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Materials and Methods 

 

Animal models 

All rats received a normal diet (7012 Teklad LM-485 Mouse/Rat Sterilizable Diet, Harlan 

Laboratories, Inc.). Before tissue harvests, echocardiographic measurements were made of the RV 

internal diameter. RV pressure was assessed with a Millar catheter; PVR and cardiac output were 

determined by invasive hemodynamic measurements. Each rat was anesthetized with an 

intramuscular injection of ketamine/xylazine. The thoracic cavities were opened by midline incision, 

and a small sample of blood was obtained by cardiac puncture and placed in a heparinized tube for 

plasma T4 level determination. The right lung was removed, and frozen in liquid nitrogen. The left 

lung was inflated with 0.5% low-melting agarose at a constant pressure of 25cm H2O, fixed in 10% 

formalin for 48 hours and used for small pulmonary arteries count and IHC analysis. 

 

Assessment of angioproliferative vascular lesions 

A quantitative analysis of luminal obstruction was performed by counting at least 200 small 

pulmonary arteries (OD, <50 um) per lung section from each rat in the 2 groups by two 

investigators blinded to the treatment group. Vessels were assessed for occlusive lesions on 

hematoxylin/eosin slides from two random left lung slices and scored as: no evidence of neointimal 

formation (patent); partially patent (<50%); and full-luminal occlusion (fully obliterated). 

 

Antibodies 

Rabbit anti-cleaved caspase-3 antibody, rabbit anti-PCNA antibody, rabbit anti- integrin αv 

antibody and rabbit anti-integrin β3 antibody (Cell Signaling Technology, Inc., Beverly, MA), mouse 

anti-phospho-Erk antibody, rabbit anti-Erk antibody, rabbit anti-phospho-AKT1/2/3 antibody, mouse 

anti-AKT1/2/3 antibody, rabbit anti-FGF2 antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, 

CA), mouse anti-FGFR1 antibody, mouse anti- vWF  (LifeSpan Biosciences, Inc., Seattle, WA), 
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rabbit anti- integrin αv (Abcam, Cambridge, MA), rabbit anti- vWF (Dako, Carpinteria, CA) and 

mouse anti-ß-actin antibody (Sigma, St. Louis, MO). 

 

Western blot analysis 

Whole cell lysate from one bole of the right lung was prepared using RIPA (Radio-

Immunoprecipitation Assay) buffer (Sigma, St. Louis, MO), and the protein concentration was 

determined using BioRad Protein DC Protein Assay (BioRad, Hercules, CA). 15 µg of whole 

cellular protein per lane was separated by SDS-PAGE with a 4-12% Bis-Tris Nupage gel (MES 

SDS running buffer) and blotted onto a PVDF membrane. The membrane was incubated with 

blocking buffer (5% nonfat dry milk/PBS 0.1% Tween 20) at room temperature for 1 hour. The 

membrane was then probed with the primary antibodies diluted in blocking buffer overnight at 4˚C. 

Subsequently, membranes were incubated with horseradish peroxidase-conjugated anti-mouse or 

anti-rabbit antibody diluted 1:1000 in blocking buffer. Blots were developed with ECL (PerkinElmer, 

Waltham, MA) on GeneMate Blue Basic Autorad Films (BioExpress, Kaysville, UT). Each assay 

was performed in 6 independent experiments. Blots were scanned and densitometry analysis was 

done with ImageJ (National Institutes of Health 1997-2011, Bethesda, MD; http://imagej.nih.gov/ij). 

 

Immunohistochemistry 

IHC staining for cleaved caspase 3 and PCNA as well as the double immunofluorescence stainings 

for integrin αv/vWF, FGF2/vWF, FGFR1/vWF and pErk were performed according to standard 

protocols as previously published The following antibody dilutions were used: cleaved caspase3 

1:200, PCNA 1:500, integrin αv 1:200, FGF2 1:10, FGFR1 1:50, pErk 1:5, rabbit anti- vWF 1:500, 

mouse anti- vWF 1:25. Images for cleaved caspase3 and PCNA were taken with AxioImager 

AX10, Axiocam MRm and Axiovision 3.1 software (Carl Zeiss, Göttingen, Germany). Optical 

sections were acquired by laser- scanning confocal microscopy with a Leica TCS-SP2 confocal 

microscope and images were analyzed and arranged with ImageJ. Microscopy was performed at 

the VCU Department of Anatomy and Neurobiology Microscopy Facility, supported, in part, with 

funding from NIH-NINDS Center core grant (5P30NS047463-02).    
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Statistical analysis 

Differences between groups were assessed with analysis of variance (parametric) and Kruskall-

Wallis (nonparametric) tests; Bonferroni (parametric) and Dunn (nonparametric) post hoc tests 

were used to assess for significant differences between pairs of groups. P values less than 0.05 

were considered significant. For reasons of clarity, all data are reported as means ± SEM, unless 

specified otherwise, even if the differences between groups were tested with a nonparametric test 

that makes no use of means and standard deviations. Six to eight rats were used per group, unless 

specified otherwise. 
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Table 1 Association between hyperthyroidism and pulmonary hypertension (PH) in clinical trials and case reports. 

 
Number of patients Diagnosis 

Hyperthyroidism 
diagnosis before 
PAH diagnosis 

sPAP before 
hyperthyroidism 

treatment (mmHg 

sPAP after 
hyperthyroidism 

treatment (mmHg) 

Improvement 
after treatment Authors 

 114 (43% with PH) 47=Graves; 
 67=MNG yes 27±6 <25 (4 weeks) yes Marvisi (1) 

 75 (46% with PH)  30=Graves; 
 35=MNG yes 48±1.2 34 ± 2 (24 weeks)  yes Siu (2) 

 
47 (34% with PH) hyperthyroidism 

(unspecified) yes 26±12  23 ± 10 (12 weeks) yes Guntekin (3) 

 
33 (41% with PH) hyperthyroidism 

(unspecified) yes 36±12 29 ± 8 (56±32 
weeks) yes Mercè (4) 

 
23 (65% with PH) 22=Graves; 

 1=MNG yes 36±8 26±5 (36 weeks) yes Armigliato (5) 

 25 (44% with PH) 7=Graves;  
18=MNG  yes 30±8 24±5 (24 weeks) yes Yazar (6) 

 

34 (group 1=not on 
therapy n=17; group 

2=on therapy in 
euthyroid status 

n=17) 

20=Graves; 
 14=MNG yes (group 1) 28 ± 6 (group 1) 22±1 (group 2) 

(24±12 weeks) yes Marvisi (7) 

 1 Graves yes (10 years) 35 21 (24 weeks) yes Thurnheer (8) 
 1 Graves yes (20 years) 60 <25 (7 weeks) yes Wasseem (9)  

 
1 MNG yes (3 years) 65 45 (4 weeks) yes Mozo Herrera 

(10) 
 1 Graves yes 68 30  yes Nduwayo (11) 

Total 353 

128=Graves; 
 135=MNG; 

80=hyperthyroidis
m (unspecified) 

yes 41 27 yes 

 

sPAP = systolic pulmonary artery pressure estimated by echocardiography; MNG= multinodular goiter; 
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Table 2 Genomic and non/genomic mechanisms of action of thyroid hormones. 

 Nuclear receptor pathway Membrane receptor pathway Cytoplasmic pathway 

Cell growth 

T3 - TRβ -  cyclin D1 -  
cyclin dependent kinase - 
retinoblastoma protein - 

E2F pathway (12) 

T4 - αvβ3 integrin - ERK 1/2 - 
STAT3 - EGF, FGF-2, VEGF 

(13) 
 

Cell proliferation  T4 - αvβ3 integrin -ERK 1/2 - 
STAT3 – EGF (14)  

Cell survival T3 - TRβ1 -  
p53 inhibition(15) 

T4 - αvβ3 integrin - MAPK - p53 
inhibition (16) 

T3 - interation 
between p85 subunit 
of PI3K and TRβ1 - 
AKT – HIF1α (17) 

Angiogenesis  T4 - αvβ3 integrin - FGF-2, 
VEGF (18)  

Cell motility T3 -TRβ binding to gelsolin 
(19)   

Cell migration  T4 – integrin/laminin 
interactions (20)  

STAT = Signal Transducer and Activator of Transcription; EGF = Epidermal Growth Factor; FGF = 
Fibroblast Growth Factor; VEGF = Vascular Endothelial Growth Factor; TR = Thyroid hormones 
Receptor; MAPK = Mitogen Activated Protein Kinases 
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Supplemental Figure 1: (A-D) show representative images of pulmonary artery blood flow measurement 

use for the determination of velocity time integral (VTI) and pulmonary artery acceleration time (PAAT). (A) 

Shows the control rat. (B) Shows the SuHx rat with shortened PAAT. (C) Shows the SuHx rat with 

thyroidectomy and recovered PAAT. (D) Shows the SuHx rat with thyroidectomy plus T4 supplementation in 

which the PAAT is also reduced. (E) Illustrates the processes for VTI and PAAT measurements. (F) Displays 

the quantified PAAT measurements by each treatment group and indicates a significant reduction in PAAT in 

SuHx rat in comparison to Control rat. 
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Supplemental Figure 2: (A) Shows the mean pulmonary artery pressure of control rats, Sugen 

(SU5416) only plus T4 rats and T4 only rats. Data expressed as mean ± SE (n=6).   
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Supplemental Figure 3: (A-D) Show representative photomicrograph of PCNA stained lung 

sections of control rat (A), SuHx rat (B), SuHx rat with thyroidectomy (C) and SuHx rat with 

thyroidectomy with T4 replacement (D). (E-H) Show representative photomicrograph of cleaved 

caspase-3 stained lung sections of control rat (E), SuHx rat (F), SuHx rat with thyroidectomy (G) 

and SuHx rat with thyroidectomy with T4 replacement (H). (A-H) are 40X magnification, scale bar 

30µm. αv integrin is correlated with FGF2 (I) and with PCNA (J) protein expression from the whole 

lung tissue.   



10 
 

 

Supplemental Figure 4: Representative optical sections acquired by confocal microscopy of 

double immunofluorescence stainings for vWF/integrin αν. (A-D) shows the single channels and 

merged image for control animal from Figure 4A. (E-H) shows the single channels and merged 

image for SuHx treated animal from Figure 6B. (I-L) shows the single channels and merged image 

for SuHxThx treated animal from Figure 6C. vWF+ (red) endothelial cells are shown in A, E, I. 

Integrin αv+ staining in the green channel is demonstrated in B, F, J. Nuclear counterstaining with 

DAPI (blue) is shown in C, G, K. The merged image from all three channels is found in D, H, L. 

Scale bar is 20µm. 
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Supplemental Figure 5: Representative optical sections acquired by confocal microscopy of 

double immunofluorescence stainings for vWF/FGF2. (A-D) shows the single channels and 

merged image for control animal from Figure 6D. (E-H) shows the single channels and merged 

image for SuHx treated animal from Figure 6E. (I-L) shows the single channels and merged image 

for SuHxThx treated animal from Figure 6F. vWF+ (red) endothelial cells are shown in A, E, I. 

FGF2+ staining in the green channel is demonstrated in B, F, J. Nuclear counterstaining with DAPI 

(blue) is shown in C, G, K. The merged image from all three channels is found in D, H, L. Scale 

bar is 20µm. 
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Supplemental Figure 6: Representative optical sections acquired by confocal microscopy of 

double immunofluorescence stainings for vWF/FGFR1. (A-D) shows the single channels and 

merged image for control animal from Figure 6G. (E-H) shows the single channels and merged 

image for SuHx treated animal from Figure 6H. (I-L) shows the single channels and merged image 

for SuHxThx treated animal from Figure 6I. vWF+ (red) endothelial cells are shown in A, E, I. 

FGFR1+ staining in the green channel is demonstrated in B, F, J. Nuclear counterstaining with 

DAPI (blue) is shown in C, G, K. The merged image from all three channels is found in D, H, L. 

Scale bar is 20µm. 
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Supplemental Figure 7: Representative optical sections acquired by confocal microscopy of 

double immunofluorescence stainings for vWF/pErk1/2. (A-D) shows the single channels and 

merged image for control animal from Figure 6J. (E-H) shows the single channels and merged 

image for SuHx treated animal from Figure 6K. (I-L) shows the single channels and merged image 

for SuHxThx treated animal from Figure 6L. vWF+ (red) endothelial cells are shown in A, E, I. 

pErk1/2+ staining (in the nucleus and cytoplasm) in the green channel is demonstrated in B, F, J. 

Nuclear counterstaining with DAPI (blue) is shown in C, G, K. The merged image from all three 

channels is found in D, H, L. Scale bar is 20µm. 
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Supplemental Figure 8: (A-D) Show representative photomicrograph of PCNA stained lung 

sections of SuHx rat (A, B), SuHx rat treated with PTU (C, D, E). (A, C, D) are 40Xmagnification, 

scale bar is 30µm and (B, E) are 10X magnification, scale bar is 100µm.  
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Supplemental Figure 9: (A) Representative western blot analysis of Integrin αv, Integrin β3, FGF2 

and β-actin in lung protein extracts from control, SuHx, SuHx rats treated with PTU. (B-D) The bar 

graphs show the ratios of Integrin αv, Integrin β3 and FGF2 ratio protein expression relative to 

controls. Data are expressed as mean ± SE (n=4). *P <0.05 versus control and #P <0.05 versus 

SuHx.  
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