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Hypertension affects 30% of the population and 70% of the elderly. Despite its frequency 

and decades of research, the etiology of most cases of adult hypertension remains undefined. 

Perturbations of the kidney, the vasculature and the central nervous system have all been 

implicated in the pathogenesis of hypertension. As examples, in most cases of adult 

hypertension, systemic vascular resistance is elevated and vasodilators lower blood pressure, 

supporting a vascular etiology. Alternatively, renal cross-transplantation studies have shown 

that hypertension follows the kidney and in most cases of experimental hypertension, 

pressure natriuresis is impaired. Likewise, most single gene mutations that cause 

hypertension affect sodium transport in the distal nephron. In keeping with a renal etiology, 

diuretics and sodium restriction are effective in lowering blood pressure. Finally, there is 

ample evidence to suggest a central-neural cause of hypertension. Sympathetic outflow is 

almost uniformly increased in experimental models of hypertension and in humans with this 

disease and renal denervation has been variably reported to reduce blood pressure. 

Adrenergic receptor antagonists are commonly used to treat hypertension, further supporting 

a neural etiology.

Is there a unifying mechanism that underlies abnormalities of the brain, kidneys, and the 

vasculature in hypertension? Accumulating evidence shows that immune cells infiltrate these 

organs in response to hypertensive stimuli, causing their dysfunction leading to blood 

pressure elevation and subsequent end-organ damage. Both innate and adaptive immune 

cells play a key role in this process. Monocyte/macrophages are increased in the kidney and 

vasculature of animal models of experimental hypertension and in humans with 

hypertension. Wenzel et al showed that deletion of monocytes/macrophages completely 

eliminates Ang II-induce hypertension and markedly improves vascular function.1 

Monocytes have several fates upon tissue entry. One is to become inflammatory 

macrophages that can generate reactive oxygen species (ROS), release cytokines and 

produce matrix metalloproteinases. A second fate is to become monocyte-derived dendritic 

cells (DCs), which present antigen to T cells and guide T cell fate. Kirabo et al recently 
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showed that such DCs play a major role in hypertension.2 They demonstrated that 

hypertension is associated with modification of self-proteins in DCs by oxidized lipid 

products known as isolevuloglandins, which are immunogenic and seem to act as 

neoantigens. Adoptive transfer of DCs from hypertensive mice predisposes to severe 

hypertension and promotes inflammation in the recipients. A third fate of monocytes is 

transformation to fibrocytes, which are fibroblast precursors that secrete collagen leading to 

fibrosis. Wu et al showed that these bone marrow-derived cells accumulate in the 

perivascular space during hypertension and are responsible for aortic stiffening.3 Closely 

related to monocytes are microglial cells of the brain. It has recently become evident that 

these are activated in hypertension and that there is an exchange of these cells with 

circulating monocytoid cells. Interventions that quiesce microglial cells reduce blood 

pressure.4

A key function of macrophages and DCs is to present antigen to T cells. Indeed, T cells are 

critical in the genesis of hypertension.5 T cells with an effector phenotype infiltrate the 

vasculature and kidneys and release cytokines that promote vasoconstriction, remodeling, 

sodium retention and fibrosis. Mice lacking T cells develop blunted hypertension and the 

organ damage caused by various hypertensive challenges. B cells have also been implicated 

in hypertension and clearing B cells has proven effective in reducing experimental 

hypertension.6 Ang II-infusion has been shown to activate human T cells in a humanized 

mouse model of hypertension.7 Moreover, hypertensive humans have increased levels of 

circulating IL-17 and have increased circulating immunosenescent pro-inflammatory 

cytotoxic CD8+ T cells.8

A common feature of all of the above mentioned immune cells is that they originate in the 

bone marrow (Figure). Monocytes and B cells directly originate from the bone marrow, 

while T cells are originally produced in the bone marrow but mature and differentiate in the 

thymus. For this reason, the bone marrow has become of substantial interest to investigators 

who study hypertension and a number of recent studies have shown that bone marrow 

transplant can either enhance or protect from hypertension, depending on the experimental 

condition. T cells require co-stimulation, often involving interaction of CD28 with B7 

ligands on APCs, to become fully stimulated. Vinh et al showed that mice lacking B7 

ligands exhibit blunted hypertension to both Ang II and DOCA salt challenges and that 

transplantation of bone marrow to these animals restores their blood pressure elevation.9 

Santisteban et al showed that transplant of Wistar-Kyoto (WKY) bone marrow to 

spontaneously hypertensive rats (SHR) reduces mean arterial pressure and central and 

peripheral inflammation.4 Ahmari et al showed that transplantation of bone marrow lacking 

beta1 and beta2 adrenergic receptors reduces baseline blood pressure in wild-type recipients 

and decreases circulating CD4+ T cells, myeloid (CD11b+) cells and neutrophils in these 

animals, suggesting that signaling through adrenergic receptors may play a role in blood 

pressure regulation and bone marrow cell production or mobilization.10 The endogenous 

anti-inflammatory protein Suppressor of Cytokine Signaling 3 (SOCS3) inhibits cytokine 

signaling by binding to Janus kinases and cytokine receptors. Li et al showed that SOCS3+/− 

mice are protected from Ang II induced vascular dysfunction and that transplantation with 

wild type bone marrow restores the usual hypertensive effects of Ang II.11 Genome wide 

association studies have identified polymorphisms of SH2B3 (LNK) as being associated 
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with hypertension. LNK is an intracellular docking protein that blunts T cell activation and 

studies of mice lacking this protein showed that they are predisposed to severe hypertension 

and peripheral inflammation in response to Ang II infusion. Bone marrow transplant studies 

showed loss of LNK in hematopoietic cells is almost entirely responsible for this 

phenotype.12

Thus, the above studies strongly indicate that the bone marrow plays a previously 

unappreciated role in the genesis of hypertension. In keeping with this concept, in the 

current issue of Circulation, Wang et al show that the chemokine receptor CXCR2, which is 

present on a subset of leukocytes, is critical in the development and maintenance of 

hypertension.13 These investigators found that aortic mRNA levels of CXCR2 and its ligand, 

CXCL1 are elevated in mice with hypertension. They elegantly demonstrated that mice 

lacking CXCR2 are protected from blood pressure elevation, vascular infiltration of 

inflammatory cells, fibrosis, ROS formation, NADPH activation, and vascular dysfunction in 

response to either Ang II or DOCA salt. These results were recapitulated using a novel 

allosteric inhibitor of CXCXR2, SB265610. Importantly, they also showed that hypertensive 

humans have increased numbers of circulating CXCR2+ cells and that there is a correlation 

between blood pressure and the number of CXCR2+ cells in the circulation.

CXCR2 is critical in the recruitment of neutrophils and other leukocytes to sites of 

inflammation. Its ligand CXCL1 is produced in sites of injury and hence, recruits CXCR2+ 

cells to these sites. CXCR2 activation causes downstream signaling including activation of 

the Akt and mitogen activated kinase pathways leading to cytokine production, cytoskeletal 

restructuring and chemotaxis.14 These events are important for the transmigration of 

leukocytes through activated endothelium – a key step in the initiation of inflammation. 

Often, there is substantial redundancy in the signaling between chemokine receptors and 

ligands and that lack of one is often compensated for by the presence of others.15 An 

important finding in this study is that CXCR2 seem to have a non-redundant role in 

experimental hypertension and that its loss has myriad beneficial effects.

An important future area of investigation is to determine if hypertension has a direct effect 

on the bone marrow to activate the production and mobilization of these cells or to 

determine if its major effect on recruitment of these cells to sites of injury. Findings like 

those made by Wang et al raise two possible scenarios. One is that hypertension increases 

vascular expression of adhesion molecules and chemokines so that pre-existing circulating 

cells are attracted to peripheral tissues. A second scenario is that hypertension stimulates 

production of these cells so that more enter the circulation and are available for recruitment 

to sites of inflammation. A remarkable and fundamental tenet of the immune response is that 

both of these phenomenon often occur together. In sites of inflammation, antigens are 

released which are taken up by antigen presenting cells that ultimately activate and mobilize 

T cells in secondary lymphoid organs and from the bone marrow. Simultaneously there is a 

local increase in chemokines and adhesion molecules that attract immune cells to the 

original site of injury. An important finding of the study by Wang et al is that hypertensive 

humans exhibit an increased circulating CXCR2+ cells, strongly suggesting that 

hypertension in some way stimulates mobilization of these cells, likely from the bone 

marrow.
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The concept that hypertension has an effect on the bone marrow is paradigm shifting. How 

could a disease like hypertension activate the bone marrow? One possibility is related to 

sympathetic outflow. Bone marrow cells have adrenergic receptors and sympathetic nerves 

richly innervate the bone marrow. Thus, increased sympathetic nerve firing, which 

commonly accompanies hypertension, might activate and mobilize these cells. As mentioned 

above, chemokines and cytokines arising from peripheral tissues such as the kidney and 

vasculature might also signal bone marrow cells. Other factors in the hypertensive milieu 

such as sodium, Ang II, aldosterone, or other inflammatory cytokines might directly activate 

these cells. Indeed, Itani et al recently showed that memory T cells accumulate in the bone 

marrow in experimental hypertension, and are reactivated by salt feeding and subsequently 

emerge and enter the kidney, and produce renal dysfunction.16 The precise signals that affect 

homing of immune cells to the bone marrow and that recruit cells from the bone marrow is 

an area of future investigation that will be fascinating to pursue.

Finally, cardiovascular physicians and scientists are increasingly asked to understand organ 

systems outside of the cardiovascular system, including the liver, which produces lipids, the 

pancreas, which is dysfunctional in diabetics that commonly have cardiovascular disease and 

the kidney, which as discussed above is altered in hypertension. It is becoming increasingly 

apparent that cardiologists and cardiovascular researchers will need to understand dynamics 

of the bone marrow, and in the future perhaps to use therapeutic interventions to prevent 

production of injurious cells like those described by Wang et al.
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Figure. 
Various factors common to the hypertensive milieu, including ang II, salt, catecholamines, 

chemokines and cytokines likely act on the bone marrow to mobilize monocytes and other 

inflammatory cells, some of which express the surface marker CXCR2. These cells enter the 

circulation and are attracted to peripheral sites of inflammation, guided by interactions with 

ligands such as CXCL1. These monocytes become activated and undergo transformation to 
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inflammatory macrophages, dendritic cells and likely fibrocytes, leading to organ damage, 

dysfunction and fibrosis.
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