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Diabetic cardiomyopathy involves remodeling of the heart in response to diabetes that includes microvascular
damage, cardiomyocyte hypertrophy, and cardiac fibrosis. Cardiac fibrosis is a major contributor to diastolic
dysfunction that can ultimately result in heart failure with preserved ejection fraction. Under high glucose conditions
cardiac fibroblasts, the final effector cell in the process of cardiac fibrosis, respond by making increased amounts of

extracellular matrix. This process involves multiple molecular pathways.

Heart Fibrosis Diabetes Myofibroblast

| 1. Extracellular Matrix Production

The ECM components primarily responsible for functional changes in the heart are the fibrillar collagens,
specifically collagen | and Ill. HG conditions induce excess collagen synthesis by isolated neonatal and adult rat,
neonatal and adult mouse, and human cardiac fibroblasts, which is not due to the effect of HG to increase
osmolarityH2IBIIBIGI7IEIE This increased collagen production is also true of cardiac fibroblasts isolated from an
in vivo diabetic state and then cultured. For example, when compared to fibroblasts from non-diabetic individuals,
collagen | production was increased from isolated right-atrial cardiac fibroblasts obtained from diabetic individuals
without left-ventricular dysfunction, undergoing coronary artery bypass graft surgeryl?®. Similarly, cardiac
fibroblasts isolated from diabetic rodent models produce excess ECM when cultured. For example, cardiac
fibroblasts isolated from Zucker obese diabetic rats showed increased collagen | messenger RNA (mRNA),
although not collagen Il mMRNA, as well as increased total collagen protein synthesisll. Cardiac fibroblasts
isolated from Leprd?/db diabetic mice also showed increased collagen | mMRNA and protein in culturel2, Thus, the
cardiac fibroblast response to “diabetic” conditions is to produce excess ECM, which aligns with the fibrosis
observed in the diabetic heart in experimental models including the Leprd®/d® mousel22. Underscoring the clinical

significance of this relationship, diabetes was associated with cardiac fibrosis in humans!23Ii4],

| 2. Conversion to a Myofibroblast Phenotype

Fibroblasts that produce more ECM often do so because of conversion to the more active myofibroblast
phenotype; therefore, one would assume this to be the case for “diabetic” fibroblasts. Traditionally, myofibroblast
conversion is assessed by an increase in a-smooth muscle actin (a-SMA) within the cell, making these cells
contractile in nature and having the effect of contributing to the rearrangement and remodeling of the ECMZ2!,
Does HG cause a shift to the myofibroblast phenotype? The answer is not clear. Somewhat surprisingly, no

differences were found, albeit at the mRNA level for a-SMA from isolated right-atrial cardiac fibroblasts obtained
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from diabetic and non-diabetic individuals without left-ventricular dysfunction, undergoing coronary artery bypass
graft surgery¥. Furthermore, Shamhart et al.18 actually reported that less a-SMA was present in cultures of
cardiac fibroblasts isolated from STZ type 1 diabetic rats, indicative of a reduction in myofibroblasts. This was
supported by the finding of less a-SMA in the whole hearts of these STZ rats. On the other hand, cardiac
fibroblasts isolated from Zucker obese diabetic rats induced slightly greater contraction of collagen gels than the
lean counterpart, indicative of a more contractile myofibroblast phenotypel2tl. This was supported by the finding of
increased a-SMA mRNA in these Zucker cardiac fibroblasts. Similarly, isolated cardiac fibroblasts from normal
neonatal rats showed increased a-SMA levelsld and also generated greater gel contraction in response to HG
conditions (25 mM)!. The increased contractile phenotype included increased active B1 integrin and increased al
integrinl. Neonatal murine cardiac fibroblasts also demonstrate myofibroblast pheno-conversion in response to
HGRIL8 and isolated adult rat cardiac fibroblasts underwent myofibroblast conversion (a-SMA) at a greater rate
under HG conditions (25 mM) than normal glucosel®. In this study, continual passaging led to even greater
myofibroblast conversion. With such conflicting reports, it is unclear whether a HG environment promotes
myofibroblast pheno-conversion. More important may be other culture conditions, including the length of time in
culture, the substrate on which the cells are cultured, and number of passages. Comparing cells from different
studies and different passage number may be akin to comparing apples and oranges when it comes to
myofibroblast conversion. More in vivo identification of myofibroblasts may provide better information. What is
clear, however, is that cardiac fibroblasts do not need to convert to the myofibroblast phenotype in order to produce

excess ECM in response to HG.

| 3. Proliferation and Migration

Proliferation and increased migratory responses are also hallmark characteristics of more active fibroblasts. HG
culture conditions induce rat and mouse cardiac fibroblast proliferation not due to increased osmolarity caused by
excess glucosel8l218I120 - Cardiac fibroblasts isolated from the STZ rat model of type 1 diabetes were also
shown to be more proliferative in culture than cells isolated from non-diabetic control micel28 demonstrating
similarities in fibroblast phenotype between type 1 and type 2 diabetes. These diabetic fibroblasts had reduced
levels of the cell-cycle mediator p53. Since p53 is a tumor suppressor that utilizes p21 to inhibit cyclin-dependent
kinase/cyclin activation and prevent cell-cycle progression, these data are supportive of cell-cycle progression and,
hence, increased proliferation. Similarly, cardiac fibroblasts isolated from Zucker obese diabetic rats showed an
increased proliferative rate compared to the lean controls when grown on a collagen | matrixl. However, reduced
proliferation in response to HG (25 mM) was reported when naive cardiac fibroblasts were grown on collagen!Z.
This may indicate that the length of time of HG exposure is important, with cells from an in vivo diabetic state
having prolonged exposure to HG versus cells from a normal in vivo state that are then treated with HG in vitro. In
terms of human cardiac fibroblasts, there is some disagreement in the literature over proliferation responses, with
one study finding increased proliferation for human cardiac fibroblasts obtained from biopsy of the right atrium of
patients undergoing coronary bypass surgery or valve replacement (HG = 15 and 25 mmol/L)2l, and another
study reporting no increase in proliferation for isolated right-atrial cardiac fibroblasts obtained from diabetic and

non-diabetic individuals without left-ventricular dysfunction, undergoing coronary artery bypass graft surgery2,
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Some possible reasons for the differences in findings between these two studies include the following: (1)
differences in gender composition of the individuals from which the fibroblasts were derived (four females and three
males in Referencel2ll versus one female and 11 males in Referencel2®): (2) the atrial fibroblasts were from non-
diabetic individuals in Referencel2l] and subsequently treated with HG media, whereas the atrial fibroblasts were
derived from diabetic individuals and cultured in normal media in ReferencelXd: (3) proliferation was assessed at
one day in Referencel2l, whereas the first time-point assessed in Referencel2? was at two days (final time-point =
seven days). Thus, it is possible that there may be an acute proliferative response (one day) that then returns to

normal by two days onward.

In terms of migration, under normal conditions, cardiac fibroblasts show a greater migratory tendency when
cultured on collagen | and Il over direct culture on plasticl®. Addition of HG increases migration by roughly 10% on
collagen | and lll, as well as plastic. However, cardiac fibroblasts isolated from Zucker obese diabetic rats did not
show increased migration in response to the scratch testlll. An ECM substrate may be required to facilitate

increased migration in response to HG.

Overall, there is clear conversion of cardiac fibroblasts to a phenotype that secretes excess amounts of collagen in
response to a HG environment. This occurs whether cells are isolated from normal mice and then exposed to HG
conditions, or whether cells are isolated from a diabetic environment, being either rodent models of type 1 or type 2
diabetes, or from diabetic humans. What is less clear is whether this phenotype change involves proliferation,
myofibroblast conversion, and increased migratory responses. Primary cardiac fibroblasts change phenotype when
cultured on plastic and with each subsequent passaging!®[22l, Thus, in vitro studies may report discrepant findings
for proliferation, migration, and myofibroblast conversion due to differences in culture time and/or passage number.
To our knowledge there are no studies that assessed the effects of HG on cardiac fibroblasts phenotype that
cultured these cells on substrates that more closely mimic in vivo matrix stiffness characteristics. However,
Fowlkes et al.lll did culture cardiac fibroblasts isolated from diabetic male Zucker rats on collagen | matrix and
compared the response to cells from lean controls. They demonstrated increased remodeling of collagen gels by
diabetic fibroblasts, and that, while non-diabetic and diabetic fibroblasts showed an increase in proliferation on
collagen | substrate compared to non-coated plates, there was no significant difference between the diabetic and
non-diabetic cell types. Migration was not altered by culturing on collagen | for either diabetic or non-diabetic
fibroblasts. It is also unclear whether the “diabetic” cardiac fibroblast phenotype is limited to one specific phenotype
present at all stages of remodeling in the diabetic heart, or whether cardiac fibroblasts display a range of
phenotypes depending on the stage of disease. Cardiac fibroblast phenotype is determined by numerous stimuli
including mechanical force, growth factors, cytokines, and even the ECMI3, These stimuli differ depending on the
stage of remodeling and duration of the disease state and, thus, cardiac fibroblast phenotype may change
depending on the stage of remodeling. This was recently demonstrated in myocardial ischemia where cardiac
fibroblasts proliferate in the infarct/border zone region on days two to three, while converting to a myofibroblast
phenotype on days three through 10[23!. Thus, the myofibroblast phenotype persists for many days after cessation
of proliferation, indicating the changing fibroblast phenotype as the remodeling process progresses. Additionally,
MmRNA expression profiles differed by time-point, furthering the concept of temporally regulated fibroblast

phenotype. In vitro studies demonstrated that stiffness of the substrate on which isolated cardiac fibroblasts are
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cultured can also alter cell phenotype, with greater incorporation of a-SMA with increased substrate stiffness24l,
Interestingly, mechanical stretch, even when cardiac fibroblasts were cultured on substrates mimicking in vivo
stiffness, induced upregulation of multiple genes for ECM proteins including collagen |, collagen Ill, and
fibronectin24. While these examples are from ischemia and in vitro studies, it seems likely that mechanical and
temporal changes in fibroblast phenotype in diabetes occur. This may account for the unclear findings regarding
myofibroblast conversion and proliferation. However, to our knowledge, there are no studies that investigated the
cardiac fibroblast response to HG using substrates that more closely mimic the in vivo environment. Regardless,

however, the main effect of HG is the excess production of ECM by cardiac fibroblasts that defines fibrosis.

| 4. Pathways Mediating Fibroblast Phenoptye

There are numerous pathways modulated by HG that underlie the shift to a pro-fibrotic cardiac fibroblast

phenotype. These are indicated in the following figure.
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