduced inflammation in SM22-Δ abdominal aorta. (A) Gene microarray were performed in 
abdominal aorta following 1 week AngII infusion in fl/fl (n = 3) and SM22-Δ (n = 3) mice, *P < 0.05, unpaired 
two-tailed student t-test. Relative gene expression was calculated using an average CT value from fl/fl mice 
treated with AngII for 1 week. fl/fl mice treated with AngII for 1 week were used as the control and compared 
to SM22-Δ mice treated with AngII for 1 week. (B) Abdominal aorta gene expression from fl/fl (n = 4) and 
SM22-Δ (n = 3) mice following AngII treatment. Data is represented as relative gene expression, *P < 0.05, 
unpaired two-tailed student t-test. Relative gene expression was calculated using an average CT value from fl/
fl mice treated with AngII for 1 week. fl/fl mice treated with AngII for 1 week were used as the control and 
compared to SM22-Δ mice treated with AngII for 1 week. (C) Gene expression of isolated aortic SMC from fl/
fl (n = 3) and SM22-Δ (n = 3) following 24 h AngII treatment. Relative gene expression was calculated using an 
average CT value from fl/fl mice treated with AngII for 1 week. fl/fl mice treated with AngII for 1 week were 
used as the control and compared to SM22-Δ mice treated with AngII for 1 week. (D) Representative vimentin 
stained abdominal aorta from fl/fl andSM22-Δ mice following 1 week AngII infusion and percent area of 
vimentin stain in abdominal aortas from fl/fl (n = 4) and SM22-Δ (n = 3). Vimentin stain was quantified with 
Image J and presented as mean ± SEM. *P < 0.05, unpaired two-tailed student t-test. (E) Representative FSP-1 
stained abdominal aorta from fl/fl and SM-Δ mice following 1 week AngII infusion. (F) Abdominal aorta Oct4 
gene expression from fl/fl (n = 4) and SM22-Δ mice (n = 4) *P < 0.05, unpaired two-tailed student t-test. Relative 
gene expression was calculated using an average CT value from fl/fl untreated SMCs. fl/fl untreated SMCs were 
used as the control and compared to untreated SM22-Δ SMCs. (G) Oct4 gene expression of isolated aortic SMC 
from fl/fl (n = 3) and SM22-Δ (n = 3) following 24 h AngII treatment, *P < 0.05, Two way ANOVA, Holm-Sidak, 
all pairwise multiple comparison. Relative gene expression was calculated using an average CT value from fl/
fl 24 h AngII treated SMCs. fl/fl 24 h AngII treated SMCs were used as the control and compared to 24 h AngII 
SM22-Δ SMCs.
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LPP3 degrades and thereby inactivates the bioactive lipid LPA, which is a potent inducer of SMC de-differ-
entiation17 and a pro-fibrotic mediator. We have demonstrated that LPP3 controls LPA levels, LPA  signaling17,39 
and that the absence of LPP3 increases LPA receptor mediated signaling in SMC. Thus, it is possible that the 
effects of LPP3 on SMC differentiation markers are mediated by regulating local levels of bioactive LPA in the 
context of aneurysm formation. In the absence of LPP3, excessive LPA signaling could result in exaggerated de-
differentiation of SMC and their conversion to a more fibroblast-like phenotype that provides protection against 
aneurysm formation. In support of this hypothesis, the loss of the LPA specific LPAR4 receptor worsens AngII-
induced abdominal aortic expansion and increases overall mortality associated with rupture. These findings 
indicate that LPA signaling plays a protective role in this model of AAA, which is in contrast to the permissive 
effect of LPA signaling on experimental atherosclerosis.

It is important to note that Sm22 expression is not limited to smooth muscle  cells40 so it is possible other cell 
types could be responsible for the reduction in AAA seen in the SM22-Δ mice. CD68 staining, a macrophage 
marker, revealed no difference between fl/fl and SM22-Δ mice indicating any potential loss of LPP3 from myeloid 
cells due to off targeted effects of the SM22 Cre did not impact macrophage migration into aortic tissue.

In other models, de-differentiation of SMC promotes aneurysm  formation41,42 and atherosclerosis  burden43. 
Indeed, our own results demonstrate that the loss of LPP3 in SMC promotes atherosclerosis at the aortic root 
and arch. It is possible that the protection from aneurysm despite SMC de-differentiation observed in this study 
reflects a difference in the mechanism of formation (elastase vs AngII) and/or differences in embryonic lineage 
of SMCs within the aorta. Aortic root and aortic arch SMCs derive from the secondary heart field and cardiac 
neural crest, respectively, while abdominal aortic SMCs arise from  somites44. Differences in embryonic origin 
of the SMC may also contribute to phenotypic differences in the atherosclerosis and aneurysm models. Finally, 
while the pathophysiology of atherosclerosis and aneurysm are similar there are notable examples of discord-
ance in their development, such as occurs in diabetics who are predisposed to atherosclerotic vascular disease 
and protected from AAA; likewise,  testosterone45 and the interferon gamma  system46 have discordant effects on 
development of atherosclerosis and aneurysm.

Our previous  work17 and supplemental Figure III, IV show no change in baseline vasculature vessel function 
in SM22-Δ, despite consistent gene expression indicating SMC phenotyping switching at baseline. Recent single 
cell RNA-Seq work has shown that SMC phenotypic switching lies on a continuum during disease  progression47 
and we hypothesize that the loss of Lpp3 in SMCs promotes phenotypic switching but prevents progression of 
SMC phenotyping switching that is detrimental in disease states. This may reflect the ischemic pre-conditioning 
model in cardiac injury in which small amounts of ischemia protect against subsequent ischemic  events48. 
Future work examining the progression of SMC phenotyping switching during AAA and single cell RNA-Seq 
cell clustering will aid in our understanding of how SMC phenotyping switching in SM22-Δ mice may differ to 
provide protection against AAA.

Of important clinical relevance, if heightened LPA signaling contributes to the protection from dissecting 
aortic aneurysm, then inhibitors of autotaxin, the enzyme responsible for bioactive LPA generation, could pro-
mote the pathology. At present, autotaxin inhibitors are in phase 3 clinical trials for efficacy in treating idiopathic 
pulmonary  fibrosis49 and should be monitored cautiously for an increase in risk for aortic aneurysm rupture.

A limitation of our study is the use of AngII to promote the development of aneurysm formation. While this 
model shares some features with AAA development in humans, it does not faithfully recapitulate pathology that 
occurs in humans. Indeed, some have proposed that it is a better model of aortic dissection than  aneurysm27. 

Figure 6.  Loss of lysophosphatidic acid receptor 4 increases abdominal aortic aneurysm formation. (A) 
Plasma cholesterol at baseline and post-1 week AngII were measured in WT (n = 5) and LPAR4Y/− (n = 6) 
mice, *P < 0.001 Two way ANOVA, Bonferroni t-test, all pairwise multiple comparison. (B) Abdominal aortic 
diameter measurements of WT (n = 5) and LPAR4Y/− (n = 6) were measured using ultrasound at baseline and 
1 week AngII. *P < 0.05, Two way ANOVA, Holm-Sidak, all pairwise multiple comparison. (C) Percent mortality 
of WT (n = 16) and LPAR4Y/− (n = 20) mice within one week of treatment with AngII; P = 0.026 by Fisher’s exact 
test.
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Additionally, small samples size and wide variation in gene expression profiles for some genes limit the conclu-
sions that can be made; however, consistent changes in Acta2 in smooth muscle deficient Lpp3 mice highlight 
a role for smooth muscle Lpp3 in AngII mediated abdominal aortic aneurysm. Further studies will need to 
address the exact mechanism by which Lpp3 loss in smooth muscle protects against abdominal aortic aneurysm.

In summary, we demonstrate a novel pathway for regulation of LPP3 during vascular inflammation involving 
a NF-κB dependent pathway. SMC LPP3 regulates phenotypic modulation, and in the absence of LPP3, SMCs 
assume a more de-differentiated fibroblast-like phenotype that is associated with protection from the devel-
opment of abdominal aortic aneurysm following AngII infusion. Loss of LPAR4 promotes early aneurysmal 
dilation and rupture, indicating that LPA signaling normally protects against AngII-induced pathology. These 
findings provide important information about novel pathways that regulate SMC phenotype in the context of 
pathologically important processes.

Received: 9 October 2020; Accepted: 10 December 2021

References
 1. Subramanian, P. et al. Lysophosphatidic acid receptors LPA1 and LPA3 promote CXCL12-mediated smooth muscle progenitor 

cell recruitment in neointima formation. Circ. Res. 107(1), 96–105. https:// doi. org/ 10. 1161/ CIRCR ESAHA. 109. 212647 (2010).
 2. Cyster, J. G. & Schwab, S. R. Sphingosine-1-phosphate and lymphocyte egress from lymphoid organs. Annu. Rev. Immunol. 30, 

69–94. https:// doi. org/ 10. 1146/ annur ev- immun ol- 020711- 075011 (2012).
 3. Juarez, J. G. et al. Sphingosine-1-phosphate facilitates trafficking of hematopoietic stem cells and their mobilization by CXCR4 

antagonists in mice. Blood 119(3), 707–716. https:// doi. org/ 10. 1182/ blood- 2011- 04- 348904 (2012).
 4. Mueller, P., Ye, S., Morris, A. & Smyth, S. S. Lysophospholipid mediators in the vasculature. Exp. Cell. Res. 333(2), 190–194. https:// 

doi. org/ 10. 1016/j. yexcr. 2015. 03. 016 (2015).
 5. Zhou, Z. et al. Lipoprotein-derived lysophosphatidic acid promotes atherosclerosis by releasing CXCL1 from the endothelium. 

Cell Metab. 13(5), 592–600. https:// doi. org/ 10. 1016/j. cmet. 2011. 02. 016 (2011).
 6. Busnelli, M., Manzini, S., Parolini, C., Escalante-Alcalde, D. & Chiesa, G. Lipid phosphate phosphatase 3 in vascular pathophysiol-

ogy. Atherosclerosis 271, 156–165. https:// doi. org/ 10. 1016/j. ather oscle rosis. 2018. 02. 025 (2018).
 7. Aoki, J., Inoue, A. & Okudaira, S. Two pathways for lysophosphatidic acid production. Biochim. Biophys. Acta. 1781(9), 513–518. 

https:// doi. org/ 10. 1016/j. bbalip. 2008. 06. 005 (2008).
 8. Moolenaar, W. H. & Perrakis, A. Insights into autotaxin: how to produce and present a lipid mediator. Nat. Rev. Mol. Cell Biol. 

12(10), 674–679. https:// doi. org/ 10. 1038/ nrm31 88 (2011).
 9. Hausmann, J. et al. Structural basis of substrate discrimination and integrin binding by autotaxin. Nat. Struct. Mol. Biol. 18(2), 

198–204. https:// doi. org/ 10. 1038/ nsmb. 1980 (2011).
 10. Pamuklar, Z. et al. Autotaxin/lysopholipase D and lysophosphatidic acid regulate murine hemostasis and thrombosis. J. Biol. Chem. 

284(11), 7385–7394. https:// doi. org/ 10. 1074/ jbc. M8078 20200 (2009).
 11. Proia, R. L. & Hla, T. Emerging biology of sphingosine-1-phosphate: its role in pathogenesis and therapy. J. Clin. Investig. 125(4), 

1379–1387. https:// doi. org/ 10. 1172/ JCI76 369 (2015).
 12. Sigal, Y. J., McDermott, M. I. & Morris, A. J. Integral membrane lipid phosphatases/phosphotransferases: Common structure and 

diverse functions. Biochem. J. 387(Pt 2), 281–293. https:// doi. org/ 10. 1042/ bj200 41771 (2005).
 13. Escalante-Alcalde, D. et al. The lipid phosphatase LPP3 regulates extra-embryonic vasculogenesis and axis patterning. Development 

130(19), 4623–4637. https:// doi. org/ 10. 1242/ dev. 00635 (2003).
 14. Reschen, M. E. et al. Lipid-induced epigenomic changes in human macrophages identify a coronary artery disease-associated 

variant that regulates PPAP2B Expression through Altered C/EBP-beta binding. PLoS Genet. 11(4), e1005061. https:// doi. org/ 10. 
1371/ journ al. pgen. 10050 61 (2015).

 15. Consortium CAD et al. Large-scale association analysis identifies new risk loci for coronary artery disease. Nat. Genet. 45(1), 
25–33. https:// doi. org/ 10. 1038/ ng. 2480 (2013).

 16. Schunkert, H. et al. Large-scale association analysis identifies 13 new susceptibility loci for coronary artery disease. Nat. Genet. 
43(4), 333–338. https:// doi. org/ 10. 1038/ ng. 784 (2011).

 17. Panchatcharam, M. et al. Lipid phosphate phosphatase 3 negatively regulates smooth muscle cell phenotypic modulation to limit 
intimal hyperplasia. Arterioscler. Thromb. Vasc. Biol. 33(1), 52–59. https:// doi. org/ 10. 1161/ atvba ha. 112. 300527 (2013).

 18. Mueller, P., Yang, L., Morris, A. & Smyth, S. Abstract 158: PPAP2B Expression regulates the development of atherosclerosis. Arte-
rioscler. Thromb. Vasc. Biol. 35(Suppl 1), A158–A158 (2015).

 19. Mao, G., Smyth, S. S. & Morris, A. J. Regulation of PLPP3 gene expression by NF-kB family transcription factors. J. Biol. Chem. 
https:// doi. org/ 10. 1074/ jbc. RA119. 009002 (2019).

 20. Lee, Z. et al. Role of LPA4/p2y9/GPR23 in negative regulation of cell motility. Mol. Biol. Cell. 19(12), 5435–5445. https:// doi. org/ 
10. 1091/ mbc. E08- 03- 0316 (2008).

 21. Yang, L. et al. LPA receptor 4 deficiency attenuates experimental atherosclerosis. J. Lipid Res. 60(5), 972–980. https:// doi. org/ 10. 
1194/ jlr. M0910 66 (2019).

 22. Mueller, P. A. et al. The coronary artery disease risk associated Plpp3 gene and its product lipid phosphate phosphatase 3 regulate 
experimental atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 39(11), 2261–2272 (2019).

 23. Sciorra, V. A. & Morris, A. J. Sequential actions of phospholipase D and phosphatidic acid phosphohydrolase 2b generate diglyceride 
in mammalian cells. Mol. Biol. Cell. 10(11), 3863–3876. https:// doi. org/ 10. 1091/ mbc. 10. 11. 3863 (1999).

 24. Gomez, D., Shankman, L. S., Nguyen, A. T. & Owens, G. K. Detection of histone modifications at specific gene loci in single cells 
in histological sections. Nat. Methods. 10(2), 171–177. https:// doi. org/ 10. 1038/ nmeth. 2332 (2013).

 25. Busnelli, M. et al. Liver-specific deletion of the Plpp3 gene alters plasma lipid composition and worsens atherosclerosis in  apoE−/− 
mice. Sci. Rep. 7, 44503. https:// doi. org/ 10. 1038/ srep4 4503 (2017).

 26. Ruiz-Ortega, M., Lorenzo, O., Ruperez, M., Suzuki, Y. & Egido, J. Angiotensin II activates nuclear transcription factor-kappaB in 
aorta of normal rats and in vascular smooth muscle cells of AT1 knockout mice. Nephrol. Dial. Transplant. 16(Suppl 1), 27–33 
(2001).

 27. Trachet, B. et al. Angiotensin II infusion into  ApoE−/− mice: A model for aortic dissection rather than abdominal aortic aneurysm?. 
Cardiovasc. Res. 113(10), 1230–1242. https:// doi. org/ 10. 1093/ cvr/ cvx128 (2017).

 28. Clement, M. et al. Vascular smooth muscle cell plasticity and autophagy in dissecting aortic aneurysms. Arterioscler. Thromb. Vasc. 
Biol. 39, 1149–1159. https:// doi. org/ 10. 1161/ ATVBA HA. 118. 311727 (2019).

 29. Cherepanova, O. A. et al. Activation of the pluripotency factor OCT4 in smooth muscle cells is atheroprotective. Nat. Med. 22(6), 
657–665. https:// doi. org/ 10. 1038/ nm. 4109 (2016).

https://doi.org/10.1161/CIRCRESAHA.109.212647
https://doi.org/10.1146/annurev-immunol-020711-075011
https://doi.org/10.1182/blood-2011-04-348904
https://doi.org/10.1016/j.yexcr.2015.03.016
https://doi.org/10.1016/j.yexcr.2015.03.016
https://doi.org/10.1016/j.cmet.2011.02.016
https://doi.org/10.1016/j.atherosclerosis.2018.02.025
https://doi.org/10.1016/j.bbalip.2008.06.005
https://doi.org/10.1038/nrm3188
https://doi.org/10.1038/nsmb.1980
https://doi.org/10.1074/jbc.M807820200
https://doi.org/10.1172/JCI76369
https://doi.org/10.1042/bj20041771
https://doi.org/10.1242/dev.00635
https://doi.org/10.1371/journal.pgen.1005061
https://doi.org/10.1371/journal.pgen.1005061
https://doi.org/10.1038/ng.2480
https://doi.org/10.1038/ng.784
https://doi.org/10.1161/atvbaha.112.300527
https://doi.org/10.1074/jbc.RA119.009002
https://doi.org/10.1091/mbc.E08-03-0316
https://doi.org/10.1091/mbc.E08-03-0316
https://doi.org/10.1194/jlr.M091066
https://doi.org/10.1194/jlr.M091066
https://doi.org/10.1091/mbc.10.11.3863
https://doi.org/10.1038/nmeth.2332
https://doi.org/10.1038/srep44503
https://doi.org/10.1093/cvr/cvx128
https://doi.org/10.1161/ATVBAHA.118.311727
https://doi.org/10.1038/nm.4109


11

Vol.:(0123456789)

Scientific Reports |         (2022) 12:5664  | https://doi.org/10.1038/s41598-022-08422-7

www.nature.com/scientificreports/

 30. Tanyi, J. L. et al. The human lipid phosphate phosphatase-3 decreases the growth, survival, and tumorigenesis of ovarian cancer cells: 
Validation of the lysophosphatidic acid signaling cascade as a target for therapy in ovarian cancer. Cancer Res. 63(5), 1073–1082 
(2003).

 31. Benesch, M. G., Tang, X., Venkatraman, G., Bekele, R. T. & Brindley, D. N. Recent advances in targeting the autotaxin-lysophos-
phatidate-lipid phosphate phosphatase axis in vivo. J. Biomed. Res. 30(4), 272–284. https:// doi. org/ 10. 7555/ JBR. 30. 20150 058 (2016).

 32. Tang, X., Zhao, Y. Y., Dewald, J., Curtis, J. M. & Brindley, D. N. Tetracyclines increase lipid phosphate phosphatase expression on 
plasma membranes and turnover of plasma lysophosphatidate. J. Lipid Res. 57(4), 597–606. https:// doi. org/ 10. 1194/ jlr. M0650 86 
(2016).

 33. Hayashi, K. et al. Phenotypic modulation of vascular smooth muscle cells induced by unsaturated lysophosphatidic acids. Circ. 
Res. 89(3), 251–258. https:// doi. org/ 10. 1161/ hh1501. 094265 (2001).

 34. Choi, J. W. et al. LPA receptors: Subtypes and biological actions. Annu. Rev. Pharmacol. Toxicol. 50, 157–186. https:// doi. org/ 10. 
1146/ annur ev. pharm tox. 010909. 105753 (2010).

 35. van der Aar, E. et al. Safety, pharmacokinetics, and pharmacodynamics of the autotaxin inhibitor GLPG1690 in healthy subjects: 
Phase 1 randomized trials. J. Clin. Pharmacol. 59(10), 1366–1378. https:// doi. org/ 10. 1002/ jcph. 1424 (2019).

 36. Matralis, A. N., Afantitis, A. & Aidinis, V. Development and therapeutic potential of autotaxin small molecule inhibitors: From 
bench to advanced clinical trials. Med. Res. Rev. 39(3), 976–1013. https:// doi. org/ 10. 1002/ med. 21551 (2019).

 37. Moll, F. L. et al. Management of abdominal aortic aneurysms clinical practice guidelines of the European society for vascular 
surgery. Eur. J. Vasc. Endovasc. Surg. 41(Suppl 1), S1–S58. https:// doi. org/ 10. 1016/j. ejvs. 2010. 09. 011 (2011).

 38. Davis, F. M., Rateri, D. L. & Daugherty, A. Abdominal aortic aneurysm: novel mechanisms and therapies. Curr. Opin. Cardiol. 
30(6), 566–573. https:// doi. org/ 10. 1097/ HCO. 00000 00000 000216 (2015).

 39. Smyth, S. S. et al. Lipid phosphate phosphatases regulate lysophosphatidic acid production and signaling in platelets: Studies 
using chemical inhibitors of lipid phosphate phosphatase activity. J. Biol. Chem. 278(44), 43214–43223. https:// doi. org/ 10. 1074/ 
jbc. M3067 09200 (2003).

 40. Chakraborty, R. et al. Promoters to study vascular smooth muscle. Arterioscler. Thromb. Vasc. Biol. 39(4), 603–612. https:// doi. 
org/ 10. 1161/ atvba ha. 119. 312449 (2019).

 41. Salmon, M. et al. KLF4 regulates abdominal aortic aneurysm morphology and deletion attenuates aneurysm formation. Circulation 
128(11 Suppl 1), S163–S174. https:// doi. org/ 10. 1161/ CIRCU LATIO NAHA. 112. 000238 (2013).

 42. Zhong, L. et al. SM22α (smooth muscle 22α) prevents aortic aneurysm formation by inhibiting smooth muscle cell phenotypic 
switching through suppressing reactive oxygen species/NF-κB (nuclear factor-κB). Arterioscler. Thromb. Vasc. Biol. 39(1), e10–e25. 
https:// doi. org/ 10. 1161/ ATVBA HA. 118. 311917 (2019).

 43. Shankman, L. S. et al. KLF4-dependent phenotypic modulation of smooth muscle cells has a key role in atherosclerotic plaque 
pathogenesis. Nat. Med. 21(6), 628–637. https:// doi. org/ 10. 1038/ nm. 3866 (2015).

 44. Majesky, M. W. Developmental basis of vascular smooth muscle diversity. Arterioscler. Thromb. Vasc. Biol. 27(6), 1248–1258. 
https:// doi. org/ 10. 1161/ ATVBA HA. 107. 141069 (2007).

 45. Zhang, X., Thatcher, S., Wu, C., Daugherty, A. & Cassis, L. A. Castration of male mice prevents the progression of established 
angiotensin II-induced abdominal aortic aneurysms. J. Vasc. Surg. 61(3), 767–776. https:// doi. org/ 10. 1016/j. jvs. 2013. 11. 004 (2015).

 46. King, V. L. et al. Interferon-gamma and the interferon-inducible chemokine CXCL10 protect against aneurysm formation and 
rupture. Circulation 119(3), 426–435. https:// doi. org/ 10. 1161/ CIRCU LATIO NAHA. 108. 785949 (2009).

 47. Pedroza, A. J. et al. Single-cell transcriptomic profiling of vascular smooth muscle cell phenotype modulation in Marfan syndrome 
aortic aneurysm. Arterioscler Thromb Vasc Biol. 40(9), 2195–2211. https:// doi. org/ 10. 1161/ atvba ha. 120. 314670 (2020).

 48. Hausenloy, D. J. & Yellon, D. M. Ischaemic conditioning and reperfusion injury. Nat. Rev. Cardiol. 13(4), 193–209. https:// doi. org/ 
10. 1038/ nrcar dio. 2016.5 (2016).

 49. Maher, T. M. et al. Safety, tolerability, pharmacokinetics, and pharmacodynamics of GLPG1690, a novel autotaxin inhibitor, to 
treat idiopathic pulmonary fibrosis (FLORA): A phase 2a randomised placebo-controlled trial. Lancet Respir. Med. 6(8), 627–635. 
https:// doi. org/ 10. 1016/ S2213- 2600(18) 30181-4 (2018).

Acknowledgements
We are grateful for Analia Loria for use of the Myobath System and insight into vessel contraction experi-
ments. PVH was supported by T32HL091812. The project was supported by a grant from the Heart Lung and 
Blood Institute (R01HL120507) and by an IDeA award from the National Institute of General Medical Sciences 
(P20 GM127211) of the National Institutes of Health. This work was supported in part by VA Merit Review # 
BX002769 (Smyth) and CX001550 (Morris) from the United States (U.S.) Department of Veterans Affairs.

Author contributions
P.M.V.—designed, performed, analyzed experiments, drafted manuscript. L.Y.—designed, performed, analyzed 
experiments, reviewed manuscript. M.K.—designed, performed, analyzed experiments, reviewed manuscript. 
M.U.—performed, analyzed experiments, reviewed manuscript. A.J.M.—designed, performed, analyzed experi-
ments, reviewed manuscript. S.S.S.—designed and analyzed experiments, drafted and reviewed manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 08422-7.

Correspondence and requests for materials should be addressed to S.S.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.7555/JBR.30.20150058
https://doi.org/10.1194/jlr.M065086
https://doi.org/10.1161/hh1501.094265
https://doi.org/10.1146/annurev.pharmtox.010909.105753
https://doi.org/10.1146/annurev.pharmtox.010909.105753
https://doi.org/10.1002/jcph.1424
https://doi.org/10.1002/med.21551
https://doi.org/10.1016/j.ejvs.2010.09.011
https://doi.org/10.1097/HCO.0000000000000216
https://doi.org/10.1074/jbc.M306709200
https://doi.org/10.1074/jbc.M306709200
https://doi.org/10.1161/atvbaha.119.312449
https://doi.org/10.1161/atvbaha.119.312449
https://doi.org/10.1161/CIRCULATIONAHA.112.000238
https://doi.org/10.1161/ATVBAHA.118.311917
https://doi.org/10.1038/nm.3866
https://doi.org/10.1161/ATVBAHA.107.141069
https://doi.org/10.1016/j.jvs.2013.11.004
https://doi.org/10.1161/CIRCULATIONAHA.108.785949
https://doi.org/10.1161/atvbaha.120.314670
https://doi.org/10.1038/nrcardio.2016.5
https://doi.org/10.1038/nrcardio.2016.5
https://doi.org/10.1016/S2213-2600(18)30181-4
https://doi.org/10.1038/s41598-022-08422-7
https://doi.org/10.1038/s41598-022-08422-7
www.nature.com/reprints


12

Vol:.(1234567890)

Scientific Reports |         (2022) 12:5664  | https://doi.org/10.1038/s41598-022-08422-7

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	Lipid phosphate phosphatase 3 in smooth muscle cells regulates angiotensin II-induced abdominal aortic aneurysm formation
	Material and methods
	Cell culture and treatment. 
	Mice. 
	Abdominal aortic aneurysm model. 
	Systolic blood pressure. 
	Plasma cholesterol and triglyceride levels. 
	Abdominal aorta ultrasound. 
	Real time (qRT) PCR and gene array. 
	Abdominal aorta histology and immunohistochemistry. 
	In situ hybridization and proximity ligation assays (ISH-PLA). 
	Aortic smooth muscle cell isolation. 
	Statistical analysis. 

	Results
	AngII-increases PLPP3 expression in smooth muscle cells through an NF-κB dependent pathway. 
	Loss of Plpp3 in smooth muscle cells protects against aortic aneurysm and transmural rupture. 
	LPP3 regulates SMC phenotypic switching and vascular inflammation. 

	Discussion
	References
	Acknowledgements


