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Differential responses 
to thrombospondin‑1 
and PDGF‑BB in smooth muscle 
cells from atherosclerotic coronary 
arteries and internal thoracic 
arteries
Alokkumar S. Pathak  & George A. Stouffer *

Atherosclerosis is rare in internal thoracic arteries (ITA) even in patients with severe atherosclerotic 
coronary artery (ACA) disease. To explore cellular differences, ITA SMC from 3 distinct donors 
and ACA SMC from 3 distinct donors were grown to sub‑confluence and growth arrested for 48 h. 
Proliferation and thrombospondin‑1 (TSP1) production were determined using standard techniques. 
ITA SMC were larger, grew more slowly and survived more passages than ACA SMC. ACA SMC had a 
more pronounced proliferative response to 10% serum than ITA SMC. Both ACA SMC and ITA SMC 
proliferated in response to exogenous TSP1 (12.5 µg/ml and 25 µg/ml) and platelet derived growth 
factor‑BB (PDGF‑BB; 20 ng/ml) but TSP1‑ and PDGF‑BB‑induced proliferation were partially inhibited 
by anti‑TSP1 antibody A4.1, microRNA‑21(miR‑21)‑3p inhibitors and miR‑21‑5p inhibitors in each 
of the 3 ACA SMC lines, but not in any of the ITA SMC lines. PDGF‑BB stimulated TSP1 production in 
ACA SMC but not in ITA SMC but there was no increase in TSP1 levels in conditioned media in either 
SMC type. In summary, there are significant differences in morphology, proliferative capacity and in 
responses to TSP1 and PDGF‑BB in SMC derived from ITA compared to SMC derived from ACA.
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The internal thoracic artery (ITA) is resistant to the development of atherosclerosis compared to other arteries 
in the body including coronary arteries, carotid arteries and lower extremity arteries. Prevalence rates of his-
tologically proven atherosclerotic lesions in ITA have ranged between 3.1 and 4.2% in unselected  individuals1,2 
and 0.7% and 7% in patients with multivessel coronary artery  disease3,4. Differences in arterial predisposition 
to atherosclerosis begins at an early age; in a study comparing intimal thickening of the left anterior descending 
(LAD) coronary artery and the ITA in 352 patients of all ages, the LAD showed early development of intimal 
thickening that progressed in severity throughout life, whereas the ITA showed no more than slight changes at 
any  age5. The resistance to atherosclerosis in ITA remains largely unexplained as traditional clinical risk factors 
for atherosclerotic disease (e.g., diabetes, hypertension, tobacco use, hyperlipidemia, family history of premature 
atherosclerosis) are all systemic implying that there are important differences in responses of specific arteries 
to athero-stimuli.

Atherosclerosis is a chronic inflammatory disease and smooth muscle cells (SMC) play a major role in all 
phases of atherogenesis. According to the response to injury hypotheses, contractile SMC are recruited from 
the media and undergo phenotypic conversion to proliferative synthetic cells as they migrate into the  intima6,7. 
Platelet-derived growth factor-BB (PDGF-BB) is a multifunctional growth factor that is upregulated at sites of 
vascular  injury8–10 and that stimulates SMC proliferation, migration and dedifferentiation. PDGF-BB elicits a 
change in SMC phenotype from a differentiated, contractile state to a dedifferentiated, synthetic state through 
effects mediated by multiple pathways which repress SMC marker gene  expression11.
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Studies comparing rings of freshly isolated saphenous vein and ITA suggested that responses to PDGF-BB 
differ between SMC from these two sources. Intimal hyperplasia was amplified in saphenous vein rings follow-
ing the addition of PDGF–BB whereas responses of ITA rings were much less pronounced, even at much higher 
doses of PDGF-BB12. Studies comparing SMC cultured from ITA or saphenous vein reported that proliferative 
responses to PDGF-BB were two fold higher in SMC isolated from saphenous vein than SMC isolated from ITA 
from the same  donor13 and a robust proliferative response to PDGF-BB by saphenous vein SMC but no prolifera-
tive response to PDGF-BB by ITA  SMC14.

The majority of studies of SMC from ITA have compared them to SMC from saphenous veins and there are 
relatively few studies comparing SMC from ITA to SMC from coronary arteries. Given the marked difference in 
propensity to atherosclerosis of coronary arteries and ITA, and the major role that PDGF-BB plays in atherogen-
esis, the present studies compared responses to PDGF-BB of SMC isolated from ACA to SMC isolated from ITA.

Materials and methods
Reagents
Reagents were obtained from the following sources: thrombospondin-1 (TSP1; Athens Research & Technology, 
Athens, GA), platelet-derived growth factor-BB (PDGF-BB; R&D Systems, Minneapolis, MN), anti-TSP1 mouse 
anti-human monoclonal antibodies A4.1 (Invitrogen, Waltham, MA), and monoclonal anti-beta-actin antibody 
(Sigma Aldrich, St. Louis, MO). Recombinant monoclonal anti-transferrin antibody was obtained from Abcam 
(Boston, MA), a rabbit monoclonal anti-myosin heavy chain antibody was obtained from Invitrogen (catalog 
number 702544; Waltham, MA) and rabbit monoclonal anti-Sox-10 antibody (catalog number 89356) and rab-
bit monoclonal anti-S100B antibody (catalog number 9550) were obtained from Cell Signaling Technology 
(Danvers, MA). Mouse monoclonal antibodies to TSP1, calponin, α-actin,  p16INK4A, and  p21Cip1 were obtained 
from Santa Cruz Biotechnology, Dallas, TX. Mouse IgG kappa binding protein as anti-mouse secondary and 
anti-rabbit secondary antibody were obtained from Santa Cruz Biotechnology, Dallas, TX. Complete blots are 
provided in the Supplementary Figure.

Cell culture
Cell lines of human ACA SMC from 3 distinct donors (Cat# 350q-05a) and cell lines of ITA SMC from 3 distinct 
donors (Cat# 358-05a) were obtained from Cell Applications (San Diego, CA). The ACA SMC were obtained 
from a 53 years old male with hypertension, tobacco use (3–4 packs per day for 35 years) and extensive coronary 
artery disease (ACA SMC line 1), a 56 years old female with tobacco use (0.5 packs per day for 18 years) who 
died of an intracerebral hemorrhage (ACA SMC line 2) and a 38 years old male with hypertension and tobacco 
use (2–3 packs per day × 17 years) who died of an intracerebral hemorrhage (ACA SMC line 3). The ITA SMC 
were obtained from a 34 years old female with tobacco use (1 pack per day for an unclear duration of time) and 
lung cancer who died after a cardiac arrest (ITA SMC line 1), a 50 years old male without any risk factors for 
ACA disease who died of a gunshot wound (ITA SMC line 2) and a 35 years old male without any risk factors 
for ACA disease who died in a motor vehicle accident (ITA SMC line 3). Schwann cells and HeLa cells were 
obtained from American Type Culture Collection (Manassas, VA). For proliferation assays, SMC were plated at 
equal seeding density, grown to subconfluence, and growth arrested for 48 h in 0.5% FBS quiescent medium prior 
to treatment. Cell numbers were counted using a TC20 Bio-Rad cell counter. Western blotting and conditioned 
media experiments were performed as previously  described15,16.

Quantitative real‑time PCR (qRT‑PCR)
Total RNA was extracted from SMC by use of RNeasy Mini Kit (Qiagen, Hilden Germany) and quantified using 
a NanoDrop spectrophotometer (ThermoFisher Scientific, Waltham MA). Quantitative real-time PCR was per-
formed as previously  described17. Briefly, for detection of the primary miR-21 (pri-miR-21) and pre-miR-21, 
1 µg total RNA was reverse transcribed to cDNA by use of universal cDNA synthesis kit (Applied Biosystems, 
Waltham MA) and real-time PCR was executed with iTaq Universal SYBR Green Supermix (BioRad, Hercules 
CA) on a Roche 480 Light Cycler. The primer sequences (Sigma-Aldrich) were for pri-miR-21: forward, 5′-TTT 
TGT TTT GCT TGG GAG GA-3′ and reverse, 5′-AGC AGA CAG TCA GGC AGG AT-3′; for pre-miR-21: forward, 
5′-TGT CGG GTA GCT TAT CAG AC-3′ and reverse, 5′-TGT CAG ACA GCC CAT CGA CT-3′; and for β-actin: for-
ward, 5′-CGT GCG TGA CAT TAA GGA GA-3′ and reverse, 5′- CAC CTT CAC CGT TCC AGT TT-3′. β-actin was 
an internal reference for pri-miR-21 and pre-miR-21 levels. Quantification cycle crossing point  (Cp) values were 
recorded.

Transfection with anti‑miR21 inhibitors
ACA SMC or ITA SMC cells grown to 70% confluence were transfected with 50 nM anti-miR-21 miRIDIAN hair-
pin inhibitors (miR21-3p inhibitor, miR21-5p inhibitor or microRNA hairpin inhibitor negative control; Horizon 
Discovery, Lafayette, CO), using Lipofectamine RNAiMAX reagent (Invitrogen, Carlsbad, CA), according to 
manufacturer guidelines. Briefly, Lipofectamine RNAiMAX reagent (3 µl) and anti-miR-21 miRIDIAN hairpin 
inhibitors stock (1 µl) were diluted in minimum serum medium without antibiotics. Diluted anti-miR-21 miRID-
IAN Hairpin Inhibitors or control Si-RNA were added to equal volume (50 µl each) of diluted Lipofectamine 
RNAiMAX reagent to form a SiRNA-lipid complex and incubated for 5 min at room temperature. SiRNA-lipid 
complexes were added to cells (50 µl each well to 450 µl culture medium) and incubated for 24 h followed by 
addition of PDGF-BB (20 ng/ml). After 72 h cells were counted utilizing a TC20 Bio-Rad cell counter.
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Data analysis and statistics
Normally distributed data are presented as mean ± STD and non-normally distributed data as median [25%, 
75%]. Comparisons of equal groups was done using Analysis of Variance (ANOVA) followed by Dunnett’s 
multiple range test. Comparison of unequal groups was done via ANOVA followed by the Tukey multiple range 
test. ANOVA using Ranks was used for non-Normally distributed continuous variables followed by Holm-Sidak 
method or Dunn’s Multiple Range test if the groups were unequal in size. Mantel–Haenszel Chi-Square was used 
to analyze differences between categorical variables. Differences were considered significant at a p-value of ≤ 0.05.

Results
Morphology and proliferative responses to 10% serum were different in ACA SMC and ITA SMC
There were significant differences in morphology when ITA SMC and ACA SMC were grown to subconfluence. 
ACA SMC isolated from 3 different donors had a classic SMC “hill-and-valley” pattern (Fig. 1A) whereas ITA 
SMC isolated from 3 different donors grew as a monolayer and had a more spindle appearance (Fig. 1B). All of 
the cell lines expressed SMC markers including α-actin (Fig. 1C), myosin heavy chain MHY11 (Fig. 1D) and 
calponin (Fig. 1E) but not stem cell markers Sox-10 (Fig. 1F) or S100B (Fig. 1G). There was no difference in levels 
of  p16INK4A and  p21Cip1, biomarkers of senescence, in a pooled analysis of ACA SMC and ITA SMC (Fig. 1H)18.

When ACA SMC and ITA SMC were plated at equal densities in T25 flasks and exposed to 10% fetal bovine 
serum (FBS), ACA SMC had a more pronounced proliferative response than ITA SMC at 72 h, 96 h, 120 h, 144 h, 
168 h and 192 h (Fig. 2A). When each ACA and ITA cell line was analyzed separately, proliferative responses 
to 10% FBS were consistently more robust in the ACA SMC lines (Fig. 2B). Both ACA SMC and ITA SMC 
proliferated in response to 20 ng/ml of recombinant PDGF-BB but, in contrast to results observed with FBS 
stimulation, the proliferative responses to PDGF-BB were the same in both ACA SMC and ITA SMC (ACA SMC: 
172.1% ± 5.9% vs 162.4% ± 5.5%; p = 0.15).

PDGF‑BB‑induced proliferation was partially inhibited by anti‑TSP1 antibodies in ACA SMC 
but not ITA SMC
The thrombospondin protein family consists of 5 members, the best studied of which is TSP1 which has been 
implicated in migration and proliferation of SMC. Several lines of evidence have identified TSP1 as playing an 
important role in mediating vascular healing in vivo: (a) TSP1 levels are increased at sites of vascular injury 
including atherosclerotic  lesions19, occluded  SVG20, and following balloon  injury16,21,22 whereas TSP1 levels 
are negligible in the normal vasculature; and (b) neointimal formation following arterial injury is reduced by 
pharmacological inhibition of  TSP123,24 and in TSP1 knockout  mice24. Differential effects of autocrine TSP1 in 
mediating PDGF-BB-induced proliferation of SMC have been observed in prior  studies15,25–27.

To explore the role of autocrine TSP1 in PDGF-BB-induced proliferation of ACA SMC and ITA SMC, A4.1, 
an anti-TSP1 monoclonal neutralizing antibody that recognizes an epitope in the N-terminal half of the central 
stalk-like region of TSP1 was utilized. A4.1 has been shown to block TSP1-induced  proliferation25,26,28 and 
TSP1-induced activity of cyclin-dependent kinase 2 and S-phase entry in rat aortic SMC (RASMC) but effects 
in human SMC have not been  studied23. Pre-treatment with A4.1 inhibited PDGF-BB-induced proliferation by 
50 ± 5% in ACA SMC but had no effect on PDGF-BB-induced proliferation of ITA SMC. Results were consistent 
in all 3 ACA SMC lines and in all 3 ITA SMC lines and aggregate data is shown in Fig. 3A and B.

The inhibitory effects of A4.1 on PDGF-BB-induced proliferation of ACA SMC are unlikely to be due to an 
increase in nonspecific cell detachment or apoptosis as A4.1 at concentrations ten-fold higher (100 µg/ml) than 
used in the current study did not cause cell detachment visible by light microscopy or detectable by cell adhesion 
assays in  RASMC25. Moreover, Chen et al. showed that A4.1 at concentrations of 25 µg/ml, 50 µg/ml and 100 µg/
ml specifically inhibited TSP1-induced stimulation of  G1/S cyclin-dependent kinase 2 and entry into S-phase 
of RASMC. Moreover, high concentrations of A4.1 inhibited FBS-stimulated  [3H]thymidine incorporation in 
embryonic fibroblasts isolated from wild type but not p21-deficient  mice28.

PDGF‑BB induced proliferation was partially inhibited by MiR‑21‑3p inhibitors and MiR‑21‑5p 
inhibitors in ACA SMC but not ITA SMC
MicroRNAs (MiRNAs) are noncoding single-stranded RNAs that regulate post-transcriptional control of gene 
expression. Formation of the mature form of MiR-21 is a two-step process including cleavage of the stem loops of 
the primary transcripts of MiR-21 into a ~ 70 nt hairpin precursor, labeled as pre-MiR-2129. In SMC, MiR-21 has 
been widely studied and implicated in several growth responses, including TSP1-induced migration, prolifera-
tion, and ERK 1/2 phosphorylation in human aortic  SMC30. Both ACA SMC and ITA SMC expressed MiR-21 
and pre-MiR-21 (Fig. 3C). Expression of MiR-21 and pre-MiR-21 was numerically higher in ACA SMC compared 
to ITA SMC but the differences did not reach statistical significance.

Consistent with the results from the anti-TSP1 blocking antibody studies, we found that pretreatment with 
microRNA-21 inhibitors miR-21-3p inhibitors (50 nM) or miR-21-5p inhibitors (50 nM) blocked PDGF-BB 
induced proliferation of ACA SMC but not ITA SMC (Fig. 3D and E). These results were consistent in the ACA 
SMC lines from 3 distinct donors and in the ITA SMC lines from 3 distinct donors. In ACA SMC, MiR-21-3p 
inhibitors and MiR-21-5p inhibitors reduced PDGF-BB-induced proliferation by 49 ± 5% and 50 ± 5%, respec-
tively, when data from all 3 cell lines were combined.

TSP1 stimulates proliferation of ACA SMC and ITA SMC
To determine whether there were differential growth responses of ACA SMC and ITA SMC to exogenous TSP1, 
dose–response curves were performed. Results showed that 1 µg/ml, 2.5 µg/ml or 5 µg/ml of TSP1 had no effect 
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on proliferation of ACA SMC or ITA SMC, whereas 12.5 µg/ml and 25 µg/ml of TSP1 stimulated proliferation 
of ACA SMC and ITA SMC (Fig. 4A).

A4.1, at a concentration of 10 µg/ml, completely inhibited proliferative responses to TSP1 in ACA SMC 
(Fig. 4B). Similarly, MiR-21-3p inhibitors and MiR-21-5p inhibitors reduced TSP1-induced proliferation in 
ACA SMC (Fig. 4B). In contrast, neither A4.1, nor the microRNA-21 inhibitors had any effect on TSP1-induced 
proliferation of ITA SMC (Fig. 4C).

PDGF‑BB stimulates production of TSP1 in ACA SMC but not ITA SMC
We next sought to evaluate TSP1 production by ACA SMC and ITA SMC following treatment with PDGF-BB. 
Basal TSP1 levels were similar in ACA SMC and ITA SMC when normalized for beta actin production (Fig. 5A). 
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Figure 1.  Morphology and SMC markers in human ITA SMC and ACA SMC. Human SMC derived from 3 
distinct ACA donors and 3 distinct ITA donors were plated in T75 flasks with growth medium. Schwann cells 
and HeLa cells were used as controls. Representative photomicrographs of ACA SMC (A) and ITA SMC (B) 
taken at subconfluence are shown. Expression of α-actin (C), myh-11 (D), calponin (E), Sox-10 (F) and S100B 
(G) were determined as described in Methods and a representative blot from 3 independent experiments for 
each protein is shown. Expression of the senescence biomarkers p16INK4A and p21Cip1 were determined 
by Western blotting as described in Methods for growth arrested ACA SMC and ITA SMC. Expression was 
quantified and normalized to β-actin expression. Results from 3 independent experiments are shown in H.
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TSP1 levels in lysate from PDGF-BB treated ACA SMC increased beginning 30 min after treatment and remained 
elevated for at least 24 h (Fig. 5B and C). In contrast, there was no increase in TSP1 levels in PDGF-BB treated 
ITA SMC at any time point up to and including 24 h (Fig. 5D and E).

Secretion of TSP1 by ACA SMC and ITA SMC was estimated by measuring TSP1 levels in cell supernatant 
under basal conditions and following treatment with PDGF-BB. Results showed that treatment of ACA SMC 
and ITA SMC with PDGF-BB for varying amounts of time between 30 min and 24 h was not associated with any 
measurable increase in the levels of TSP1 in conditioned media in either cell type (Fig. 5F and G). No increase 
was seen when comparing samples containing an equal amount of protein or samples with equal volumes of 
conditioned media (data not shown).

Discussion
The resistance of the ITA to the development of atherosclerosis compared to coronary arteries is largely unex-
plained and has important clinical implications. ITAs are commonly used during coronary artery bypass graft-
ing and rarely have atherosclerotic changes even in patients with severe, multi-vessel coronary artery disease. A 
paired postmortem study found that 71% of saphenous vein grafts but only 6% of ITA grafts had histologically 
proven atherosclerotic changes after a mean follow-up of 56 months in a group of patients with severe coronary 
artery  disease31. Patency rates at 10 years are as high as 96%32and the presence of an ITA graft is an independent 
predictor of survival in patients undergoing coronary artery bypass  grafting33.

The current study provides evidence of important differences in ITA SMC vs ACA SMC in morphology and 
proliferative responses to TSP1, PDGF-BB and FBS. SMC from ITA were larger, slower growing and had a less 

Figure 2.  Proliferative responses of human ITA SMC and ACA SMC to FBS. Human SMC derived from 3 
distinct ACA donors and 3 distinct ITA donors were plated at equal seeding density in T25 flasks, grown to 
subconfluence, growth arrested and then exposed to 10% FBS. Cell counts were performed at 48 h, 72 h, 96 h, 
120 h, 144 h, 168 h and 192 h. Results of combining data from the 3 ACA SMC lines and the 3 ITA SMC lines 
are shown in (A) and results from 6 to 10 independent experiments with each cell line are shown in (B). [SEM is 
presented in (A) and STD is presented in (B); ^—p < 0.05 vs control; *—p < 0.001 vs control; “—p < 0.05 vs ITA 
SMC].
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Figure 3.  PDGF-BB induced proliferation is inhibited by anti-TSP1 neutralizing antibody A4.1 and by 
MiR21-3p inhibitors and MiR21-5p inhibitors in ACA SMC but not in ITA SMC. Human SMC derived from 3 
distinct ACA donors (A, C and D) and 3 distinct ITA donors (B, C and E) were growth arrested as described in 
Methods. (A) and (B): The indicated groups were pretreated with vehicle, anti-TSP-1 antibody A4.1 (10 µg/ml), 
or a non-specific IgG (10 µg/ml) for 30 min prior to treatment with vehicle or PDGF-BB (20 ng/ml). Cell counts 
were determined 96 h later. [n ≥ 8 independent experiments; #—p < 0.05 compared to Cnt; *—p < 0.05 compared 
to PDGF-BB + IgG]. (C): Total RNA was extracted and quantitative RT-PCR performed in triplicate as described 
in Methods. (D) and (E): The indicated groups were pretreated with vehicle, 50 nM miR21-3p inhibitor, 50 nM 
miR21-5p inhibitor or 50 nM MiRCnt for 24 h prior to treatment with vehicle or PDGF-BB (20 ng/ml). Cell 
counts were determined 96 h later. [n ≥ 8 independent experiments; *—p < 0.05 compared to cnt; ^—p < 0.05 
compared to TSP + MiR cnt].
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robust response to FBS than did SMC from ACA. When grown to confluence, ACA SMC had a classic SMC 
“hill-and-valley” pattern whereas ITA tended to grow as a monolayer and had a more spindled appearance. The 
concept that SMC are heterogeneous is widely accepted, and distinct “spindle” and “rhomboid” phenotypes have 
been identified with rhomboid cells being more proliferative and migratory than spindle cells and the more 
prevalent phenotype in vascular neointimal  lesions34. Interestingly, distinct phenotypes of SMC have been iso-
lated from the media of human ITA with the predominant type being ‘epithelioid’ clones that were polygonal at 
confluence, expressed smooth muscle markers including α-actin and SM-myosin heavy chains and grew faster 
in response to serum than did ‘spindle-shaped  clones35.’

A novel finding of the present study is that TSP1- and PDGF-BB-induced proliferation were inhibited by anti-
TSP1 antibody A4.1 and MiR-21 inhibitors in ACA SMC but not in ITA SMC. These findings were consistent in 
ACA primary SMC lines isolated from 3 different donors and ITA primary SMC lines isolated from 3 different 
donors. TSP1 exists as a homotrimeric glycoprotein with each monomer containing an N-terminal globular mod-
ule, a central stalk region, and a globular C-terminal assemblage. A4.1 recognizes an epitope in the N-terminal 
half of the central stalk-like region of TSP1 which may not be important in TSP1-induced effects in ITA SMC. 
More studies are needed to explore this finding but the actions of the different domains of TSP1 have been 
shown to vary by cell type and species as a function of extracellular matrix content and cell surface  receptors36.

These results suggest that there are important differences in the function of, and responses to, TSP1 in ACA 
SMC vs ITA SMC and add to the existing evidence that different SMC lines have differential mitogenic responses 
to TSP1. Isenberg et al.37 reported that SMCs from TSP1 null mice were selectively deficient in proliferative 

Figure 4.  The effects of inhibitors on exogenous TSP1-induced proliferation of ACA SMC and ITA SMC. 
Human SMC derived from 3 distinct ACA donors and 3 distinct ITA donors were growth arrested and were 
treated with either vehicle (Cnt) or TSP1 (various concentrations). The results from the different ACA cell lines 
and different ITA cell lines were consistent and thus the data is presented as an aggregate of the ACA SMC 
and ITA SMC lines (A). In panels (B) and (C), growth arrested SMC were pretreated with vehicle, anti-TSP-1 
antibody A4.1 (10 µg/ml), a non-specific IgG (10 µg/ml), 50 nM miR21-3p inhibitor, 50 nM miR21-5p inhibitor 
or 50 nM MiRCnt for 30 min prior to treatment with vehicle or TSP1 (12.5 µg/ml). [*—p < 0.05 compared to 
TSP1 + IgG and #—p < 0.05 compared to TSP1 + MiR cnt].
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responses to PDGF-BB but not FBS whereas early studies utilizing RASMC reported that autocrine TSP1 was 
functionally essential for proliferative responses to  FBS26. We have previously reported that 7E3, a monoclonal 
anti- αvβ3 integrin antibody and eptifibatide, a small-molecule inhibitor of αvβ3 blocked proliferative responses 
to exogenous TSP1 but not to PDGF-BB suggesting that TSP1 was not necessary for proliferative responses to 
PDGF-BB in the human aortic SMC used in that  study15,38.

TSP1 levels as determined by Western blotting increased in response to treatment with PDGF-BB in ACA 
SMC but not ITA SMC. Moreover, while TSP1 was essential for maximal proliferative responses to PDGF-BB in 
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Figure 5.  Expression and secretion of TSP1 in PDGF-BB-treated ACA SMC and ITA SMC. Human SMC 
derived from 3 distinct ACA donors (A) and 3 distinct ITA donors (B) were growth arrested as described in 
Methods and then treated with either vehicle or PDGF-BB (20 ng/ml) for various time periods. TSP1 expression 
and β-actin expression were determined as described in Methods. Panel A shows a representative blot of 
lysate from ACA SMC treated with PDGF-BB for 24 h and lysate from ITA SMC treated with PDGF-BB for 
24 h run on the same gel. A time course of TSP1 expression is shown in panels B–E. SMC isolated from ACA 
(B and C) and SMC isolated from ITA (D and E) were treated with PDGF-BB (20 ng/ml) for various times 
and representative blots are shown in B and D with results of 6 independent experiments shown in C and E. 
[*—p < 0.05 compared to basal levels]. In panels F and G, SMC were treated with PDGF-BB (20 ng/ml) for the 
indicated time points, and then conditioned medium was harvested and concentrated. This was followed by 
Western blot analysis with anti-TSP1 antibody as described in Methods. There were no statistically significant 
differences, compared to t = 0, for any of the time points in F or G.
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ACA SMC, our data suggests that it does not need to be secreted in order to mediate this effect. While increases 
in TSP1 levels in cell lysate in ACA SMC were apparent within 30 min of treatment with PDGF-BB with elevated 
levels present for at least 24 h, we detected no increase in TSP1concentrations in conditioned media in PDGF-
BB treated ACA SMC at multiple times points up to 24 h. These results are consistent with those reported by 
Isenberg et al.37 who found that effects of TSP1 on proliferative responses of mouse SMC to PDGF-BB were not 
dependent upon TSP1 secretion.

A novel finding of the current study is that MiR-21 inhibitors reduced proliferative responses to TSP1 and 
PDGF-BB in ACA SMC but not ITA SMC. MiR-21 inhibitors can reduce de novo synthesis and/or cause rapid 
degradation of MiR-21, suggesting that sufficient levels of MiR-21 are important in TSP1- or PDGF-BB-treated 
ACA SMC but not necessarily ITA SMC. Our results are similar to those observed by Zheng et al.39 when 
comparing SMC isolated from aorta of Wistar-Kyoto rats (WKR) to SMC isolated from aorta of spontaneously 
hypertensive rats (SHR). MiR-21-3p levels were approximately 50% higher in SMC from SHR and inhibition 
of miR-21-3p attenuated proliferation, migration and phenotypic transformation of SMC from SHR but not 
SMC from WKR. Interestingly, overexpression of miR-21-3p promoted proliferation, migration and phenotypic 
transformation of SMC from both WKR and SHR.

There is accumulating evidence that MiR-21 regulates vascular SMC cell responses to injury. MiR-21 was the 
most up-regulated microRNA in human atherosclerotic arteries compared with normal  arteries40 and inhibition 
of MiR-21 blocked neointimal formation both in a humanized animal model in which balloon-injured human 
ITA were transplanted into Rowett nude  rats41 and in a rat carotid artery injury  model42. Previous studies of 
cultured SMC have shown that inhibition of MiR-21 reduced serum-induced proliferation of  RASMC42, PDGF-
BB − induced migration and proliferation of human coronary artery  SMC40 and TSP1-induced proliferation and 
migration of human aortic  SMC30.

There are several limitations to the current study. First, the studies were performed in cell culture and the 
phenotype of SMC in culture vary with cell density, growth state, presence or absence of serum, and many other 
known and unknown variables. While SMC grown in culture can assume non-physiologic phenotypes, the con-
sistency of the findings from ACA SMC lines isolated from 3 distinct donors and ITA SMC lines isolated from 
3 distinct donors adds support to the hypothesis of significant differences between these types of SMC. Second, 
TSP1 preparations from platelets can be contaminated by TGFβ1 but it is unlikely that the proliferative effects 
observed with high concentrations of platelet-derived TSP1 were due to contamination by TGFβ1 as recombinant 
TGFβ1, even at higher concentrations, had no effect on proliferation of either SMC type (data not shown). Lastly, 
the ACA SMC lines and ITA SMC lines were not derived from the same donor. This is unlikely to have affected 
the results given the consistent results across cell lines.

In summary, the results of this study show that SMC from ITA and SMC from ACA, when grown in culture, 
have important differences in morphology, proliferative capacity and in responses to TSP1 and PDGF-BB. These 
differences were consistent across ACA SMC isolated from 3 distinct donors and ITA SMC lines isolated from 
3 distinct donors. Further studies are needed comparing ACA SMC and ITA SMC with the goal of identifying 
atheroprotective mechanisms in ITA SMC.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.

Received: 18 July 2023; Accepted: 4 July 2024

References
 1. Sisto, T. & Isola, J. Incidence of atherosclerosis in the internal mammary artery. Ann. Thorac. Surg. 47, 884–886 (1989).
 2. Kay, H. R., Korns, M. E., Flemma, R. J., Tector, A. J. & Lepley, D. Jr. Atherosclerosis of the internal mammary artery. Ann. Thorac. 

Surg. 21, 504–507 (1976).
 3. Ruengsakulrach, P. et al. Comparative histopathology of radial artery versus internal thoracic artery and risk factors for develop-

ment of intimal hyperplasia and atherosclerosis. Circulation 100, II-139–II−144 (1999).
 4. Ozkan, S. et al. Atherosclerosis of radial and internal thoracic arteries used in coronary bypass: Atherosclerosis in arterial grafts. 

J. Card. Surg. 22, 385–389 (2007).
 5. Sims, F. H. A comparison of coronary and internal mammary arteries and implications of the results in the etiology of arterioscle-

rosis. Am. Heart J. 105, 560–566 (1983).
 6. Basatemur, G. L., Jørgensen, H. F., Clarke, M. C., Bennett, M. R. & Mallat, Z. Vascular smooth muscle cells in atherosclerosis. Nat. 

Rev. Cardiol. 16, 727–744 (2019).
 7. Grootaert, M. O. & Bennett, M. R. Vascular smooth muscle cells in atherosclerosis: Time for a re-assessment. Cardiovasc. Res. 117, 

2326–2339 (2021).
 8. Majesky, M. W. et al. PDGF ligand and receptor gene expression during repair of arterial injury. J. Cell Biol. 111, 2149–2158 (1990).
 9. Wilcox, J., Smith, K., Williams, L., Schwartz, S. & Gordon, D. Platelet-derived growth factor mRNA detection in human athero-

sclerotic plaques by in situ hybridization. J. Clin. Invest. 82, 1134 (1988).
 10. Jawien, A., Bowen-Pope, D. F., Lindner, V., Schwartz, S. M. & Clowes, A. W. Platelet-derived growth factor promotes smooth muscle 

migration and intimal thickening in a rat model of balloon angioplasty. J. Clin. Investig. 89, 507–511 (1992).
 11. Mack, C. P. Signaling mechanisms that regulate smooth muscle cell differentiation. Arterioscler. Thromb. Vasc. Biol. 31, 1495–1505 

(2011).
 12. Huang, B. et al. Insulin and local growth factor PDGF induce intimal hyperplasia in bypass graft culture models of saphenous vein 

and internal mammary artery. Eur. J. Cardiothorac. Surg. 21, 1002–1008 (2002).
 13. Turner, N. A., Ho, S., Warburton, P., O’Regan, D. J. & Porter, K. E. Smooth muscle cells cultured from human saphenous vein 

exhibit increased proliferation, invasion, and mitogen-activated protein kinase activation in vitro compared with paired internal 
mammary artery cells. J. Vasc. Surg. 45, 1022–1028 (2007).



10

Vol:.(1234567890)

Scientific Reports |        (2024) 14:15847  | https://doi.org/10.1038/s41598-024-66860-x

www.nature.com/scientificreports/

 14. Yang, Z. et al. Different proliferative properties of smooth muscle cells of human arterial and venous bypass vessels: Role of PDGF 
receptors, mitogen-activated protein kinase, and cyclin-dependent kinase inhibitors. Circulation 97, 181–187 (1998).

 15. Stouffer, G. A. et al. β3 integrins are upregulated following vascular injury and mediate proliferation of cultured smooth muscle 
cells. Circulation 97, 907–915 (1998).

 16. Sajid, M., Hu, Z., Guo, H., Li, H. & Stouffer, G. A. Vascular expression of integrin-associated protein and thrombospondin increase 
following mechanical injury. J. Investig. Med. 49, 398–405 (2001).

 17. Song, J. T. et al. Mechanical stretch modulates microRNA 21 expression, participating in proliferation and apoptosis in cultured 
human aortic smooth muscle cells. PLOS ONE 7(10), e47657. https:// doi. org/ 10. 1371/ journ al. pone. 00476 57 (2012).

 18. Stojanović, S. D. et al. Inflammatory drivers of cardiovascular disease: Molecular characterization of senescent coronary vascular 
smooth muscle cells. Front. Physiol. 11, 520 (2020).

 19. Riessen, R., Kearney, M., Lawler, J. & Isner, J. M. Immunolocalization of thrombospondin-1 in human atherosclerotic and restenotic 
arteries. Am. Heart J. 135, 357–364 (1998).

 20. Brody, J., Pickering, N. & Fink, G. Immunocytochemical features of obstructed saphenous vein coronary artery bypass grafts. J. 
Clin. Pathol. 42, 477–482 (1989).

 21. Roth, J. J. et al. Thrombospondin-1 is elevated with both intimal hyperplasia and hypercholesterolemia. J. Surg. Res. 74, 11–16 
(1998).

 22. Raugi, G. J., Mullen, J. S., Bark, D. H., Okada, T. & Mayberg, M. R. Thrombospondin deposition in rat carotid artery injury. Am. 
J. Pathol. 137, 179–185 (1990).

 23. Chen, D. et al. Antibody blockade of thrombospondin accelerates reendothelialization and reduces neointima formation in balloon-
injured rat carotid artery. Circulation 100, 849–854 (1999).

 24. Moura, R., Tjwa, M., Vandervoort, P., Cludts, K. & Hoylaerts, M. F. Thrombospondin-1 activates medial smooth muscle cells and 
triggers neointima formation upon mouse carotid artery ligation. Arterioscler. Thromb. Vasc. Biol. 27, 2163–2169 (2007).

 25. Sajid, M., Lele, M. & Stouffer, G. A. Autocrine thrombospondin partially mediates TGF-beta1- induced proliferation of vascular 
smooth muscle cells. Am. J. Physiol. Heart Circ. Physiol. 279, H2159–H2165 (2000).

 26. Majack, R. A., Goodman, L. V. & Dixit, V. M. Cell surface thrombospondin is functionally essential for vascular smooth muscle 
cell proliferation. J. Cell Biol. 106, 415–422 (1988).

 27. Lymn, J. S. et al. Thrombospondin-1 differentially induces chemotaxis and DNA synthesis of human venous smooth muscle cells 
at the receptor-binding level. J. Cell Sci. 115, 4353–4360 (2002).

 28. Chen, D. et al. Vascular smooth muscle cell growth arrest on blockade of thrombospondin-1 requires p21(Cip1/WAF1). Am. J. 
Physiol. 277, H1100–H1106 (1999).

 29. Gregory, R. I. et al. The Microprocessor complex mediates the genesis of microRNAs. Nature 432, 235–240 (2004).
 30. Stein, J. J., Iwuchukwu, C., Maier, K. G. & Gahtan, V. Thrombospondin-1− induced vascular smooth muscle cell migration and 

proliferation are functionally dependent on microRNA-21. Surgery 155, 228–233 (2014).
 31. Shelton, M. E. et al. A comparison of morphologic and angiographic findings in long-term internal mammary artery and saphen-

ous vein bypass grafts. J. Am. Coll. Cardiol. 11, 297–307 (1988).
 32. Shah, P. J. et al. Factors affecting patency of internal thoracic artery graft: Clinical and angiographic study in 1434 symptomatic 

patients operated between 1982 and 2002. Eur. J. Cardio-Thorac. Surg. 26, 118–124 (2004).
 33. Loop, F. D. et al. Influence of the internal-mammary-artery graft on 10-year survival and other cardiac events. N. Engl. J. Med. 

314, 1–6 (1986).
 34. Hao, H., Gabbiani, G. & Bochaton-Piallat, M.-L. Arterial smooth muscle cell heterogeneity: Implications for atherosclerosis and 

restenosis development. Arterioscler. Thromb. Vasc. Biol. 23, 1510–1520 (2003).
 35. Li, S. et al. Innate diversity of adult human arterial smooth muscle cells: Cloning of distinct subtypes from the internal thoracic 

artery. Circ. Res. 89, 517–525 (2001).
 36. Bornstein, P. Diversity of function is inherent in matricellular proteins: An appraisal of thrombospondin 1. J. Cell Biol. 130, 503–506 

(1995).
 37. Isenberg, J. S. et al. Endogenous thrombospondin-1 is not necessary for proliferation but is permissive for vascular smooth muscle 

cell responses to platelet-derived growth factor. Matrix Biol. 24, 110–123 (2005).
 38. Lele, M., Sajid, M., Wajih, N. & Stouffer, G. A. Eptifibatide and 7E3, but not tirofiban, inhibit avb3 integrin-mediated binding of 

smooth muscle cells to thrombospondin and prothrombin. Circulation 104, 582–587 (2001).
 39. Zheng, F. et al. MiR-21-3p in extracellular vesicles from vascular fibroblasts of spontaneously hypertensive rat promotes prolifera-

tion and migration of vascular smooth muscle cells. Life Sci. 330, 122023 (2023).
 40. Wang, M. et al. MicroRNA-21 regulates vascular smooth muscle cell function via targeting tropomyosin 1 in arteriosclerosis 

obliterans of lower extremities. Arterioscler. Thromb. Vasc. Biol. 31, 2044–2053 (2011).
 41. Wang, D. et al. Local microRNA modulation using a novel anti-miR-21–eluting stent effectively prevents experimental in-stent 

restenosis. Arterioscler. Thromb. Vasc. Biol. 35, 1945–1953 (2015).
 42. Ji, R. et al. MicroRNA expression signature and antisense-mediated depletion reveal an essential role of MicroRNA in vascular 

neointimal lesion formation. Circ. Res. 100, 1579–1588 (2007).

Author contributions
A.S.P.—design of the study, performing experiments, critical review of manuscript. G.A.S.—design of the study, 
data analysis, drafting of manuscript, securing funding.

Funding
University of North Carolina School of Medicine.

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- 024- 66860-x.

Correspondence and requests for materials should be addressed to G.A.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/10.1371/journal.pone.0047657
https://doi.org/10.1038/s41598-024-66860-x
https://doi.org/10.1038/s41598-024-66860-x
www.nature.com/reprints


11

Vol.:(0123456789)

Scientific Reports |        (2024) 14:15847  | https://doi.org/10.1038/s41598-024-66860-x

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) 2024

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

	Differential responses to thrombospondin-1 and PDGF-BB in smooth muscle cells from atherosclerotic coronary arteries and internal thoracic arteries
	Materials and methods
	Reagents
	Cell culture
	Quantitative real-time PCR (qRT-PCR)
	Transfection with anti-miR21 inhibitors
	Data analysis and statistics

	Results
	Morphology and proliferative responses to 10% serum were different in ACA SMC and ITA SMC
	PDGF-BB-induced proliferation was partially inhibited by anti-TSP1 antibodies in ACA SMC but not ITA SMC
	PDGF-BB induced proliferation was partially inhibited by MiR-21-3p inhibitors and MiR-21-5p inhibitors in ACA SMC but not ITA SMC
	TSP1 stimulates proliferation of ACA SMC and ITA SMC
	PDGF-BB stimulates production of TSP1 in ACA SMC but not ITA SMC

	Discussion
	References


