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Protective role of CXCR7 activation 
in neonatal hyperoxia‑induced 
systemic vascular remodeling 
and cardiovascular dysfunction 
in juvenile rats
Merline Benny 1,2*, Mayank Sharma 1,2, Shathiyah Kulandavelu 1,3, PingPing Chen 1,2, 
Runxia Tian 1,2, Sydne Ballengee 1,2, Jiang Huang 1,2, Amanda F. Levine 1,2, Matteo Claure 1,2, 
Augusto F. Schmidt 1,2, Roberto I. Vazquez‑Padron 4, Claudia O. Rodrigues 3,5, Shu Wu 1,2, 
Omaida C. Velazquez 4 & Karen C. Young 1,2,3

Neonatal hyperoxia induces long‑term systemic vascular stiffness and cardiovascular remodeling, 
but the mechanisms are unclear. Chemokine receptor 7 (CXCR7) represents a key regulator of 
vascular homeostasis and repair by modulating TGF‑β1 signaling. This study investigated whether 
pharmacological CXCR7 agonism prevents neonatal hyperoxia‑induced systemic vascular stiffness 
and cardiac dysfunction in juvenile rats. Newborn Sprague Dawley rat pups assigned to room air 
or hyperoxia (85% oxygen), received CXCR7 agonist, TC14012 or placebo for 3 weeks. These rat 
pups were maintained in room air until 6 weeks when aortic pulse wave velocity doppler, cardiac 
echocardiography, aortic and left ventricular (LV) fibrosis were assessed. Neonatal hyperoxia 
induced systemic vascular stiffness and cardiac dysfunction in 6‑week‑old rats. This was associated 
with decreased aortic and LV CXCR7 expression. Early treatment with TC14012, partially protected 
against neonatal hyperoxia‑induced systemic vascular stiffness and improved LV dysfunction 
and fibrosis in juvenile rats by decreasing TGF‑β1 expression. In vitro, hyperoxia‑exposed human 
umbilical arterial endothelial cells and coronary artery endothelial cells had increased TGF‑β1 levels. 
However, treatment with TC14012 significantly reduced the TGF‑β1 levels. These results suggest that 
dysregulation of endothelial CXCR7 signaling may contribute to neonatal hyperoxia‑induced systemic 
vascular stiffness and cardiac dysfunction.

Prematurity exposes the vulnerable vascular tree and preterm heart to hostile intrauterine and extrauterine 
conditions, leading to persistent alterations in cardiovascular function even into  adulthood1,2. As preterm sur-
vival rate has increased, so has the incidence of these morbidities in the first adult generation surviving extreme 
preterm  birth3–6. Adults born preterm have an increased risk of hypertension, atherosclerosis, ischemic heart 
disease, altered cardiac remodeling and early heart  failure7–11. Understanding the molecular underpinnings for 
these vascular perturbations and cardiovascular dysfunction is critical to developing effective therapies and 
improving long-term outcomes.

It has long been demonstrated that neonatal hyperoxia induces oxidative stress and contributes to bron-
chopulmonary dysplasia and retinopathy of  prematurity12,13. Previous studies have shown that neonatal hyper-
oxia exposure induces systemic vascular stiffness, aortic fibrosis and cardiac dysfunction in juvenile  rats14–16. 
Endothelial injury and excessive fibrosis are key contributors to this systemic vascular dysfunction but the 
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molecular underpinnings linking oxygen supplementation in early neonatal life and adult vascular dysfunction 
are essentially unknown.

Chemokine receptors and their ligands play significant roles in vascular development and  remodeling17,18. 
Genome wide association studies have identified the genetic locus of CXCL12, which encodes C-X-C motif 
chemokine 12, also known as stromal cell-derived factor (SDF-1) to be associated with increased risk of heart 
 disease19. Chemokine receptor 7 (CXCR7) or atypical chemokine receptor 3 (ACKR3) is a transmembrane span-
ning receptor of the ligand SDF-1, a cytokine known to play a key role in organ development and repair after 
injury. Downstream signaling of SDF-1 following binding to its receptors, CXCR7 and chemokine receptor 4 
(CXCR4), modulates vascular homeostasis and  repair20. CXCR7 functions as a decoy receptor for SDF-1, bind-
ing it with tenfold higher affinity than  CXCR421. CXCR7 impacts angiogenesis by regulating endothelial cell 
migration and tube formation in vitro22. Complete CXCR7 deletion disrupts vascular formation suggesting that 
CXCR7 is involved at multiple points in cardiovascular  development23. SDF-1/CXCR7 axis thus plays a pivotal 
part in endothelial biology and promotes developmental and pathological  angiogenesis24,25.

Emerging evidence also demonstrates that CXCR7 is a novel regulator of endothelial repair and fibrosis at 
sites of stress or injury in the  endothelium24,26–28. Endothelial-specific deletion of CXCR7 produces mesenchymal 
cell proliferation in cardiac valves, impairs vascular homeostasis, and potentiates cardiac  fibrosis26,29. Moreover, 
CXCR7 agonism pharmacologically or via gene delivery decreases post-infarct fibrosis and  remodeling26. In 
light of this intricate interplay between SDF-1, CXCR7, and CXCR4, we aimed to dissect the role of CXCR7 in 
neonatal hyperoxia-induced systemic vascular stiffness and cardiovascular dysfunction. Here we investigated 
whether neonatal hyperoxia-exposure alters aortic SDF-1/CXCR7 axis and whether pharmacological CXCR7 
agonism prevents neonatal hyperoxia-induced systemic vascular stiffness and cardiovascular dysfunction in 
juvenile rats. Our study has important implications as currently there are no therapeutic strategies to prevent 
the long-term cardiovascular consequences of preterm birth.

Results
Neonatal hyperoxia alters CXCR7 expression in the aorta and left ventricle (LV) of juvenile rats
CXCR7 is a key regulator of vascular  homeostasis26,30. Exposure to neonatal hyperoxia was associated with more 
than a twofold decrease in CXCR7 gene (p value = 0.007) and CXCR7 protein (p value < 0.0001) expression in 
aortas of juvenile rats (Fig. 1A,B). Immunostaining to determine the spatial expression of CXCR7 in aorta dem-
onstrated that CXCR7 was expressed in the tunica intima and tunica media of the aorta (Fig. 1C) and revealed a 
decrease in CXCR7 expression in the hyperoxia-exposed aortas (Fig. 1D, p value = 0.004). This was accompanied 
by a 1.6-fold decrease in protein expression of SDF-1 in the aorta (Fig. 1E, p value = 0.02). Moreover, double 
immunofluorescence staining of aortic sections with vWF (green), a marker of endothelial cells, and CXCR7 
(red) showed that CXCR7 is expressed in the endothelial cells (Fig. 1F). Western blot analysis also demonstrated 
that, when compared to room air-exposed rats, the hyperoxia-exposed rats had a threefold and 1.8-fold decrease 
in LV CXCR7 (Fig. 1G, p value = 0.03) and SDF-1 expression respectively (Fig. 1H, p value = 0.01).

Effect of CXCR7 agonism on neonatal hyperoxia‑induced systemic vascular stiffness and car‑
diovascular dysfunction
Pulse wave velocity (PWV), an indirect measure of the vascular stiffness of a vessel, has emerged as a power-
ful tool for the diagnosis of cardiovascular disease and  mortality31,32. To ascertain whether pharmacological 
CXCR7 activation protects against neonatal hyperoxia-induced systemic vascular stiffness and cardiovascular 
dysfunction, we performed PWV and echocardiography. There was no significant difference in PWV and car-
diac function between normoxia-exposed placebo (PL) and normoxia-exposed TC14012 treated rats. Whereas 
hyperoxia-exposed placebo (PL) treated rats had increased aortic stiffness as evidenced by increased PWV, the 
administration of a specific CXCR7 agonist, TC14012 showed a trend to decreasing hyperoxia-induced aortic 
stiffness to room air levels but this was not statistically significant (Fig. 2A). Given the intricate relationship 
between systemic vascular stiffness and cardiac function, we next assessed cardiac function in these rats. Inter-
estingly, cardiac echocardiography demonstrated that hyperoxia PL-treated rats had decreased LV function 
parameters such as stroke volume, ejection fraction, fractional shortening, cardiac output and increased LV end 
systolic volume. Administration of TC14012 significantly improved these parameters of LV dysfunction seen in 
hyperoxia-exposed rats (Fig. 2B–F).

CXCR7 agonism decreases aortic and LV pro‑fibrotic markers in juvenile rats
CXCR7 plays a critical role in modulating  fibrosis27, thus, we next assessed whether CXCR7 activation would 
alter the expression of pro-fibrotic markers in the aorta and LV of neonatal hyperoxia-exposed rats. As expected, 
hyperoxia PL-treated rats had increased aortic collagen 1a2 (Col 1a2) (Fig. 3A) and TGF-β1 (Fig. 3B) mRNA 
levels. These levels were significantly decreased in hyperoxia-exposed rats treated with TC14012. Similarly, 
hyperoxia PL-treated rats had increased LV Col 1a2 gene expression (Fig. 3C) and TGF-β1-3 protein concentra-
tions (Fig. 3D–F). Administration of TC14012 in hyperoxia-exposed rats decreased LV Col 1a2 mRNA levels 
and TGF-β1 protein concentration (Fig. 3C–F). CXCR7 agonism did not significantly alter aortic and profibrotic 
markers in normoxia-exposed rats. This suggests that CXCR7 agonism may improve neonatal hyperoxia-induced 
cardiovascular fibrosis by decreasing TGF-β1 expression.

CXCR7 agonism attenuates hyperoxia‑induced systemic vascular endothelial cell injury
To study the role of endothelial CXCR7 in neonatal hyperoxia-induced systemic vascular dysfunction, we used 
human umbilical arterial endothelial cells (HUAECs), as the aorta is a direct extension of the umbilical artery 
in neonates. Exposure to hyperoxia for 24, 48 and 72 h (hr) significantly decreased CXCR7 expression in the 
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HUAECs (Fig. 4A). This was accompanied by decreased cell viability, proliferation and survival (Fig. 4B–D). 
In contrast, hyperoxia-exposed HUAECs treated with varying doses of TC14012 had improved cell viability, 
increased cell proliferation, and survival (Fig. 4B–D). This suggests that CXCR7 may play an important role in 
preventing hyperoxia-induced systemic vascular endothelial cell injury.

Given that neonatal hyperoxia is associated with aberrant cardiovascular inflammation and fibrosis, we 
next evaluated the expression of key inflammatory, pro-fibrotic and matrix remodeling genes in HUAECs. As 
expected, hyperoxia increased the expression of several genes related with inflammation such as NLR pyrin 
domain containing (NLRP1), 3.4-fold; monocyte chemoattractant protein-1 (MCP-1), 1.6-fold; nuclear factor 
kappa B1 subunit (NF-кB1), 1.6-fold; TGF-β1, 6.2-fold; (Fig. 5A–D), matrix remodeling genes such as matrix 
metalloproteinase-1 (MMP-1), eightfold; lysyl oxidase (LOX), 2.7-fold; (Fig. 5E–F) and decreased gene expres-
sion of SDF-1, fourfold (Fig. 5G). Treatment with TC14012 partially reversed this effect, suggesting that CXCR7 
agonism may blunt the inflammatory response of the hyperoxia-exposed systemic vascular endothelial cells.

CXCR7 agonism decreases hyperoxia‑induced inflammation in human coronary endothelial 
cells (HCAECs)
Given the beneficial effects of CXCR7 agonism in our in vivo model of cardiac dysfunction, we also investigated 
the effect of CXCR7 agonism in hyperoxia-exposed HCAECs. Consistent with our findings in the HUAECs, 
hyperoxia exposure of the HCAECs increased the expression of several genes related with inflammation, NLRP1 
(5.3-fold), MCP-1 (13-fold), NF-кB1 (5.2-fold), TGF-β1 (6.2-fold) (Fig. 6A–D), matrix remodeling MMP1 (nine-
fold), LOX (7.2-fold) (Fig. 6E,F), and decreased gene expression of SDF-1 (threefold) (Fig. 6G). This was partially 
prevented by CXCR7 agonism in the coronary endothelial cells, suggesting that the CXCR7 attenuates hyperoxia-
induced upregulation of pro-inflammatory, pro-fibrotic and matrix remodeling pathways.

Discussion
Evidence from experimental and early clinical studies show that preterm born survivors have persistently 
impaired cardiovascular  function9,11,33,34. However, the pathogenic mechanisms that result in this cardiovas-
cular dysfunction in preterm born survivors are poorly understood. In adult cardiovascular diseases, CXCR7 
has been shown to exert an atheroprotective, cardioprotective and antithrombotic role through a wide range of 

Figure 1.  Neonatal hyperoxia exposure decreases aortic and left ventricular CXCR7 and SDF-1 expression in 
juvenile rats. Decreased aortic (A) CXCR7 mRNA (B) CXCR7 protein expression (C) Representative images 
of aorta CXCR7 immunostaining (brown staining) and corresponding (D) CXCR7 quantification using image 
J showing decreased CXCR7 in aortas of 6-week-old rats exposed to neonatal hyperoxia (scale bar 50 µm). An 
inset at 2 × focal enlargement of the areas indicated by the arrows is also given. (E) SDF-1 protein expression in 
6-week-old rats exposed to neonatal hyperoxia. (F) Double immunofluorescent staining with CXCR7 (red) and 
von Willebrand factor (vWF; green) antibodies, showing decreased endothelial CXCR7 (yellow) in the aorta of 
hyperoxia-exposed rats. DAPI stains nuclei blue. Decreased left ventricular (G) CXCR7 protein expression and 
(H) SDF-1 protein expression in 6-week-old rats exposed to neonatal hyperoxia. Representative Western blot 
is shown in the lower panel. CXCR7 and SDF-1 expression was normalized to β-Actin, n = 5–8/group, data are 
mean ± SEM, Student’s unpaired t-test. *p < 0.05, **p < 0.01, ****p < 0.0001; RA = room air; HYP = hyperoxia.
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cells such as endothelial cells, inflammatory cells, platelets, fibroblasts and  cardiomyocytes35. In this study, we 
demonstrate a novel role for CXCR7 in modulating systemic vascular stiffness and cardiac function in juvenile 
rats exposed to neonatal hyperoxia. In vivo, we show that neonatal hyperoxia exposure induces systemic vas-
cular stiffness and LV dysfunction. This was accompanied by decreased CXCR7 and increased TGF-β1 levels in 
the aorta and LV of these hyperoxia-exposed rats. Early administration of a CXCR7 agonist partially prevented 
neonatal hyperoxia-induced systemic vascular stiffness and preserved LV function. This improvement was associ-
ated with decreased aortic and LV TGF-β1 levels. In vitro, we show that hyperoxia exposure decreases CXCR7 
expression in systemic vascular endothelial cells. CXCR7 agonism improved cell survival and proliferation in 
hyperoxia-exposed systemic vascular endothelial cells. Additionally, CXCR7 agonism decreased TGF-β1 levels 
in hyperoxia-exposed systemic vascular and coronary artery endothelial cells. Taken together, these findings 
suggest that pharmacological CXCR7 agonism may prevent the cardiovascular consequences of preterm birth 
by modulating TGF-β1 expression.

Hyperoxia exposure in preterm infants is a well-known cause of multiorgan damage in preterm  infants36–38. 
Additionally, the link between hyperoxia and vascular stiffness is consistently shown even in adults exposed to 
hyperoxia, where healthy human subjects exposed to hyperoxia with 100% normobaric oxygen for 30 min have 
increased arterial stiffness, as manifested by increased pulse wave augmentation index and elevated biochemi-
cal markers of oxidative  stress39. In our present study, we used the neonatal hyperoxia rodent model, which 
recapitulates the condition of prematurity where antioxidant defense is deficient and supplemental oxygen ren-
ders the vasculature vulnerable to oxidative damage. Hyperoxia exposure increases oxidative stress and leads 
to endothelial dysfunction, a well-recognized marker of cardiovascular  disease40,41. Intracellular signals from 
injured endothelial cells interact with underlying vascular smooth muscle cells triggering extracellular matrix 
remodeling and  fibrosis42.

In our present rodent study, we show a significant reduction in aortic and LV CXCR7 and SDF-1 levels 
in juvenile rats exposed to neonatal hyperoxia. These findings are consistent with our prior studies showing 
decreased SDF-1 levels in the lungs of neonatal hyperoxia-exposed  rats43. Interestingly, in injured arteries of 
humans and mice, endothelial CXCR7 was  upregulated26. Single-cardiomyocyte RNA sequencing of human 
heart specimens also demonstrated increased CXCR7 expression in heart failure  patients44. Additionally, SDF-1 
mRNA is selectively induced in adult rodents with myocardial  infarction45. It is plausible that the reduction in 
SDF-1 and CXCR7 levels seen in our neonatal hyperoxia model contributes to suboptimal cardiovascular repair 
during a vulnerable phase of development.

To further explore the potential protective role of CXCR7 in systemic vascular stiffness, we administered 
a CXCR7 agonist, TC14012 to neonatal rats exposed to hyperoxia. Whereas, placebo treated animals, had a 

Figure 2.  Effects of CXCR7 activation on neonatal hyperoxia induced systemic vascular stiffness and cardiac 
function in juvenile rats. (A) Doppler ultrasound shows that neonatal hyperoxia exposure increased vascular 
stiffness in juvenile rats, but there was no difference in PWV between the room air treated and hyperoxia treated 
TC14012 groups. Echocardiography shows that TC14012 administration preserved long-term LV function 
parameters (B) Stroke Volume (C) Ejection Fraction (D) Fractional Shortening (E) Cardiac Output (F) Left 
ventricular End Systolic Volume in the hyperoxia-exposed rats. n = 6–9/group, data are mean ± SEM, Two-way 
ANOVA with Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ****p < 0.0001; RA + PL = room air-exposed 
placebo treated versus HYP + PL = hyperoxia-exposed placebo treated versus RA + TC14012 = room air treated 
with TC14012 versus HYP + TC14012 = hyperoxia-exposed treated with TC 14012.
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significant increase in vascular stiffness with hyperoxia exposure, there was no difference in PWV between the 
room air and hyperoxic groups who received treatment with TC14012. The exact mechanisms by which CXCR7 
activation decreases vascular stiffness are unclear. Prior studies indicate that CXCR7 agonism inhibits NLRP3 
inflammasome  signaling46, activates p38 mitogen-activated protein kinase pro-survival signaling  pathways47, 
and promotes endothelial progenitor cell  function48. Endothelial dysfunction is a known precursor to vascular 
 remodeling26,30. CXCR7 agonism reduces atherosclerotic lesions in apolipoprotein E  (ApoE−/−) mice fed a high 
fat diet and promotes endothelial repair in a diabetic limb ischemia  model46,48. High oxygen supplementation 
after birth increases oxidative stress and leads to endothelial injury and  dysfunction40,41. Our in vitro evidence in 
hyperoxia-exposed systemic vascular endothelial cells demonstrating that CXCR7 agonism increases endothelial 
cell proliferation and survival, and decreases the expression of endothelial proinflammatory, profibrotic and 
matrix remodeling markers suggests that CXCR7 endothelial protection prevents hyperoxia-exposure induced 
vascular stiffness. Our study findings are consistent with other studies showing that CXCR7 knockdown inhibits 
human umbilical vein endothelial cell survival and proliferation. Moreover, CXCR7 overexpression improves 
cell migration and  angiogenesis49.

Another important finding of our study is that CXCR7 activation distinctly preserved long-term LV func-
tion in neonatal hyperoxia-exposed rats. CXCR7 is abundantly expressed in cardiomyocytes and cardiomyocyte 
specific-CXCR7 null mice showed more cardiac dysfunction than controls following myocardial  infarction44. Our 
present findings are supportive of prior studies showing that increased CXCR7 surface expression on circulating 
platelets correlates with recovery of cardiac function in patients with acute coronary syndrome and ST-segment 
elevation myocardial  infarction50,51. Moreover, CXCR7 agonism provides cardiac protection after myocardial 
infarction by decreasing infarct size, improving cardiac function and promoting  angiogenesis52.

Vascular inflammation, fibrosis and extracellular matrix remodeling are important contributors to vascular 
remodeling and cardiac  dysfunction53–56. We and others have shown that neonatal hyperoxia induces cardio-
vascular fibrosis and remodeling, however the mechanisms have been less  explored14,53,57. Consistent with our 
previous finding, we demonstrate that hyperoxia caused cardiovascular fibrosis in juvenile rats. In contrast, treat-
ment with a CXCR7 agonist preserved cardiovascular function and decreased TGF-β levels in the myocardium 
and aorta of hyperoxia exposed animals. TGF-β is a major driver of fibrosis. Endothelial CXCR7 overexpression 
attenuates TGF-β-induced EMT in rodent lung fibrosis  models58. CXCR7 agonism also reduces fibrosis by sup-
pressing Jagged/Notch and Wnt/β-catenin pro-fibrotic signaling  pathways27,28,49. We speculate that our current 
findings of improved cardiovascular function are in part secondary to decreased TGF-β1 profibrotic signaling.

Our study has strengths and limitations. To the best of our knowledge, this is the first study to unveil the role 
of CXCR7 in neonatal hyperoxia-induced vascular dysfunction in juvenile rats, similar to that seen in preterm 

Figure 3.  CXCR7 activation attenuates markers of aortic and cardiac fibrosis in juvenile rats. Early 
supplementation of TC14012 reduced the gene expression of aortic (A) collagen 1a2 (Col 1a2) (B) TFG-β1 
and (C) LV Col 1a2 mRNA levels in neonatal hyperoxia-exposed juvenile rats. Multiplex protein analysis of 
LV homogenate shows (D) reduced TFG-β1, (E) TFG-β2 and (F) TFG-β3 in the hyperoxia-TC1402 treated 
group. n = 6–7/group, data are mean ± SEM, Two-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05, 
**p < 0.01, ***p < 0.001; RA + PL = room air-exposed placebo treated versus HYP + PL = hyperoxia-exposed 
placebo treated versus RA + TC14012 = room air treated with TC14012 versus HYP + TC14012 = hyperoxia-
exposed treated with TC14012.
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survivors thus suggesting the clinically relevant nature of the study. Using both in vivo and in vitro methods, we 
show that CXCR7 agonism is a potential therapeutic strategy to treat the vascular consequences of preterm birth 
where fibrosis is a key culprit. Our study has specific limitations as well. We used a high concentration of oxygen 
to induce the vascular phenotype in our experimental model, which is not routinely used clinically in preterm 
infants. However, this concentration of oxygen induces vascular dysfunction as seen in preterm born adults. 
Although we show that hyperoxia plays a role in vascular dysfunction, we recognize that vascular dysfunction is 
multifactorial in etiology, and hence this study would need to be evaluated in other experimental models. Also, 
while we show that CXCR7 expression is significantly decreased in remodeled aortas and systemic endothelial 
cells, further mechanistic studies exploring the post transcriptional effects of CXCR7 agonism on inflammation, 
fibrosis and matrix remodeling would be important. Prior work has shown that CXCR7 and CXCR4 can form 
CXCR7/CXCR4 homo-heterodimers and the cross-talk between them can modulate SDF-159. Research into the 
interaction between CXCR7 and CXCR4 is warranted in the next study. Additionally, TC14012 dosing, its efficacy 
and off therapeutic targets in preterm neonates would need to be further studied. It is also important to note 
that while our current study showed improvement in the profibrotic, proinflammatory markers in the HCAECs, 
these cells were obtained from the adult coronary arteries, which may not reflect the behavior of the neonatal 
vasculature. Previous studies have also shown that CXCR7 overexpression promotes homing of mesenchymal 
stem cells and endothelial progenitor cells to the injured  myocardium59,60. Although beyond the scope of this 

Figure 4.  CXCR7 agonism increases cell viability, proliferation and survival in hyperoxia-exposed systemic 
vascular endothelial cells. (A) Western blot analysis showing decreased CXCR7 expression in hyperoxia-exposed 
human umbilical artery endothelial cells (HUAECs) at 24, 48 and 72 h. Treatment of hyperoxia- exposed 
HUAECs with TC14102, a CXCR7 agonist increases (B) cell viability in MTT assay, (C) cell proliferation 
index (percentage of  Ki67posnuclei/total nuclei) and (D) cell survival (percentage apoptotic nuclei/total nuclei). 
Data are mean ± SEM, Two-way ANOVA with Tukey’s multiple comparisons test. **p < 0.01, ***p < 0.001, 
****p < 0.0001; RA = normoxia versus HYP = hyperoxia-exposed versus HYP + TC14012 = hyperoxia-exposed 
treated with TC14012; all experiments were performed in triplicate.
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Figure 5.  CXCR7 treatment ameliorates pro-inflammatory markers in hyperoxia-exposed HUAECs. Normoxia 
and hyperoxia-exposed HUAECs were treated with TC14012, which reduced the gene expression of (A) 
NLRP1 (B) MCP-1 (C) NF-кB1 (D) TGF-β1 (E) MMP1, (F) LOX (G) SDF-1 in hyperoxia-exposed endothelial 
cells. n = 4/group, data are mean ± SEM, Two-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001; RA = normoxia versus HYP = hyperoxia versus RA + TC14012 = normoxia 
treated with TC14012 versus HYP + TC14012 = hyperoxia-exposed treated with TC14012; all experiments were 
performed in quadriplicate.

Figure 6.  CXCR7 decreases proinflammatory response in hyperoxia-exposed HCAECs. Treatment with 
TC14012 of hyperoxia-exposed HCAECs reduced the gene expression of (A) NLRP1 (B) MCP-1 (C) NF-кB1 
(D) TGF-β1 (E) MMP1 (F) LOX (G) SDF-1. n = 3/group, data are mean ± SEM, Two-way ANOVA with 
Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; RA = normoxia versus 
HYP = hyperoxia versus RA + TC14012 = normoxia treated with TC14012 versus HYP +TC14012 = hyperoxia-
exposed treated with TC14012; all experiments were performed in triplicate.
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study, CXCR7 may have potentially improved cardiovascular function by stem cell-mediated mechanisms. The 
role of SDF-1 in injury and repair has also yielded conflicting results. While SDF-1 has been shown to promote 
angiogenesis, and improve cardiac function, some studies suggest it may potentiate  fibrosis61–63. In our study, 
while hyperoxia exposure decreased SDF-1 expression in HUAECs and HCAECs, there was a differential res-
toration of SDF-1 to normoxic levels with CXCR7 agonism. This discrepancy may be secondary to differential 
effect of TC14012 on various vascular beds, the relative surface exposure of CXCR7 in these vascular beds, and 
the difference in donor age of the endothelial cells.

In summary, in this study we report a novel role for CXCR7 in neonatal hyperoxia-induced vascular stiffness 
and cardiac dysfunction in a rat model of adults born preterm. We speculate that strategies which modulate 
CXCR7 signaling may improve systemic vascular stiffness and cardiac dysfunction in preterm born survivors. 
Further studies are warranted to assess the specific mechanisms by which CXCR7 activation preserves endothe-
lial function and vascular function in preterm born survivors. Targeting CXCR7 signaling may be a potential 
strategy to abrogate the vascular consequence of preterm birth.

Methods
Ethics statement
The Animal Care and Use Committee at the University of Miami Miller School of Medicine approved the proto-
col. We performed this study in strict accordance with the recommendations in the Guide for the Care and Use 
of Laboratory Animals of the National Institutes of Health and ARRIVE guidelines. All surgery was performed 
under isoflurane anesthesia, and every effort was made to minimize suffering.

Experimental model
In vivo experiment 1: Neonatal Hyperoxia model and its effect on CXCR7
Pregnant Sprague–Dawley rats were obtained from Charles River Laboratories (Wilmington, MA) and housed 
with food and water available ad libitum at constant temperature (25 °C) under 12:12 light/dark cycle. The rat 
pups (N = 22) were housed in a plexiglass chamber with continuous  O2 exposure and monitoring from postnatal 
day 1 to 21, that was briefly interrupted for animal care (< 10 min/day). Oxygen level inside the chamber was 
monitored daily with a Maxtec Oxygen Analyzer (Model OM-25; Maxtec, Salt Lake City, Utah). Mothers were 
rotated every 48 h between room air and hyperoxia chambers to prevent damage to their lungs. Litter size was 
adjusted to 10–12 pups to control for the effect of litter size on growth and nutrition. The rats were recovered in 
room air for additional 3 weeks. Both male and female rats were studied at 6 weeks.

In vivo experiment 2: Assessment of CXCR7 agonist, TC14012 on systemic vascular remodeling and cardiovascular 
dysfunction
Sprague–Dawley rat pups (N = 60) were assigned to room air (RA; 21% Oxygen) or hyperoxia (HYP; 85% Oxy-
gen) were randomly assigned to receive intraperitoneal (IP) injection of CXCR7 agonist, TC14012, 5 mg/kg 
(Cayman Chemical, Ann Arbor Michigan), or phosphate buffered saline as placebo (PL) every third day from 
postnatal day 1 to 21. Litter size was adjusted to 10–12 pups to control for the effect of litter size on growth and 
nutrition. The rats were recovered in room air for additional 3 weeks. Both male and female rats were studied 
at 6 weeks.

In vivo systemic vascular dysfunction‑pulse wave doppler and cardiac echocardiography
Pulse wave velocity (PWV) was measured by high-resolution Doppler ultrasonography (Vevo2100 imaging 
system, VisualSonics, Toronto, Canada) in 6 week rat abdominal aorta as previously  described14,64. The deter-
mination of PWV is based on the transit time method utilized to determine the difference in arrival times of a 
Doppler pulse wave at two locations along the aorta a known distance apart. The distance between the two loca-
tions along the aorta is divided by the difference in arrival times and is expressed in m/s. All measurements were 
obtained in triplicate. In addition, LV fractional shortening and ejection fraction were assessed using M-mode 
and cardiac output, stroke volume and end systolic volume were determined using B-mode. The average of 3–5 
representative cardiac cycles was used to calculate the data using VevoLab 1.7 software. Ultrasound procedures 
were performed on 2–3% isoflurane-anesthetized mice, controlled core body temperatures (37 ± 1 °C).

Localization of CXCR7 in the aorta
CXCR7 localization in aorta sections was evaluated by immunohistochemistry and double immunofluorescence 
staining. Briefly, aortic sections were incubated with CXCR7 polyclonal antibody (1:100; Ab 38089, Abcam, 
Cambridge, MA) overnight at 4 °C. The following day, sections were incubated with biotinylated horserad-
ish peroxidase (HRP)-conjugate goat anti-rabbit secondary antibody (A5420, 1:200; Sigma-Aldrich, St. Louis, 
MO) for 1 h. The sections were then incubated for 45 min with the streptavidin-HRP (Vector Laboratories Inc., 
Burlingame, CA). Peroxidase activity was detected with 3, 3′-Diaminobenzidine (Vector Laboratories Inc.). 
Sections were counterstained with hematoxylin, dehydrated, and mounted with Richard-Allan cytoseal XYL 
(# 8312-4, ThermoFisher Scientific Waltham, MA). Quantification of immunohistochemistry for CXCR7 posi-
tive staining was analyzed by calculating the integration optical density value of positive staining using Image 
J. To determine whether CXCR7 is expressed on endothelial cells, double immunofluorescence staining of rat 
abdominal aortas with CXCR7 (1:500; Ab 38089, Abcam, Cambridge, MA) and Von Willebrand Factor (VWF; 
1:100; Dako, Carpinteria, CA) antibody was performed. Images were captured with a fluorescent microscope 
(Leica DMI 6000, Mannheim, Germany) at 20× magnification.
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Western blot
Aortic, cardiac and HUAEC protein expression of CXCR7 (1:500; Ab 138509, Abcam) and SDF-1 (1:500; #3740, 
Cell Signaling Technology, Danvers, MA) was performed by Western blot as previously  described14,65. Band 
intensity was analyzed by a Quantity One Imaging Analysis Program (Bio-Rad, Hercules, CA) and normalized 
by β-actin (1:10,000; A5441, Sigma Aldrich, St. Louis, MO).

Real‑time PCR
The gene expression of CXCR7, TGF-β1, Col1a2 and GAPDH was determined by real-time RT-PCR as previously 
 described53. RNA from aortic tissue was extracted (miRNeasy Mini Kit; Cat#217004; Qiagen Inc,Valencia, CA) 
and reverse transcribed (Superscript VIVILO Master Mix; Cat# 11766,050, ThermoFisher, Cambridge, MA). Real 
time RT-PCR using gene specific primers, and TaqMan Fast Advanced Master Mix (Cat #4444554, Applied Bio-
systems, Foster City, CA) was performed on an ABI Fast 7500 system (Applied Biosystems). Primers for CXCR7 
(Rn00584358_m1), TGF-β1 (Rn00572010_m1), Col1a2 (Rn00584426_m1), GAPDH (Cat#Rn99999916_s1) were 
used. Table S1 lists the human primers for NLRP1, MCP-1, NF-кB1, MMP1, LOX, SDF-1, TGF-β1 and GAPDH 
used. The relative mRNA expression of the specific genes was normalized to GAPDH.

Cell culture and treatment
HUAECs (202-05n, Cell Applications, San Diego, CA) and HCAECs (300-05a, Cell Applications) were used for 
in vitro experiments. The cells were cultured according to manufacturer instructions. Briefly, HUAECs were 
cultured in human MesoEndo growth medium (# 210470 + 212-GS, Cell Applications, San Diego, CA) to passage 
3–6. Several groups of HUAECs were seeded into 100-mm dishes at a density of 1 ×  106 cells/dish and incubated 
overnight. Cells were then cultured in normoxia (21%  O2, 5%  CO2) or hyperoxia (95%  O2, 5%  CO2) conditions 
for 24, 48 and 72 h. CXCR7 protein expression was assessed by Western Blot analysis. In another subset cul-
tured cells were serum deprived for 24 h, incubated with placebo (0.25% DMSO/PBS) or TC-14012 (50 ng/ml), 
based on our pilot studies and exposed to hyperoxia (95%  O2, 5%  CO2) for 24 h and recovered in normoxia for 
an additional 24 h. HCAECs were cultured to passages 3–5 and were serum deprived for 24 h, incubated with 
placebo (0.25% DMSO/PBS) or TC-14012 (50 ng/ml) and exposed to hyperoxia (95%  O2, 5%  CO2) for 24 h and 
recovered in normoxia for an additional 24 h.

MTT assay
The effect of CXCR7 agonism on HUAECs viability was determined by MTT assay (Sigma-Aldrich, St. Louis, 
MO). HUAECs (1 ×  104 cells/well) cultured overnight in 96-well plates and treated with the CXCR7 agonist, 
TC-14012 at 10–100 ng/ml (Cayman Chemicals, Ann Arbor, Michigan) were exposed to normoxia (21%  O2, 
5%  CO2) or hyperoxia (95%  O2, 5%  CO2) for 12 h. MTT labeling solution was added 4 h before the end of the 
incubation. The plate was then incubated at 37 °C for 5 min following, which was transferred to a plate reader 
(SpectraMax Plus 384 Microplate Reader; San Jose, CA) and absorbance was measured at a wavelength of 550 nm. 
The experiment was performed in triplicate.

HUAEC cell proliferation and cell death
For proliferation and cell death studies, cells were seeded in LabTek slides at 40,000 cells/well and incubated 
overnight in normoxic conditions. Cells were then treated with placebo (0.25% DMSO/PBS) or TC-14012 (50 ng/
ml) and exposed to hyperoxia (95%  O2, 5%  CO2) for an additional 18 h. The cells were then fixed with 4% para-
formaldehyde and assays for proliferation (Ki67 immunofluorescence staining) and cell death (TUNEL assay; 
Thermo Fisher Scientific, Waltham, MA) performed as previously  described66. Five randomly selected fields 
were photographed, and the number of proliferative or apoptotic nuclei, as well as the total number of nuclei 
was counted per HPF. The proliferative or apoptotic index was obtained by means of the formula: number of 
proliferative or apoptotic cells per field / total number of cells per field.

Multiplex protein quantification
Flash frozen LV tissues were homogenized in RIPA buffer (Cat# sc-24948, Santa Cruz Biotechnology, Santa 
Cruz, CA) and centrifuged at 15,000 rpm for 15 min at 4 °C. The protein concentration of the supernatant was 
measured by BCA protein assay (Cat# PI2322 ThermoFisher Scientific, Waltham, MA). All the samples were then 
diluted for target protein concentration of 100 mg/ml. These protein samples were outsourced to Eve Technolo-
gies (Calgary, AB, Canada) for TGF-β1-3 protein concentration using the Rat TGF-β 3-Plex Discovery Assay, a 
multiplex immunoassay. TGF-β concentration was expressed as picograms/milliliter (pg/ml).

Statistics
For all experiments, n refers to the number of individual rats or individual culture plates. All data are expressed 
as mean ± SEM. P values were calculated using Student’s t-tests (two group comparison) and Two-way ANOVA 
with Tukey’s multiple comparisons test (four group comparison). All analyses were performed using commer-
cially available statistical software packages (GraphPad Prism version 8.3 for Windows, GraphPad Software, 
San Diego, CA).

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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