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Abstract

Fibroblasts in the heart play a critical function in the secretion and modulation of extracellular

matrix critical for optimal cellular architecture and mechanical stability required for its mechanical

function. Fibroblasts are also intimately involved in both adaptive and nonadaptive responses to

cardiac injury. Fibroblasts provide the elaboration of extracellular matrix and, as myofibroblasts,

are responsible for cross-linking this matrix to form a mechanically stable scar after myocardial

infarction. By contrast, during heart failure, fibroblasts secrete extracellular matrix, which

manifests itself as excessive interstitial fibrosis that may mechanically limit cardiac function and

distort cardiac architecture (adverse remodeling). This review examines the hypothesis that

fibroblasts mediating scar formation and fibroblasts mediating interstitial fibrosis arise from

different cellular precursors and in response to different autocoidal signaling cascades. We

demonstrate that fibroblasts which generate scars arise from endogenous mesenchymal stem cells,

whereas those mediating adverse remodeling are of myeloid origin and represent

immunoinflammatory dysregulation.

INTRODUCTION

The deposition of extracellular matrix proteins and development of fibrous tissue play a

critical role in the maintenance and pathophysiologic alteration of the architecture of the

heart. In addition, fibrous tissue is critical to pathophysiologic adaptation in cardiac disease.

Adequate generation of extracellular matrix proteins and collagen (primarily fibrillar) is a

critical adaptation following myocardial infarction, which allows generation of an effective

scar to ensure optimal mechanical stabilization of the myocardial wall [1,2]. Although

pathologically significant abnormalities may occur, altering scar formation resulting in

adverse mechanical consequences, this process is, in general, considered to be adaptive.

Fibrous tissue is also deposited in the heart on a reactive basis and is found in the interstitial

space as well as in perivascular areas. This excessive collagen formation may result in

muscle fiber entrapment, muscle atrophy, electrophysiologic abnormalities and, most

commonly, abnormal cardiac function resulting from increased stiffness [3–6]. In general,

this is considered to be an adverse or nonadaptive process and contributes to adverse

remodeling of the pathological heart [3,7]. The former process is a normal response to

myocardial infarction whereas the latter process, while sometimes idiopathic, usually

accompanies ventricular overload and generalized inflammatory reactions.
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It is important to point out, however, that the two processes frequently coexist under

circumstances in which myocardial infarction occurs followed by heart failure and adverse

remodeling [3]. Indeed, it is common to find inadequate scar formation (defective adaptive

fibrosis) in the infarct zone coexisting with pathological interstitial fibrosis (excessive

nonadaptive fibrosis) in the border zone near the infarct. The relationship between cardiac

scar formation and nonadaptive fibrosis leading to cardiac dysfunction is not well resolved.

This paper will present evidence that the two processes depend upon fibroblast populations

arising from pathophysiologically distinct fibroblast precursors and mechanisms of

induction. The potential significance of these findings with respect to potential therapeutic

approaches will be discussed.

ORIGIN OF THE CARDIAC FIBROBLAST

One of the most plentiful cells in the adult myocardium is the structural fibroblast, which

performs structural functions and also provides the source of continued renewal of matrix

proteins. These cells are not ordinarily actively proliferating (although a slow rate of

renewal must also be taking place) during normal cardiac function. It had long been

presumed that these fibroblasts were the primary source of reactive myofibroblasts, which

are seen to proliferate in response to tissue injury, express smooth muscle actin and secrete

and process extracellular matrix to form a scar or nonadaptive fibrosis. However, attempts to

culture structural fibroblasts from the heart demonstrate that they grow very slowly in cell

culture and frequently do not survive many passages [8]. Recent evidence suggests that

reactive fibroblasts in the myocardium arise from mesenchymal precursors of a variety of

origins. Evidence for epithelial to mesenchymal transition has been more prominently

demonstrated in other organs, but some evidence suggests their development in the heart

under circumstances of chronic inflammation [9]. Similarly, endothelial to mesenchymal

transition has been associated with cardiac fibrosis particularly that associated with heart

valves [10]. Another source of fibroblasts is mesenchymal progenitor cells, which express

markers of undifferentiated embryonic stem cells (e.g. Nanog), show an ability for self-

renewal and differentiate into a variety of mesenchymal cells in culture [11,12]. While these

mesenchymal stem cells are best characterized in the bone marrow where they occupy

selective niches [11], endogenous mesenchymal stem cells are found in a variety of tissues

including the heart where they have been described to play a major role in scar formation

[11]. Another form of circulating fibroblast precursor, which is of hematopoietic origin

(CD45+), is found in the circulating monocyte pool [13]. These cells have been implicated in

fibrosis in several organs and are designated as “fibrocytes” because they are blood-borne

and develop a combined cell surface phenotype and morphology when cultured [13,14].

These cells were associated with fibrosis in a variety of models of wound healing [15,16] as

well as fibrosis in the lung [17,18] and experimental asthma [19]. They are attracted into

tissues by chemokines [18,20].

In the remainder of this paper, we will focus on the origin and maturation of fibroblast

precursors in the pathophysiology of the heart. We will focus on our work assigning specific

pathophysiological functions to fibroblasts of distinct precursor origins and signaling

characteristics: 1) myeloid-derived fibroblasts resulting from immune dysregulation and

their role in interstitial fibrosis and 2) fibroblasts arising from endogenous mesenchymal

stem cells in the heart to provide the myofibroblasts critical to the formation of a competent

scar after myocardial infarction.

MYELOID ORIGIN OF FIBROBLASTS MEDIATING INTERSTITIAL FIBROSIS

In culture, bone marrow derived cells become spindle shaped when grown in the absence of

serum, while serum markedly retarded the fibrocyte phenotype [21]. The factor in serum that
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prevented the fibrocyte phenotype was serum amyloid P (SAP) and this inhibition could be

mimicked by aggregated IgG [22]. This suggests that fibrocytes represent a class of

fibroblast precursors responsive to immune modulation via Fcγ receptors (FcγR) [21,22].

Further studies demonstrated that these cells matured as fibroblast-like cells more readily in

the presence of Th2 lymphokines [23]. The latter finding correlates with the finding that Th2

lymphokines are frequently associated with reactive fibrosis [24].

Our studies of the relationship of interstitial fibrosis to immunologic and inflammatory

factors began with observations arising from a model of daily ischemia (15 minutes) and

reperfusion (I/RC) in closed chest mice. That model demonstrated the fibrotic

cardiomyopathy associated with elevated macrophage infiltration and fibroblast numbers

(day 5 peak) and interstitial fibrosis (day 7 peak) [25,26]. The model was designed to

examine the pathological effects of generation of reactive oxygen species in a setting in

which myocardial infarction did not occur. In myocardial infarction, ischemia and

reperfusion is followed by a very brisk acute inflammatory reaction associated with

elevation of multiple chemokines and cytokines thought to mediate the observed

inflammatory infiltrate [27–30]. In the absence of infarction, to our surprise, there was no

appreciable cytokine response and only one chemokine, monocyte chemoattractant protein-1

(MCP-1, CCL2) was found to be elevated [25]. MCP-1 became elevated shortly after the

beginning of occlusion and reperfusion and peaked at 3 days while remaining significantly

elevated for 10 days. Prior studies demonstrated that the predominant site of MCP-1

induction was in the venular endothelium in the area of ischemia [31]. Because we

hypothesized that reactive oxygen had a major role in this induction, we demonstrated that

the I/RC phenotype was totally abrogated in a model overexpressing extracellular SOD [25].

Similarly, genetic deletion of MCP-1 or administration of monoclonal antibodies to MCP-1

abrogated the I/RC response inducing the fibrosis, macrophage infiltration, and generation

of fibroblasts [32]. We then isolated fibroblast populations from wild type and MCP-1−/−

mice subjected to I/RC and found that the fibroblasts isolated from WT mouse hearts

contained a large population of small spindle-shaped fibroblasts which, when cultured,

displayed markedly increased proliferation when compared to fibroblasts from MCP-1−/− or

sham controls [32]. By contrast, a direct application of MCP-1 to fibroblast cultures in any

of the groups did not increase cardiac proliferation or further generation of spindle-shaped

fibroblasts [32]. This led us to postulate the possibility that spindle-shaped fibroblasts had a

critical role in the development of interstitial fibrosis in this model and originated from a

population of blood borne precursors of bone marrow origin that had been attracted to the

heart by MCP-1.

To pursue this hypothesis, we utilized bone marrow rescue techniques in which cells from

the ROSA26 mouse (bearing the β-galactosidase/lacZ gene) were transplanted into

irradiated WT animals. The presence of the β-galactosidase activity in cells found in tissues

from the irradiated host (chimeric animals) indicated that the labeled cells were derived from

the transplanted bone marrow. We subjected these animals to the I/RC protocol and

examined the cells of the heart at 5 and 7 days, at which time fibroblast levels were highest

[26]. In addition, hearts were taken and either examined histologically (7 days) or cells were

isolated by proteolytic digestion (5 days) and cultured. Examination of the cultured cells

demonstrated the presence of small spindle-shaped cells that were lacZ+ (and therefore of

bone marrow origin) and also expressed CD34 (a marker of precursor cells undergoing

asymmetric division), collagen type I and alpha smooth muscle actin. There were no lacZ+

fibroblasts in chimeric sham control animals. Spindle-shaped cells grew more rapidly than

the structural fibroblasts from the same hearts [26]. Further examination of these marrow-

derived cells demonstrated that they expressed CD45, confirming that they were of

hematopoietic origin. Examination of the histologic sections of these animals demonstrated

that CD45+ cells also expressed alpha smooth muscle actin. In vitro studies demonstrated
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that the cultured spindle-shaped fibroblasts expressed CD45 and collagen type I. Finally,

cytometric analysis of primary dispersed cardiac cells after 5 days of I/RC demonstrated the

unique appearance of CD45+CD34+ fibroblasts expressing collagen type I (Figure 1) as a

marker of both cardiac fibroblasts and hematopoietic cells. CD45+ cells were not seen in

sham operated animals [26]. These data suggested that the I/RC protocol induced prolonged

MCP-1 expression mediating the uptake of mononuclear leukocytes and either directly or

indirectly induced the formation of cells expressing both hematopoietic and stromal cell

markers such as collagen. These cells are distinct from structural fibroblasts resident in the

heart, and thus we termed them “myeloid-derived fibroblasts”.

The prolonged expression of MCP-1 in I/RC contrasts with the chemokine response to

myocardial infarction which is rapidly suppressed [30,33]. Deletion of MCP-1 in I/RC

completely obviates the fibrotic response whereas its deletion in acute myocardial infarction

results in normal scar formation despite decreased macrophage infiltration. Thus, myeloid-

derived fibroblasts appear to have a critical role in interstitial fibrosis in I/RC, while not

having a major role in scar formation after myocardial infarction [26,8]. The origin of

fibroblasts in infarct repair will be discussed in more detail further in the review.

MONOCYTE TO FIBROBLAST TRANSITION – AN IN VITRO MODEL TO

FURTHER EXAMINE THE CELLULAR MECHANISMS IN I/RC

We had previously demonstrated that MCP-1 was induced in venular endothelial cells

immediately upon reperfusion of a canine [27,28] or a murine [27] myocardial infarction

model. While the I/RC model also resulted in MCP-1 induction, the absence of myocyte

death or cardiac injury created a situation in which most of the mediators of the

inflammatory cascade associated with infarction were absent. In the absence of cardiac

injury and infarction, MCP-1 continued to be expressed for greater than a week, whereas

chemokine production is ordinarily suppressed by the second day after a myocardial

infarction [25,27]. One could thus consider I/RC and the resultant interstitial fibrosis as an

example of inflammatory dysregulation resulting from the failure to suppress MCP-1.

This reasoning is predicated on the hypothesis that an MCP-1 sensitive mononuclear cell

population is responsible for generating the CD45+ spindle-shaped fibroblasts found in the

myocardium. We sought to model this inflammatory dysregulation in human cells utilizing a

human mononuclear cell population and microvascular endothelial cells from human heart

or human umbilical vein endothelial cells [35]. The model developed demonstrated the

requirement for MCP-1-dependent transendothelial migration of mononuclear cells to

generate monocyte to fibroblast transition; transition occurred only when monocytes

transmigrated across intact endothelial monolayers [35]. The advantage of this model was

two-fold: 1) it provided an additional way to study cellular and molecular mechanisms

involved in generating spindle-shaped fibroblasts associated with interstitial fibrosis in the

heart and 2) demonstrated that the phenomenon observed in mouse models also applied to

human cells. We have utilized these advantages to extend our query into the mechanism of

pathological cardiac interstitial fibrosis.

As previously described, fibrocytes or myeloid-derived fibroblasts have been associated

with localized fibrosis particularly in lung, skin and joints [15–19]. One of the striking

features of the in vitro fibrocyte assay was its inhibition by aggregated IgG or serum

amyloid P (SAP) [21,22], the principal hepatic acute phase reactant in the mouse. The

similarity of the in vitro fibrocyte assay to our studies suggested that they would be related.

We thus administered SAP to mice undergoing the I/RC protocol and demonstrated that

SAP treatment completely abrogated I/RC fibrosis and cardiac dysfunction [26]. SAP

treatment in mice also markedly reduced the presence of CD45+ fibroblasts in the heart and
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their proliferation in vitro. By contrast, SAP did not alter chemokine expression or the total

number of macrophages seen in the heart after I/RC. We postulated that SAP may interact

with a specific ligand on monocytic cells in a way that prevented monocyte to fibroblast

transition. We also postulated that SAP might be functioning as a ligand to FcγR as part of

its inhibitory action. Thus, we re-examined the I/RC model and the effects of SAP in mice

lacking the FcγRγ chain (the common membrane protein signaling component for all

murine activating FcγR). Removal of the FcγRγ chain completely eliminated the ability of

SAP to protect against I/RC, so that the I/RC phenotype was unaffected [35].

These data suggested that there was a specific immune regulatory component to monocyte to

fibroblast transition that could be affected by activating FcγR. Transendothelial migration of

monocytes resulted in their maturation to macrophages, and ligands of activating FcγR such

as IgG or SAP are generally associated with the M1 macrophage phenotype. In addition,

recent evidence suggested that SAP also interfered with alternative macrophage activation

(M2) by inhibiting many of the key M2 genes [36,37]. Combining these observations, we

reasoned that alternative activation of macrophages to an M2 phenotype was critical for

monocyte/macrophage to fibroblast transition. These data were further supported by

experiments in other laboratories that demonstrated in a serum-free fibrocyte differentiation

medium that IL-4 and IL-13 (Th2 lymphokines) also enhanced fibrocyte differentiation [23];

these lymphokines favor alternative activation to an M2 phenotype and suggest a role for T

lymphocytes in the I/RC mechanism. Thus, we utilized our in vitro model of

transendothelial migration of mononuclear cells to further study this phenomenon. Our

studies demonstrated that production of IL-13 was necessary in the in vitro model of

monocyte to fibroblast transition. The transition was completely inhibited by IL-13 blocking

and stimulated by addition of higher levels of IL-13 [38]. By contrast, IL-12 (M1 cytokine)

markedly inhibited monocyte to fibroblast transition [38]. In comparing cardiac tissue from

normal mice and mice with increased interstitial fibrosis secondary to I/RC [38], there was a

striking increase in the levels of IL-13 mRNA as well as IL-4 and IL-13 proteins associated

with I/RC. Thus, our model now includes two cells in the mononuclear population;

importantly, MCP-1 is a potent chemoattractant for both monocytes and some subsets of T

lymphocytes.

IL-13 has been previously implicated in pathological fibrosis secondary to a direct effect on

fibroblasts associated with the IL-13RA1-STAT 6-PDGF signaling pathway [39,40]. Data

from our studies suggested that IL-13 is also important in the direct mediation of

macrophage activation so that myeloid-derived fibroblasts may be dependent on (or identical

to) one of the “alternative activation states” of macrophages (M2 phenotype). By contrast,

inflammatory activation by an activating FcγR [41] or Th1/M1 stimulation [38] inhibits the

myeloid-derived fibroblast induction. These findings are compatible with the inhibitory role

of SAP discussed above. Figure 2 shows that I/RC is associated with marked increases in T

lymphocytes (CD45+CD3+) and also M2 cells expressing CD45 and the M2a marker

CD301. While the latter demonstrates alternative activation to M2 macrophages, in Figure 3

it is shown that they also become fibroblasts that are CD45+CD301+ and contain

procollagen, demonstrating active collagen synthesis. In Figure 4, we show a postulated

pathway for the cellular and immunologic basis for I/RC based on our current data.

These data do not preclude the possibility of endogenous fibroblasts also contributing to

excess collagen deposition, potentially under the guidance of myeloid fibroblasts. We have

observed increased collagen staining in resident fibroblasts as well as myeloid-derived

fibroblasts [38, unpublished observations]; however, in the absence of myeloid fibroblasts,

fibrosis is virtually eliminated in I/RC. It has also been found that conditioned media from

myeloid-derived fibroblasts can promote the tissue remodeling capabilities of dermal

fibroblasts; however, the myeloid-derived fibroblasts contributed little to the overall
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collagen production when cultured with dermal fibroblasts [42, 43]. Co-culture with

monocyte-derived cell types from keloid patients can also stimulate fibroblast proliferation

[44].

MONOCYTE TO FIBROBLAST TRANSITION MECHANISM IN OTHER

MODELS OF CARDIAC INTERSTITIAL FIBROSIS

Angiotensin II

As part of our investigations regarding immune dysregulation in cardiac interstitial fibrosis,

we have examined the role of myeloid-derived fibroblasts in other mouse models of cardiac

interstitial fibrosis. We first chose a model of continuous infusion of angiotensin II (ang II)

since ang II plays such a prominent role in virtually all causes of cardiac hypertrophy and

failure. Ang II infusion resulted in rapid collagen deposition peaking at 2 weeks in the

mouse. In the first week, we found highly significant elevations in cardiac myofibroblasts

and monocytic cells, and immunohistochemical staining demonstrated MCP-1 expression in

the small vessels of the heart similar to that found in I/RC. As in I/RC, the genetic deletion

of MCP-1 resulted in a virtually complete abrogation of cardiac fibrosis and marked

reduction in α-smooth muscle actin+ cells (myofibroblasts) along with a 50% reduction in

macrophage infiltration [45]. We also found striking increases in collagen types I and III

mRNA as well as a marked increase of MCP-1 mRNA.

Thus, ang II administration resulted in MCP-1 induction similar to that seen in I/RC and was

accompanied by fibrotic cardiomyopathy and similar cellular components. Despite the fact

that MCP-1−/− mice did not develop interstitial fibrosis in response to ang II infusion, they

did develop similar degrees of hypertension and hypertrophy [45]. While these studies do

not demonstrate MCP-1 as the sole factor controlling ang II-induced interstitial fibrosis,

MCP-1 appears to be a necessary component of the fibrotic response.

Aging Mouse

We studied another pathologic model of interstitial fibrosis related to the aging mouse. Our

studies demonstrated that aging mice develop increased interstitial fibrosis along with

diastolic dysfunction [38]. We next demonstrated that the aging mouse heart contained an

intrinsic renin angiotensin system (RAS) that increased with age. This was accompanied by

increased expression of MCP-1 mRNA and an increase in venular MCP-1 protein.

Subsequent studies demonstrated that interstitial fibrosis in the aging mouse was also

associated with marked increases in CD45+ fibroblasts (Figure 5), Th2 lymphokines (Figure

6) and M2 fibroblasts (Figure 7) and marked increases in procollagen [38].

This suggested that progressive fibrosis in the aging mouse was associated with ongoing

collagen expression in myeloid fibroblasts. The experiments do not have the advantage (so

far) of studies in aged MCP-1 knockout animals, so the same relationship between MCP-1

expression and fibrosis suggested in other models has yet to be confirmed. This model is

also distinct from acute models in its prolonged induction of the molecular and cellular

components of the myeloid-based fibrotic reaction.

ADAPTIVE FIBROTIC RESPONSES - CARDIAC SCAR FORMATION

Myeloid-derived fibroblasts

The common role of myeloid fibroblast generation arising from immune dysregulation and

the production of MCP-1 suggested that this might be a common mechanism for adverse or

nonadaptive fibrosis. Recent work with our collaborators has suggested a similar mechanism

occurring in chronic renal fibrosis with the exception that it is associated with dysregulation
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of a different chemokine pair [46]. We then applied the same methods to question the

potential role of myeloid fibroblasts in cardiac scar formation. Myocardial infarction and

reperfusion resulted in localized increase of MCP-1 similar to that seen in I/RC; in

myocardial infarction, generation of MCP-1 is more intense but very short lived,

disappearing within a day or two, suppressed by activation of latent TGF-B [27].

Examination of infarcted hearts confirmed the presence of myeloid fibroblasts in the area of

infarction, suggesting that they may play a role in scar formation. However, we found that

myocardial infarction in MCP-1−/− mice allowed formation of a normal scar with no

difference in infarct size. Deletion of MCP-1 resulted in a modest delay in phagocytosis

reflecting the reduction in monocytes infiltrating the myocardium; however, the scar

formation was ultimately unimpaired. Experiments did demonstrate, however, that

interstitial fibrosis remote from the scar, which formed after large myocardial infarctions as

a result of adverse remodeling, was markedly reduced in MCP-1−/− mice [34].

These data suggest that a different precursor cell population than described above has a role

in scar formation. In addition, we have found that myocardial infarction in aged [47,48] or

obese [49] mice resulted in scars with low cellularity and poor cross-linking, but the heart

had increased tendencies to adverse remodeling and interstitial fibrosis. We adopted the

hypothesis that adverse remodeling was pathophysiologically linked with myeloid fibroblast

formation, but that scar formation was produced by fibroblasts originating from a different

source.

Endogenous mesenchymal stem cells—While looking for the precursor cell

population responsible for scar formation after infarction, we have discovered that, in the

mouse, there was a rapid appearance of fibroblasts into the infarct wound following

occlusion/reperfusion and initial wound debridement. Our work demonstrated that these

fibroblasts arose from CD44+CD45neg (mesenchymal) precursors that appeared rapidly and

proliferated (day 3 peak) in the wound. Fibroblasts derived from these precursor cells are not

structural fibroblasts (which are CD44neg), but arose from small precursor cells that

expressed primitive markers (TERT, Nanog, CD34). The small precursors also had evidence

of collagen type I in their Golgi apparatus and expressed discoidin domain receptor 2

(DDR2), a marker that is specific for fibroblasts in cardiac tissue [50]. Both in vivo and in

vitro, we have demonstrated that these small mesenchymal cells became fibroblasts and

proliferated very actively [8]. While fibroblast number reached its peak at 3 days after

infarct, transition into myofibroblasts occurred towards the end of the first week and the

cells participated in collagen cross-linking, followed by cell-free collagen bundles. In vitro,

we isolated these CD44+ precursor cells from infarcted hearts and also, in small numbers, in

control tissue and demonstrated that they show extended self renewal capability and

maintain expression of the primitive marker Nanog. When placed into differentiation media,

they were capable of forming osteocytes, chondrocytes, adipocytes and fibroblasts,

suggesting that they were endogenous mesenchymal stem cells. Fibroblasts formed from

these precursors in vitro differed from structural fibroblasts in that they were CD44+,

proliferated robustly, and were able to be serially cultured for many passages beyond their

Hayflick number [8]. Thus, scar formation appeared to be mediated by endogenous

mesenchymal stem cells that were induced to proliferate in the area of the scar and then

differentiated into fibroblasts and myofibroblasts responsible for scar formation and cross-

linking (Figure 8).

Pathophysiology of endogenous cardiac mesenchymal stem cells in aged

mice—As briefly described above, we have observed that the aging mouse developed

progressively increased interstitial fibrosis and diastolic dysfunction associated with

myeloid-derived fibroblast formation [38]. However, previous work in our laboratory has

demonstrated that the aging mouse, beginning as early as 12 months, demonstrated poor scar
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formation and greater infarct expansion after myocardial infarction [47,48]. We postulated

that this might result from defective proliferation of endogenous mesenchymal stem cells

and/or production of defective fibroblasts in response to myocardial infarction. Examination

of cardiac mesenchymal stem cells revealed that there was a marked reduction in the

pluripotency marker, Nanog, in cells from the aging mouse that were associated with

defective lineage choice [51].

Mesenchymal stem cells exhibited a favored adipocytic commitment over myofibroblast

differentiation. In addition, fibroblasts derived from these aging mesenchymal stem cells had

reduced expression of TGF-β receptors I (TβRI) and II (TβRII), diminished Smad3

phosphorylation and had a poor ability to contract collagen pad and decreased directed

motility. Overexpression of a constitutively active TβRI partially ameliorated their defective

motility but did not improve their contractility. This suggested that reduced TGF-β
responsiveness resulted in these defective fibroblasts and provided a potential explanation

for defective scar in the aging mouse. Further in vitro studies have demonstrated that the

aging fibroblasts can be partially “rescued” in vitro through stimulation of non-canonical

TGF-β pathways through Tak1 (TGF-β activated kinase 1) and p38 activated protein kinase

via stimulation of AMP kinase by AICAR, an AMPK activator [51]. TGF-β signaling via

this pathway partially compensates for the paucity of TGF-β receptors and improves

function in vitro (Figure 9).

Thus, myocardial scar appears to result from a pathophysiologically distinct biological

process involving endogenous mesenchymal stem cells, which is highly dependent on TGF-

β signaling. Improving the efficiency of TGF-β signaling in endogenous mesenchymal stem

cells may lead to potential interventions for improving scar quality in myocardial repair.

THE ROLE OF DEVELOPMENTAL PRECURSORS IN DICTATING CARDIAC

FIBROBLAST FUNCTION - AN HYPOTHESIS

We have presented our studies suggesting that myeloid fibroblasts play a major role in

nonadaptive fibrosis and adverse remodeling in the heart. By contrast, fibroblasts mediating

cardiac scar formation mature from endogenous mesenchymal stem cells present within the

heart that rapidly proliferate after cardiac necrosis. Developmental pathways from

precursors to mature fibroblasts in each case are quite complex and distinctive. The myeloid

fibroblast is controlled by chemokines and cytokines known to alter and mediate chronic

inflammation in which fibrosis is often a consequence and may become the most serious

outcome of chronic inflammatory states. Endogenous mesenchymal stem cells in the normal

mouse heart differentiate into fibroblasts at the site of injury; significant literature exists

suggesting that the fibroblast is the preferred end stage of mesenchymal stem cell

differentiation [12]. Fully understanding the regulation of each of these processes will

increase the potential for intervention. In the context of the special volume on “Myocardial

Cellular Cross-Talk in Heart Failure”, we propose that this contribution be viewed as strong

evidence that it will be possible to intercede in nonadaptive fibrosis in a manner that does

not impair cardiac scar formation. Conversely, it is possible that a better understanding of

the potential pathological issues that might impair the role of the mesenchymal stem cell in

cardiac scar formation (as seen in our studies on aging and obesity cited above) might lead

to specific therapies for patients at risk. Our in vitro studies have demonstrated that the

aging fibroblast can be partially rescued in vitro through stimulation of non-canonical TGF-

β pathways through Tak1 and p38 activated protein kinase [51]. TGF-β signaling via this

pathway partially compensates for the paucity of TGF-β receptors and improves function in

vitro. Thus, myocardial scar appears to result from a pathophysiologically distinct biological

process that is highly dependent on TGF-β signaling. Improving the efficiency of TGF-β
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signaling in endogenous mesenchymal stem cells presents potential approaches for

improving scar quality in myocardial repair.
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Figure 1.
Distribution of various nonmyocyte cell types in the heart with I/RC. At the top is a Venn

diagram of the phenotypes of cells with bone marrow-derived leukocyte markers (CD34 and

CD45) and/or a fibroblast marker, collagen type I. The majority of cells with collagen type I

and no leukocyte markers are structural fibroblasts. A substantial proportion of CD45+

leukocytes also make collagen type I, and these are bone marrow-derived fibroblasts.

Histograms in the bottom row are representative of the types of flow cytometric analysis

used to calculate the Venn.(reprinted with permission from Fibrocytes In Health and

Disease, World Scientific Publishers)
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Figure 2.
Representative cytometric diagrams for three color staining: Freshly dispersed, nonmyocyte

cardiac cells from sham and I/RC-treated mouse hearts were gated for viable (calcein+)

cells, and expression of the indicated marker proteins (y-axis;PE-labeled) and CD45 (x-axis,

PE/Cy5 labeled) was measured (see also Figure 1). In sham treated hearts, few CD45+cells

were detected. However after 5 days of I/RC, there was an increase in the number of CD3e+/

CD45+ cells (T lymphocytes), CD301+/CD45+ cells (M2a macrophages), and CD11a+/

CD45+cells (leukocytes) in the heart.
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Figure 3.
Immunofluorescence staining of mouse heart that had been subjected to I/RC for 5 days

(procollagen type I and CD45) or 7 days (procollagen type I and CD301). CD45 is a marker

for all hematopoietic cells and CD301 is a marker of M2a macrophages. The presence of

procollagen type I indicates the active production of collagen within the cell. The white

arrows point to double positive cells with nuclei in blue (DAPI).
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Figure 4.
Graphical representation of monocyte-to-fibroblast maturation in the I/RC model of cardiac

injury. MCP-1 expressed at the endothelium attracts leukocytes, including monocytes and

some T lymphocytes. The T cell product, IL-13, induces maturation of the transmigrated

monocytes into M2 macrophages that become fibroblasts.
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Figure 5.
Expression of collagen type I in CD45+ cells. Nonmyocytes were isolated from hearts of

different ages. (A) Flow cytometry of those cells demonstrated that a proportion of the

nonmyocytes expressed both CD45 (hematopoietic marker) and collagen type I (fibroblast

marker) as seen in the upper right quadrant (cells isolated from a 14 month old animal). (B)

The proportion of the nonmyocytes that were double positives (CD45 and collagen type I)

increased with age. Linear regression R2=0.66 and p=0.0001 (n=7, 4, 4, and 9 for 3, 14, 24,

and 30 months). Immunofluorescence in paraffin sections of hearts with antibodies to CD45

(red) was negative in 3 month old hearts (C) and positive with a random distribution in 14

month old hearts (D). (E) Some CD45+ cells were also positive for procollagen type I

(green). Cell nuclei are DAPI stained (blue).(reprinted with permission from JMCC

50:248-256, 2011)
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Figure 6.
Measurement of cytokine mRNA and protein in hearts from mice of different ages. (A) Th2

(IL-4 and IL-13) and Th1 (IFN-γ) cytokines were measured by protein array in 3 month old

versus 30 month old hearts (n=3). (B) mRNA expression of IL-13 by quantitative PCR, with

a linear regression R2=0.43 and p=0.006; n=4, 3, 5, and 4 for 3, 14, 24, and 30 month old

animals.(reprinted with permission from JMCC 50:248-256, 2011)
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Figure 7.
Immunofluorescence staining of a 14 month-old mouse heart with antibodies to CD301

(marker of M2a macrophages) and procollagen type I (marker for fibroblasts producing new

collagen type I). The double positive cells are seen in mouse hearts from 14 to 30 months of

age. The white arrows point to double positive cells with blue nuclei (DAPI).
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Figure 8.
Schematic model of the participation of a resident mesenchymal stem cell in scar formation

after a myocardial infarction In the uninjured heart, CD44+ cells with primitive markers

(Nanog, TERT, and CD34) also express fibroblast markers such as collagen type I and

DDR2. These cells proliferate and mature into fibroblasts and then myofibroblasts (adding

the expression of α-smooth muscle actin,SMA). After they deposit matrix and cross-link it

to form the scar, their numbers decrease.(modified from with permission from Fibrocytes In

Health and Disease, World Scientific Publishers)
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Figure 9.
Rescue of the aged fibroblast to myofibroblast differentiation by amplification of TGF-β
signaling via the Tak1/AMPK/p38MAPK pathway. Stimulation of cardiac fibroblasts

derived from young animals (Young) with TGF-β1 resulted in phosphorylation of Smad3

and increased expression of β-SMA(left panel). Cardiac fibroblasts derived from 30-month-

old animals (Aged) demonstrated reduced expression of both TβRI and TβRII, which

resulted in decreased signal transduction and diminished α-SMA expression (middle
panel). AICAR/TGF-β1 synergistically activated Tak1, AMPK, and p38MAPK, resulting in

up-regulation of α-SMA expression (right panel). Large and small font sizes indicate,

respectively, up-regulation or reduction of expression. (reprinted with permission from Am J

Pathol 179:179-1806, 2011)
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