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IUGR O3x3-JD2018 study. 
Figure 1:  Timeline of key life events in rats and air pollutant exposures.
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Fig. 2A-C
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morphometry, rectangular areas 
within dorsal (A), lateral (B), and 
ventral (C) regions were assessed. 
Within each rectangle, structures 
crossing guard lines were visually 
identified as alveolar (A) or ductal 
(D) space, and the number and 
chord length of the space is quan-
tified (Fig. 2A). Schematic of the 
small and medium-sized vessel 
medial wall thickness (MWT%) 
based on inner diameter (ID) and 
outer diameter (OD) 
measurements (Fig. 2B). 
Schematic of large vessel length 
and wall thickness (insert) for the 
central airway (AW) and 
pulmonary artery (PA) and 
pulmonary vein (PV) (Fig. 2C). 
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Figure 3A-E. Corresponding offspring group means (± SEM) values for body weight (gm) in females (Fig. 3A, n =
9-12/group) and males (Fig. 3B, n = 10-12/group) prior to the 1st, 2nd, and 3rd peri-adolescent air or ozone
exposure. Comparison of A:Ax3 to A:O3x3 group-only body weights for both sexes (Fig. 3C). Comparison of final
body length (cm) in males (Fig. 3D) and body mass index (kg/M2) in females (Fig. 3E). Significant difference from
the females of the same age (****p  0.0001) and significant difference from M A:Ax3 males (λ p  0.05).
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Figure 3A-E. Corresponding offspring group means (± SEM) values for body weight (gm) in females (Fig. 3A, n =
9-12/group) and males (Fig. 3B, n = 10-12/group) prior to the 1st, 2nd, and 3rd peri-adolescent air or ozone
exposure. Comparison of A:Ax3 to A:O3x3 group-only body weights for both sexes (Fig. 3C). Comparison of final
body length (cm) in males (Fig. 3D) and body mass index (kg/M2) in females (Fig. 3E). Significant difference from
the females of the same age (****p  0.0001) and significant difference from M A:Ax3 males (λ p  0.05).
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Figure 4A-C. Left lung lobe displacement volumes prorated to TLC are depicted, including volumes predicted by
body weight and by body height-adjustment factors (Fig. 4A). Corresponding group means (± SEM) values of the
pro-rated total lung displacement volume adjusted by height for females (Fig. 4B, n= 9-12) and males (Fig. 4C, n =
10-12). Significant difference from the corresponding control group (*p  0.05, **p  0.01, ***p  0.001).
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Figure 4A-C. Left lung lobe displacement volumes prorated to TLC are depicted, including volumes predicted by
body weight and by body height-adjustment factors (Fig. 4A). Corresponding group means (± SEM) values of the
pro-rated total lung displacement volume adjusted by height for females (Fig. 4B, n= 9-12) and males (Fig. 4C, n =
10-12). Significant difference from the corresponding control group (*p  0.05, **p  0.01, ***p  0.001).
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Figure 5A-C. Representative transverse AW8 lung sections are depicted for females (Fig. 5A) and males (Fig. 5B). 
Corresponding group mean (± SEM) values for the AW8 sectional areas (mm2) are depicted for females (Fig. 5C, n
= 7-8) and males (Fig. 5D, n = 7-9). Significant difference from the corresponding A:Ax3 group by sex (*p  0.05).   
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Figure 6A-G. Representative photomicrographs (Fig. 6A, Black lines = 200 µm).  6B. Alveolar capillary dysplasia (ACD)-like changes are 
present with increased numerous of macrophages within airspaces, 6C. Mild bronchoalveolar ductal hyperplasia changes, 6D. 
Heterogeneous airspace size and thickened septal tips including an insert, and 6E. Cluster of thickened small vessels and thickened 
artery adjacent to small airway (insert). The mean (± SEM) of the modified mean linear intercept (AW8 lung section) for females (Fig. 6F, 
n = 7-8) and males (Fig. 6G, n = 7-9).
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Figure 6A-G. Representative photomicrographs (Fig. 6A, Black lines = 200 µm). 6B. Alveolar capillary dysplasia (ACD)-like
changes are present with increased numerous of macrophages within airspaces, 6C. Mild bronchoalveolar ductal hyperplasia
changes, 6D. Heterogeneous airspace size and thickened septal tips including an insert, and 6E. Cluster of thickened small vessels
and thickened artery adjacent to small airway (insert). The mean (± SEM) of the modified mean linear intercept (AW8 lung
section) for females (Fig. 6F, n = 7-8) and males (Fig. 6G, n = 7-9).
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Figure 7A-D. Airspace morphometrics related to alveolar number estimated for the AW8 lung section in females
(Fig. 7A, n = 7-8) and males (Fig.7B, n = 7-9); with corresponding alveolar area estimations in females (Fig. 7C, n =
7-8) and males (Fig. 7D, n = 7-9). Group means (± SEM) are depicted. Significant difference from the corresponding
A:Ax3 group (*p  0.05).
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Figure 7A-D. Airspace morphometrics related to alveolar number estimated for the AW8 lung section in females
(Fig. 7A, n = 7-8) and males (Fig.7B, n = 7-9); with corresponding alveolar area estimations in females (Fig. 7C, n =
7-8) and males (Fig. 7D, n = 7-9). Group means (± SEM) are depicted. Significant difference from the corresponding
A:Ax3 group (*p  0.05).
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Figure 8A-F. Airspace morphometrics related to ductal number in the AW8 lung section in females (Fig. 8A, n
= 7-8) and males (Fig. 8B, n = 7-9); corresponding ductal areas in females (Fig. 8C, n = 7-8) and males (Fig. 8D,
males, n = 7-9); and ratio of the ductal area to alveolar area in females (Fig. 8E, n = 7-8) and males (Fig.  8F, n =
7-9). Group mean (± SEM) values are depicted. Significant difference from the corresponding A:Ax3 group (*p
 0.05; **p  0.01).
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Figure 8A-F. Airspace morphometrics related to ductal number in the AW8 lung section in females (Fig. 8A, n
= 7-8) and males (Fig. 8B, n = 7-9); corresponding ductal areas in females (Fig. 8C, n = 7-8) and males (Fig. 8D,
males, n = 7-9); and ratio of the ductal area to alveolar area in females (Fig. 8E, n = 7-8) and males (Fig.  8F, n =
7-9). Group mean (± SEM) values are depicted. Significant difference from the corresponding A:Ax3 group (*p
 0.05; **p  0.01).
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Figure 8A-F. Airspace morphometrics related to ductal number in the AW8 lung section in females (Fig. 8A, n
= 7-8) and males (Fig. 8B, n = 7-9); corresponding ductal areas in females (Fig. 8C, n = 7-8) and males (Fig. 8D,
males, n = 7-9); and ratio of the ductal area to alveolar area in females (Fig. 8E, n = 7-8) and males (Fig.  8F, n =
7-9). Group mean (± SEM) values are depicted. Significant difference from the corresponding A:Ax3 group (*p
 0.05; **p  0.01).
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8F. Ratio of the ductal area to alveolar area in AW8 lung section. Males 
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Figure 9A-D. Medial wall thickness (MWT%) of small-sized (<125 µm) vessels in females (Fig. 9A, n = 6/group) and
males (Fig. 9B, n = 6/group); and medium-sized (>125 µm) vessels in females (Fig. 9C, n=6/group) and males (Fig. 
9D, n = 6/group) from H&E-stained sections are depicted. Data are expressed as means ± SEM. Significant
difference from the corresponding A:Ax3 group (*p  0.05; **p  0.01). Representative small- and medium-sized
vessel H&E-stained images are provided for the F A:Ax3 and F O3:Ax3 groups (Fig. 9E) and M A:Ax3 and M O3:O3x3
groups (Fig. 9F). Black lines = 200 µm.
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Figure 9A-D. Medial wall thickness (MWT%) of small-sized (<125 µm) vessels in females (Fig. 9A, n = 6/group) and
males (Fig. 9B, n = 6/group); and medium-sized (>125 µm) vessels in females (Fig. 9C, n=6/group) and males (Fig. 
9D, n = 6/group) from H&E-stained sections are depicted. Data are expressed as means ± SEM. Significant
difference from the corresponding A:Ax3 group (*p  0.05; **p  0.01). Representative small- and medium-sized
vessel H&E-stained images are provided for the F A:Ax3 and F O3:Ax3 groups (Fig. 9E) and M A:Ax3 and M O3:O3x3
groups (Fig. 9F). Black lines = 200 µm.

9C. MWT% Medium Pulmonary arteries. Females 
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Fig. 9E-F. Small and medium vessel MWT%.
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Figure 10A-H. Correlations for F A:Ax3 (white circle) vs. F O3:Ax3 (pink circle) groups, with and without the F
A:O3x3 subject with visibly enlarged heart (larger pink checkered symbol) (Fig. 10A, 10C, 10E; n = 6/group). The
Pearson r correlation (r) and correlation significance are provided within graphs. Significance of correlations
inclusive of pup with an enlarged heart are provided within brackets. Correlations for M A:Ax3 (white square) vs.
M O3:O3x3 (blue hatched square) groups are depicted (Fig. 10B, 10D, 10F; n = 6/group). For the significant
correlations, lines are provided only for ease of visualizing the direction of change. Histologic images of the F
O3:Ax3 offspring with an enlarged heart revealed greatly enlarged large airspaces (Fig. 10G) and extensive medial
hypertrophy of the pulmonary artery (Fig. 10H). Arrow shows poor tethering of a small airway (AW). Black line = 200 µm.
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Figure 10A-H. Correlations for F A:Ax3 (white circle) vs. F O3:Ax3 (pink circle) groups, with and without the F
A:O3x3 subject with visibly enlarged heart (larger pink checkered symbol) (Fig. 10A, 10C, 10E; n = 6/group). The
Pearson r correlation (r) and correlation significance are provided within graphs. Significance of correlations
inclusive of pup with an enlarged heart are provided within brackets. Correlations for M A:Ax3 (white square) vs.
M O3:O3x3 (blue hatched square) groups are depicted (Fig. 10B, 10D, 10F; n = 6/group). For the significant
correlations, lines are provided only for ease of visualizing the direction of change. Histologic images of the F
O3:Ax3 offspring with an enlarged heart revealed greatly enlarged large airspaces (Fig. 10G) and extensive medial
hypertrophy of the pulmonary artery (Fig. 10H). Arrow shows poor tethering of a small airway (AW). Black line = 200 µm.
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Histologic images of the F O3:Ax3 offspring with an enlarged heart revealed greatly enlarged large air-
spaces (Fig. 10G) and extensive medial hypertrophy of the pulmonary artery (Fig. 10H). Arrow shows poor 

tethering of a small airway (AW). Black line = 200 µm. 
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Figure 11A-F. Summary of the % space occupied by alveoli, as estimated by volume within the AW8 lung section (Fig. 11A, n = 7-8
females and n = 7-9 males). Lung protein content (normalized to lung mass) (Fig. 11B n = 9-12 females and n = 10-12 males). Data
are expressed as means ± SEM. Simple plots of group mean values for % alveolar volume to lung protein content were assessed
for females (Fig. 11C) and males (Fig. 11D). Correlations of % alveolar volume to lung protein content for F A:Ax3 vs. F O3:Ax3
groups (Fig. 11E, n = 7-8) and M A:Ax3 vs. M O3:O3x3 groups (Fig. 11F, n = 7-9). The Pearson r correlation (r) and correlation
significance are provided within graphs. Lines are provided for ease of visualizing the direction of significant correlation.

11A. % Alveolar space by Volume in AW8 section. Females and males 
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M O3:O3x3M A:O3x3M O3:Ax3M A:Ax3M Lung TPF O3:O3x3F A:O3x3F O3:Ax3F A:Ax3F Lung TP
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Figure 11A-F. Summary of the % space occupied by alveoli, as estimated by volume within the AW8 lung section (Fig. 11A, n = 7-8
females and n = 7-9 males). Lung protein content (normalized to lung mass) (Fig. 11B n = 9-12 females and n = 10-12 males). Data
are expressed as means ± SEM. Simple plots of group mean values for % alveolar volume to lung protein content were assessed
for females (Fig. 11C) and males (Fig. 11D). Correlations of % alveolar volume to lung protein content for F A:Ax3 vs. F O3:Ax3
groups (Fig. 11E, n = 7-8) and M A:Ax3 vs. M O3:O3x3 groups (Fig. 11F, n = 7-9). The Pearson r correlation (r) and correlation
significance are provided within graphs. Lines are provided for ease of visualizing the direction of significant correlation.
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Figure 11A-F. Summary of the % space occupied by alveoli, as estimated by volume within the AW8 lung section (Fig. 11A, n = 7-8
females and n = 7-9 males). Lung protein content (normalized to lung mass) (Fig. 11B n = 9-12 females and n = 10-12 males). Data
are expressed as means ± SEM. Simple plots of group mean values for % alveolar volume to lung protein content were assessed
for females (Fig. 11C) and males (Fig. 11D). Correlations of % alveolar volume to lung protein content for F A:Ax3 vs. F O3:Ax3
groups (Fig. 11E, n = 7-8) and M A:Ax3 vs. M O3:O3x3 groups (Fig. 11F, n = 7-9). The Pearson r correlation (r) and correlation
significance are provided within graphs. Lines are provided for ease of visualizing the direction of significant correlation.
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12A. Lung gene expression. Females.

Figure. 12A-B. Using qRT-PCR, lung mRNA expression was assessed for female offspring (n = 7–11/ exposure group; Fig. 12A) from
dams exposed to air (white bars) or ozone (pink bars) during gestation, and for male offspring (n = 8–11/group; Fig. 12B) from
dams exposed to air (white bars) or ozone (blue bars) during gestation. Additional peri-adolescent ozone exposures are indicated
by hatching of the bars. Genes included hypoxia inducible factor-1 alpha (Hif-1α), vascular endothelial growth factor (Vegfa), Vegf
trans-membrane receptor 2 (Vegfr2), Angiopoietin1 (Angpt1), Nitric oxide synthase 3 (Nos3), Platelet endothelial cell adhesion
molecule-1 (Pecam-1), Dual-specificity phosphatase 1 (Dusp1) and Endothelin-1 (Et-1). Data are expressed as means ± SEM.
Significant difference from the corresponding A:Ax3 groups (*p  0.05; **p  0.01, and ***p  0.001).

FOOFAOFOAFAA
F Flk 
(R2)FOOFAOFOAFAA

F Flt 
(R1)FOOFAOFOAFAAF VegfaFOOFAOFOAFAAF Hif-1

9107910118891179101178
Number of 
values

1.3921.2511.5281.1100.98721.3471.1241.0571.3081.2541.7181.1460.62351.1030.85611.013Mean

0.43610.29850.51190.46290.36490.45680.24760.39680.27510.41600.48070.58570.39980.34450.10510.1729
Std. 
Deviation

0.14540.094400.19350.15430.11540.13770.087530.14030.091710.12540.18170.19520.12640.10390.039730.06111
Std. Error 
of Mean

FOOFAOFOAFAAF Et-1FOOFAOFOAFAAF Dusp1FOOFAOFOAFAA
F 

Pecam1FOOFAOFOAFAAF Nos3FOOFAOFOAFAA
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Angpt1
101179101188101188101187101188

1.0711.2441.1661.1220.68710.80120.74901.0660.45350.68300.60221.0250.64350.79310.48000.93390.53190.77150.61751.043
0.27100.49320.32680.46430.17000.20430.17380.40250.33560.21560.25140.25110.40290.44370.40890.33980.37640.20280.29790.3306

0.085690.14870.12350.15480.053770.061590.061450.14230.10610.065000.088870.088760.12740.13380.14460.12840.11900.061160.10530.1169
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12B. Lung gene expression. Males. 

Figure. 12A-B. Using qRT-PCR, lung mRNA expression was assessed for female offspring (n = 7–11/ exposure group; Fig. 12A) from
dams exposed to air (white bars) or ozone (pink bars) during gestation, and for male offspring (n = 8–11/group; Fig. 12B) from
dams exposed to air (white bars) or ozone (blue bars) during gestation. Additional peri-adolescent ozone exposures are indicated
by hatching of the bars. Genes included hypoxia inducible factor-1 alpha (Hif-1α), vascular endothelial growth factor (Vegfa), Vegf
trans-membrane receptor 2 (Vegfr2), Angiopoietin1 (Angpt1), Nitric oxide synthase 3 (Nos3), Platelet endothelial cell adhesion
molecule-1 (Pecam-1), Dual-specificity phosphatase 1 (Dusp1) and Endothelin-1 (Et-1). Data are expressed as means ± SEM.
Significant difference from the corresponding A:Ax3 groups (*p  0.05; **p  0.01, and ***p  0.001).
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Figure 13. Schematic of gene expression changes for significant dam or pup exposure effects with predicted health

impacts in endothelial cells (EC) and vascular smooth muscle cells (VSMC). Arrows indicate direction of change.
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Table 1. qRT-PCR primer sequences designed for target genes. 

Reverse SequenceForward SequencePrimer

GAAACCAAACTGCCGTGATGAGGTTGAACAAGTGTGGAGTTARps15α

GTTGTTGGTAGCTCTGCTAAGTGACACCTTGAAGGAGGAGAAAGAngpt1

GCCTGCTCTGGGTCTATTTACTGGTCTGCCCTCACAAATGDusp1

GGAACACCTCAACCTCTCTTGGAACATCTGTCCGGCTTCTACEt-1

CTCAGGTGAGCTTTGTCTAGTGGAAGTTAGAGTCAAGCCCAGAGHif-1α

CCCTCATGCCAATCTCTGAATCCCAGCTGTGTCCAATATGNos3

ACCTTGACCCTCAGGATCTCCCCAGTGACATTCACAGACAPecam-1

GGTCTCTCTCTCTCTCTCTCTTCGCTCCTTCACTCCCTCAAATTAVegfa

GCAGTGCTCACCTCTAACGATACGTCACAGATGTGCCAAACVegfr1

GTGAGGATGACCGTGTAGTTTCGACGACCCATTGAGTCCAATTAVegfr2
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Table 2. Morphometrics (in µm) of the large central airway (AW) and associated pulmonary artery (PA) and pulmonary vein (PV).  Data 
are expressed as means ± SEM. * Indicates different than A:Ax3 group;  * p  0.05; ** p  0.01; *** p  0.001.

Exposure Effectn = 6n = 6n = 6n = 6Males

AW5

n.s.
1450 ± 841760 ± 1101620 ± 471520 ± 100

Central AW diameter

n.s.
1280 ± 511270 ± 1401280 ± 751220 ± 100

PA length

n.s.31.8 ±31.7 ± 1.5
30.8 ± 1.234.1 ± 1.9

Intimal + Medial layer

n.s.27.8 ± 0.9828.6 ± 2.3
27.4 ± 1.828.6 ± 3.2

Adventitial layer

*Interaction
1240 ± 821560 ± 110

1380 ± 751260 ± 120
PV length

n.s.49.4 ± 2.860.5 ± 3.058.2 ± 4.057.5 ± 4.1
Muscular layer

AW8
n.s.1240 ± 841270 ± 561180 ± 1201180 ± 75

Central AW diameter

n.s.1040 ± 110963 ± 130920 ± 60946 ± 51
PA length

n.s.
32.4 ± 0.8930.5 ± 1.529.6 ± 0.7432.8 ± 2.1

Intimal + Medial layer

n.s.
27.7 ± 0.5823.6 ± 1.325.7 ± 1.926.8 ± 1.1

Adventitial layer

*Pup Effect
809 ± 25957 ± 80758 ± 70726 ± 71

PV length

*Interaction
20.7 ± 4.526.4 ± 3.326.2 ± 4.528.0 ± 4.1

Muscular layer

ANOVA                                                   O3:O3x3A:O3x3O3:Ax3A:Ax3GroupsANOVA                                                   O3:O3x3A:O3x3O3:Ax3A:Ax3Groups

Exposure Effectn = 6n = 6n = 6n = 6Females

AW5

n.s.1670 ± 811700 ± 1021840 ± 1141535 ± 110Central AW diameter

n.s.1060 ± 621230 ± 811200 ± 601280 ± 100PA length

***Dam effect
*Interaction

28.3 ± 1.426.2 ± 1.433.6 ± 1.1***24.1 ± 1.4Intimal + Medial layer

n.s.21.2 ± 1.324.7 ± 1.325.9 ± 2.224.8 ± 1.9Adventitial layer

n.s.1160 ± 1461300 ± 1151300 ± 1141270 ± 120PV length

*Pup Effect37.5 ± 2.442.5 ± 4.045.9 ± 4.950.4 ± 3.9Muscular layer

AW8

n.s.1220 ± 771160 ± 851310 ± 981180 ± 69Central AW diameter

n.s.801 ± 58950 ± 83821 ± 110812 ± 45PA length

*Interaction27.1 ± 1.428.9 ± 2.630.5 ± 0.21*23.5 ± 1.2Intimal + Medial layer

*Interaction22.2 ± 1.225.9 ± 0.9525.5 ± 1.920.7 ± 2.1Adventitial layer

n.s.650 ± 57734 ± 96773 ± 120642 ± 120PV length

n.s.15.0 ± 2.223.9 ± 4.126.0 ± 3.524.4 ± 5.6Muscular layer
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Supplemental figures.

Figure S1 A-H. Summary of correlations for vessel morphometric changes with vascular genes showing increased
expression relative to air controls. Group mean values for females (circles) (Fig. S1 A, C, E, G) and males (boxes) (Fig. 
S1 B, D, F, H). The Pearson r correlation (r) and correlation significance (p) are provided within graphs. Lines are
provided for ease of visualizing the direction of significant correlation.
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Supplemental figures.

Figure S1 A-H. Summary of correlations for vessel morphometric changes with vascular genes showing increased
expression relative to air controls. Group mean values for females (circles) (Fig. S1 A, C, E, G) and males (boxes) (Fig. 
S1 B, D, F, H). The Pearson r correlation (r) and correlation significance (p) are provided within graphs. Lines are
provided for ease of visualizing the direction of significant correlation.
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Supplemental figures.

Figure S2 A-F. Summary of correlations for vessel morphometric changes with vascular genes showing decreased 
expression relative to air controls. Group mean values for females (circles, inclusive of the pup with an enlarged 
heart) (Fig. S2 A, C, E) and males (boxes) (Fig. S2 B, D, F). The Pearson r correlation (r) and correlation significance 
(p) are provided within graphs. Lines are provided for ease of visualizing the direction of significant correlation.
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