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The adipokine leptin modulates 
adventitial pericyte functions by 
autocrine and paracrine signalling
Federica Riu1,2, Sadie C. Slater   1, Eva Jover Garcia1, Iker Rodriguez-Arabaolaza1, Valeria 
Alvino1, Elisa Avolio1, Giuseppe Mangialardi1, Andrea Cordaro1, Simon Satchell1, Carlo 
Zebele1, Andrea Caporali3, Gianni Angelini1 & Paolo Madeddu1

Transplantation of adventitial pericytes (APCs) improves recovery from tissue ischemia in preclinical 
animal models by still unknown mechanisms. This study investigates the role of the adipokine leptin 
(LEP) in the regulation of human APC biological functions. Transcriptomic analysis of APCs showed 
components of the LEP signalling pathway are modulated by hypoxia. Kinetic studies indicate cultured 
APCs release high amounts of immunoreactive LEP following exposure to hypoxia, continuing upon 
return to normoxia. Secreted LEP activates an autocrine/paracrine loop through binding to the LEP 
receptor (LEPR) and induction of STAT3 phosphorylation. Titration studies using recombinant LEP 
and siRNA knockdown of LEP or LEPR demonstrate the adipokine exerts important regulatory roles 
in APC growth, survival, migration and promotion of endothelial network formation. Heterogeneity 
in LEP expression and secretion may influence the reparative proficiency of APC therapy. Accordingly, 
the levels of LEP secretion predict the microvascular outcome of APCs transplantation in a mouse limb 
ischemia model. Moreover, we found that the expression of the Lepr gene is upregulated on resident 
vascular cells from murine ischemic muscles, thus providing a permissive milieu to transplanted LEP-
expressing APCs. Results highlight a new mechanism responsible for APC adaptation to hypoxia and 
instrumental to vascular repair.

Multipotent mesenchymal cells from the vascular wall, alias adventitial pericytes (APCs), are emerging as prom-
ising candidates for therapeutic vasculogenesis1–4. Evidence from our group and others indicate that trans-
plantation of human APCs promotes vascular and muscular repair in models of peripheral and myocardial 
ischemia5–9. Transplanted APCs incorporate into the host’s vasculature and release angiocrine factors, including 
Angiopoietin-1, VEGF-A and microRNA-132. The angiocrine activity of APCs is enhanced by hypoxia, thus 
accounting for their advantaged proangiogenic action upon transplantation into an ischemic tissue9, 10. However, 
paracrine mechanisms activated by hypoxia are still incompletely understood.

Leptin (LEP) is a hypoxia-inducible adipocytokine that plays a key role in the central regulation of food intake 
and energy expenditure11–13, and also participates in the modulation of immunity14, bone formation15, and cardi-
ovascular function16. Seminal evidence indicates components of the LEP pathway are expressed in human stem 
cells, but the pathophysiological implications of the LEP signalling remain unclear and controversial. The LEP 
receptor (LEPR) is highly expressed by embryonic stem cells and induced pluripotent stem cells, suggesting that 
LEP regulates relevant functions in these primitive cells17. In the adult bone marrow (BM), the LEPR identifies 
medullary mesenchymal stem cells (MSCs)18 as well as pericyte-like stromal cells that support hematopoiesis 
within the vascular niche19–21. Upregulation of the LEPR gene in cultured BM-MSCs has been associated with ces-
sation of growth due to replicative senescence22. Two recent studies showed that hypoxia-preconditioned murine 
BM-MSCs exert enhanced regenerative actions through an amplification of the LEP signalling23, 24. Nevertheless, 
the functional relevance of the LEP pathway in human pericytes remains unknown.
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The present study investigates the expressional regulation and functional actions of LEP in human APCs. 
We show for the first time that APCs secrete abundant levels of LEP under hypoxia, by one order of magnitude 
higher than BM-MSCs. APC-derived LEP exerts autocrine promotion of APCs survival and migration as well as 
paracrine stimulation of endothelial cell (EC) proliferation, permeability, and network formation. Importantly, 
the levels of secreted LEP predict the angiogenic activity of APC transplantation in a murine model of peripheral 
ischemia. Moreover, the expression of the Lepr gene is upregulated on vascular cells from mouse ischemic mus-
cles, thus increasing resident cells sensitivity to the restorative action of LEP-releasing APCs. Altogether, these 
results revealing a novel signalling mechanism instrumental to APC functionalities may have a far-reaching and 
critical impact on cardiovascular regenerative medicine.

Results
Effect of hypoxia on global gene expression in human APCs.  Saphenous vein leftovers were obtained 
from 24 patients undergoing coronary artery bypass graft surgery. We succeeded in isolating and expanding 
21 APC lines (88% of processed veins), using a standard protocol described in the methods section and previ-
ous publications5, 6. Clinical and demographic characteristics of the corresponding 21 patients are provided in 
Supplementary Table I. The phenotype of human APCs have been extensively characterized2, 5, 6, 9. In four biologi-
cal replicates, here we demonstrate APCs have similar morphology when cultured under normoxia or hypoxia, as 
assessed by contrast phase microscopy (Supplementary Figure Ia). Likewise, hypoxia does not alter the expression 
of surface markers, as identified by flow cytometry and immunocytochemistry (Supplementary Figure Ib–e and 
Supplementary Table II).

Results from an Agilent human gene microarray on four individual APC lines, selected at random from the 
collective of 21 cell lines, indicate that 410 out of 2050 expressed genes are modulated by hypoxia, with a log2 fold 
change �1 and a p-value � 0.05. Here, in the interest of conciseness and clarity, we report the list of the top 131 
genes that exhibited a highly-significant (p � 0.01) upregulation (n � 72) or downregulation (n � 59) following 
hypoxia Supplementary Table III. In particular, LEP was found to be strongly upregulated by hypoxia (log2 fold 
change: 1.83, p � 0.006) together with several members of the LEP signalling pathway (Fig. 1). Statistical analysis 
using the String software available at http://string-db.org/ indicates a biologically relevant interaction among the 
studied genes (enrichment p-value � 1.11e-16). In addition, using the Ingenuity Pathway Analysis (IPA) software, 
we found that LEP is associated with all the main biofunctions/pathways found to be significantly modulated by 
hypoxia, including the regulation of cell death and survival, development, energy production and tissue mor-
phology (Supplementary Figure II). Next, by screening the networks encompassing the highest number of genes 
regulated in the dataset (Supplementary Table IV), we found that LEP is modulated together with other 18 genes 
in a network of 29 genes, whose function is associated with cell death/apoptosis and cell-to-cell signalling/inter-
action (Supplementary Table V). To the best of our knowledge, this is the first report on the global gene signature 
induced by low oxygen in human APCs.

Human APCs produce and release remarkable amounts of LEP under hypoxia.  We next assessed 
the capacity of human APCs to secrete LEP. Measurement of LEP protein levels in conditioned media by ELISA 
showed a marked increase following 48 h exposure to hypoxia (Fig. 2a, n � 21, p � 0.001 vs. normoxia). A refer-
ence analysis of the secretory ability of BM-MSCs, collected from patients undergoing hip replacement surgery 
(see methods for details), showed no significant change in LEP levels following hypoxia (Fig. 2b, n � 3, p � 0.09 

Figure 1.  Hypoxia modulates the LEP signalling pathway in human APCs. Transcriptional network 
generated by the String software on data derived from the Agilent array. (a) Legend of the impacted genes, (b) 
graphical illustration of the interconnected genes, and (c) legend of the type and effect of actions illustrated by 
interconnecting lines.
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Figure 2.  Hypoxia induces leptin production and secretion by human APCs. (a) Highly induced LEP protein 
levels in APC conditioned media collected under hypoxia as compared with normoxia. Data are medians and 
5–95 percentiles from twenty-one APCs lines. ***p  � 0.01. (b) LEP protein levels in conditioned media of BM-
MNCs (n � 3, p � 0.09 vs. normoxia). (c) Time course of LEP transcription and LEP protein production and 
secretion under hypoxia and following return to normoxia in three individual APC lines. Data are mean and 
SEM. (d) Concomitant changes in LEPR mRNA levels in the same cell lines. (e) Representative immunoblots 
for the expression of LEPR protein in APCs under normoxia and hypoxia during 48 h. Band densitometry 
was determined using Image J software and the fold change was calculated per each APC line (n � 3). Data are 
shown as mean � SEM and asterisk means statistical significance as per p � 0.049.
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