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Abstract

Background—Heart failure in diabetics is associated with cardiac hypertrophy, fibrosis and 

diastolic dysfunction. Activation of transforming growth factor (TGF)-β/Smad3 signaling in the 

diabetic myocardium may mediate fibrosis and diastolic heart failure, while preserving matrix 

homeostasis. We hypothesized that Smad3 may play a key role in the pathogenesis of 

cardiovascular remodeling associated with diabetes and obesity.

Methods and Results—We generated leptin-resistant db/db Smad3 null mice (dbSKO) and 

db/db Smad3 +/- animals (dbShet). Smad3 haploinsufficiency did not affect metabolic function in 

db/db mice, but protected from myocardial diastolic dysfunction, while causing left ventricular 

chamber dilation. Improved cardiac compliance and chamber dilation in dbShet animals was 

associated with decreased cardiomyocyte hypertrophy, reduced collagen deposition and 

accentuated matrix metalloproteinase (MMP) activity. Attenuation of hypertrophy and fibrosis in 

dbShet hearts was associated with reduced myocardial oxidative and nitrosative stress. dbSKO 

mice had reduced weight gain and decreased adiposity associated with attenuated insulin 

resistance, but also exhibited high early mortality, in part due to spontaneous rupture of the 

ascending aorta. Ultrasound studies showed that both lean and obese Smad3 null animals had 

significant aortic dilation. Aortic dilation in dbSKO mice occurred despite reduced hypertension, 

and was associated with perturbed matrix balance in the vascular wall.

Conclusions—Smad3 mediates diabetic cardiac hypertrophy, fibrosis and diastolic dysfunction, 

while preserving normal cardiac geometry and maintaining the integrity of the vascular wall.
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Diabetes and obesity are associated with an increased incidence of cardiovascular disease1,2 

and are strong independent predictors of heart failure3. Development of heart failure in 

diabetics is not only due to an increased incidence of ischemic heart disease, but is also 

associated with a cardiomyopathy independent of coronary disease, termed diabetic 

cardiomyopathy. Diabetic cardiomyopathy is characterized by extensive fibrotic changes 

and cardiomyocyte hypertrophy leading to increased myocardial stiffness and diastolic 

dysfunction4,5. Despite its potential significance in diabetes-associated heart disease, the 

pathophysiologic basis of diabetic fibrosis remains poorly understood.

Extensive evidence suggests that transforming growth factor (TGF)-β is an essential 

fibrogenic mediator6; however, the relative role of TGF-β-activated pro-fibrotic pathways 

remains unknown. In some studies, pro-fibrotic actions of TGF-β were attributed to 

downstream activation of the Smad3 pathway7,8 a key intracellular effector signal in TGF-

mediated fibrosis9. Other investigations using models of cutaneous, pulmonary, and renal 

fibrosis suggested crucial fibrogenic actions of Smad-independent cascades10,11. In addition 

to its pro-fibrotic actions, TGF-β may also contribute to the development of cardiac 

hypertrophy, acting downstream of angiotensin II12. Induction and activation of TGF-β is 

consistently found in diabetic tissues and has been implicated in the pathogenesis of organ 

dysfunction; stimulation of TGF-β signaling pathways is associated with cardiac fibrosis in 

experimental models of type 113 and type 2 diabetes14. Accordingly, we hypothesized that 

activation of the Smad3 cascade in diabetic tissues, may play a critical role in the 

pathogenesis of hypertrophic and fibrotic remodeling in the diabetic heart.

In order to test this hypothesis, we generated obese diabetic leptin-resistant db/db mice that 

lack Smad3. Our findings show for the first time that Smad3 is implicated in the 

pathogenesis of fibrosis, cardiomyocyte hypertrophy and diastolic dysfunction in obese 

diabetic mice, but also exerts important homeostatic functions, preserving left ventricular 

and aortic geometry. Smad3 disruption resulted in chamber dilation, associated with 

enhanced myocardial matrix metalloproteinase (MMP) activity, suggesting that myocardial 

Smad3 signaling is important for preservation of the interstitial matrix and maintains 

chamber geometry. Moreover, complete loss of Smad3 was associated with aortic dilation 

and an increased incidence of spontaneous aneurysmal rupture in both lean and db/db 

animals suggesting an important role for Smad3 in preserving integrity of the vascular wall.

Methods

(Details are provided in the supplement)

Generation of db/db mice lacking Smad3

Animal studies were approved by the Institutional Animal Care and Use Committee at 

Albert Einstein College of Medicine and the Animal Protocol Review Committee at Baylor 

College of Medicine. Because homozygous db/db mice are sterile, we crossed heterozygous 
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db/+ with heterozygous Smad3 +/- (both from our own colonies on a C57BL6J background). 

We genotyped (using PCR) the first generation of offspring (F1) for the db and Smad3 allele 

and subsequently identified male and female double heterozygous mice, using them to breed 

the second generation of offspring (F2). For survival analysis male and female db/db mice, 

Smad3 -/- (Shet) mice, Smad3 -/- mice (SKO), db/db Smad3 +/- (dbShet) mice and db/db 

Smad3 -/- mice (dbSKO) were followed for 6 months and deaths were recorded.

Echocardiography and aortic ultrasound

WT, Shet, SKO, db/db, dbShet and dbSKO mice were imaged using a Vevo770 ultrasound 

system (VisualSonics, Toronto, Canada).

Assessment of body fat content

Body composition was quantitatively assessed using nuclear magnetic resonance.

Immunohistochemistry and histology

Histopathological analysis was performed using zinc formalin-fixed, paraffin-embedded 

hearts from 6 month-old mice.

RNA extraction and qPCR analysis

Quantitative PCR was performed using the SYBR green method on the iQ™5 Real- Time 

PCR Detection System. PCR primers are listed in Supplemental Table 1.

Protein extraction and western blotting

Protein was isolated from WT, db/db and dbShet hearts and Western blotting was 

performed.

Zymography

Matrix metalloproteinase (MMP) activity in murine WT, db/db and dbShet hearts was 

assessed by gelatin zymography.

Biochemical assessment of collagen content

Myocardial collagen content was measured using a hydroxyproline assay.

Assessment of plasma glucose, insulin and HOMA IR

Serum insulin levels were measured using the mouse enzyme-linked immunosorbent assay 

kits. Glucose levels were measured by the glucose oxidase method.

Arterial catheterization and blood pressure measurements

Invasive blood pressure measurements were performed with a Pressure:Volume analysis 

system.

Pressure-Volume analysis in isolated perfused hearts

Left ventricular pressure-volume analysis was performed using progressive isovolumic 

Langendorff retrograde perfusion of isolated murine hearts.
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Assessment of oxidative stress

Myocardial reactive oxygen species (ROS) levels were measured using a fluorometric assay 

based on the conversion of 2′, 7′-dicholrofluorescein-diacetate (DCFDA) to the highly 

fluorescent DCF in the presence of ROS15.

Statistical analysis

Data are expressed as mean ± SEM. For comparisons of two groups unpaired, 2-tailed 

Student's t-test using (when appropriate) Welch's correction for unequal variances was 

performed. The Mann-Whitney test was used for comparisons between 2 groups that did not 

show Gaussian distribution. For comparisons of multiple groups, 1-way ANOVA was 

performed followed by Tukey's multiple comparison test. The Kruskall-Wallis test, followed 

by Dunn's multiple comparison post-test was used when one or more groups did not show 

Gaussian distribution. Although adjustments for multiple comparisons in ANOVA were 

implemented, no additional adjustment for multiple testing was performed. Survival analysis 

was performed using the Kaplan-Meier method. Mortality was compared using the log rank 

test.

Results

1. Cardiac hypertrophy, fibrosis, and TGF-β/Smad activation in db/db hearts

db/db mice had a marked and progressive increase in left ventricular (LV) mass (Figure 1A-

C) reflecting predominant hypertrophic remodeling. Female db/db mice had earlier 

development of cardiac hypertrophy (Supplemental Figure I). db/db hearts showed a marked 

increase in collagen content, a trend towards increased myocardial TGF-β1 expression and 

markedly higher p-Smad2 levels (Figure 1D-F).

2. Smad3 loss is associated with increased mortality in lean and in db/db mice

Follow-up to the age of 6 months showed that db/db and WT animals have comparable 

survival curves. Smad3 heterozygosity did not affect survival in db/db and WT animals 

(Figure 2A). However, both lean SKO and dbSKO animals had significantly increased 

mortality when compared to their corresponding Smad3+/+ littermates. Survival of dbSKO 

mice after 6 months of age was very rare (Figure 2B). In contrast, about 40% of SKO mice 

survived up to 6 months of age. Complete loss of Smad3 in db/db mice was associated with 

skeletal abnormalities (Supplemental Figure II).

3. Effects of Smad3 loss on weight gain, adiposity, and metabolic profile

Because Smad3 signaling is involved in adipogenesis, we examined the effects of Smad3 

disruption on weight gain and adiposity in lean and in leptin-resistant, obese db/db mice. In 

lean mice, Smad3 loss was associated with reduced weight gain, associated with reductions 

in both lean and fat weight (Figure 2C-E). Percent fat was reduced only in 2 month-old 

Smad3 null animals, and not in 4-6 month-old mice (Figure 2F), indicating that the effects of 

Smad3 loss on weight gain reflected stunted growth. db/db mice had markedly increased 

body weight (BW) (Figure 2G). Although WT and db/db mice had comparable lean weight 

(Figure 2H), fat weight and percent fat were significantly higher in db/db animals (Figure 
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2I-J). Complete Smad3 loss in db/db mice was associated with attenuated weight gain due to 

significant reductions in both lean weight and fat weight (Figure 2G-I). In both lean and 

db/db animals, Smad3 haploinsufficiency had no effects on weight, lean weight and fat 

weight at 2-4 months of age. However, at 6 months, dbShet animals and Shet mice had 

increased adiposity. 6 month-old Shet mice had higher fat weight and fat percent content 

than age-matched WT mice (Figure 2E-F). Moreover, 6 month-old dbShet mice had 

significantly higher fat weight than corresponding db/db animals (Figure 2I). Fat percent 

content was comparable between db/db abd dbShet mice at all timepoints studied (Figure 2J)

Smad3 loss did not affect fasting plasma glucose, insulin levels and HOMA IR in lean 

animals. db/db mice exhibited hyperglycemia, hyperinsulinemia, and markedly increased 

HOMA IR. Complete loss of Smad3 in db/db mice was associated with significantly 

attenuated hyperglycemia and a trend towards reduced insulin levels and decreased HOMA 

IR (Figure 2K-M). In contrast, Smad3 haploinsufficiency did not affect metabolic 

parameters in db/db animals.

4. dbSKO mice exhibit cardiac dilation and systolic dysfunction

In lean mice, global Smad3 loss did not affect chamber dimensions and systolic function. 

SKO mice and WT controls had comparable LVEDD (Figure 3A, Supplemental Table 2) 

and LVEDV (Figure 3B); however, because of their smaller size, Smad3 null animals had a 

significantly higher LVEDD:BW ratio (Figure 3C). Smad3 loss in lean mice did not affect 

ejection fraction and LV mass (Figure 3D-E).

In db/db mice, both partial and complete Smad3 loss was associated with chamber dilation 

and a modest but significant reduction in ejection fraction. dbShet mice had significantly 

higher LVEDD and LVEDV (Figure 3F-H, Supplemental Figure III) than db/db animals. 

Female dbShet mice exhibited more severe chamber dilation than male animals 

(Supplemental Table 3). Although complete loss of Smad3 did not affect absolute chamber 

dimensions in db/db mice, dbSKO animals exhibited a much higher LVEDD:BW ratio 

(Figure 3G). Chamber dilation in dbShet and dbSKO mice was associated with mildly 

reduced ejection fraction (Figure 3I). Moreover, LV mass and cardiomyocyte size was 

significantly lower in dbSKO animals (Figure 3J-K, Supplemental Figure IV). Because 

dbSKO mice did not survive past the age of 6 months, comparison of ventricular dimensions 

and function in older animals (6-12 months of age) was limited to db/db and dbShet animals. 

When compared to db/db animals, dbShet had significantly increased chamber dimensions 

and volumes (Figure 3L-N), and exhibited a mild reduction in ejection fraction (Figure 3O), 

but comparable LV mass (Figure 3P). Despite reduction in ejection fraction, stroke volume 

and cardiac output were preserved in dbShet mice. When compared with WT animals, db/db 

mice had increased stroke volume and cardiac output. At 4-8 months of age, dbShet animals 

exhibited significantly higher cardiac output than db/db animals, likely reflecting the 

increased chamber dimensions (Supplemental Figure III).

5. Smad3 haploinsufficiency attenuates diastolic dysfunction in db/db mice

The effects of the db mutation on fat content, metabolic function and cardiac geometry in 

the absence of Smad3 are summarized in Supplemental Figure V. Because dbSKO mice 
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died during the first 6 months of their life, we could only study the effects of partial loss of 

Smad3 on diastolic function by comparing pressure:volume relations in isolated perfused 

db/db and dbShet hearts. At 12 months of age, db/db mice had a shift of the end-diastolic 

pressure:volume curve to the left and exhibited an increased chamber stiffness constant. 

When compared with age-matched db/db animals, dbShet mice had a shift of the end-

diastolic pressure:volume curve to the right and a marked reduction in chamber stiffness 

constant reflecting improved ventricular compliance (Figure 4A-B).

6. dbShet mice have reduced cardiac fibrosis and enhanced MMP activity

Because Smad3 may affect cardiac geometry and function by regulating matrix metabolism, 

we studied the effects of Smad3 disruption on myocardial collagen deposition, MMP 

expression and activity. Histochemistry and a hydroxyproline assay showed that dbShet 

mice had markedly lower myocardial collagen content than corresponding db/db animals; 

however, collagen mRNA levels were not different between groups (Figure 4C-F). When 

compared with db/db mice, dbShet animals had increased myocardial MMP-2 and MMP-9 

activity, despite exhibiting comparable MMP-2 and lower MMP-9 mRNA levels (Figure 

4G-K).

7. Reduced fibrosis in dbShet hearts is associated with attenuated oxidative and 
nitrosative stress

When compared with WT animals, db/db mice had higher myocardial ROS levels and 

increased expression of 3-nitrotyrosine (Figure 5). Both partial and complete Smad3 loss 

attenuated myocardial oxidative stress in WT and in db/db mice (Figure 5A). Moreover, in 

db/db hearts, Smad3 deficiency attenuated the increase in 3-nitrotyrosine levels (Figure 5B-

C).

8. Attenuated oxidative stress in dbShet myocardium is associated with reduced 
inflammation

When compared with db/db animals, dbShet mice had comparable myocardial Interleukin 

IL-1β mRNA expression, but lower levels of tumor necrosis factor-α and monocyte 

chemoattractant protein-1, and attenuated macrophage infiltration (Supplemental Figure VI).

9. Increased mortality in Smad3 KO is due, in part, to aortic rupture

Autopsies demonstrated that some SKO and dbSKO mice died with hemothorax, resulting 

from aortic rupture; aortic casts showed aneurysmal dilation (Figure 6A-C). Mortality due to 

aneurysmal rupture was significantly increased in dbSKO mice (44.4% of autopsied deaths) 

and in SKO animals (20% of deaths). Only one dbShet mouse died of aortic aneurysmal 

rupture. No rupture deaths were noted in Shet, db/db and WT animals.

10. Smad3 loss causes progressive aortic dilation

Aortic ultrasound showed that SKO mice had significantly increased diameter of the 

ascending aorta. dbSKO mice had earlier and accentuated aortic dilation. Smad3 

haploinsufficiency was associated with increased aortic diameter in db/db, but not in WT 

animals (Figure 6D-E).
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11. Aortic dilation in the absence of Smad3 is not due to increased systemic blood 
pressure

Because an increased hemodynamic load induces aortic dilation and increases wall tension 

we examined whether the aortic pathology in the absence of Smad3 is due to systemic 

hypertension. SKO and dbSKO mice had lower systemic blood pressure than corresponding 

Smad3 +/+ animals (Figure 6F-I), suggesting that aortic dilation in the absence of Smad3 is 

not due to hemodynamic overload.

12. SKO mice have increased SMC apoptosis and enhanced MMP expression

Because Smad3 loss may affect both matrix metabolism and SMC phenotype, we compared 

the morphology of the aortic matrix network and SMCs between WT and Smad3 null 

animals (Supplemental Figure VII). When compared with WT, Shet mice had increased 

aortic SMC density, while SKO mice had a trend towards increased density. Both partial and 

complete loss of Smad3 was associated with reduced aortic SMC size. TUNEL/α-SMA 

staining identified occasional apoptotic SMCs in the aortic media. Apoptotic SMCs were 

very rare in WT aortas; but were significantly increased in SKO and Shet animals 

(Supplemental Figure VII). Smad3 loss significantly increased MMP-8 and MMP-9 mRNA 

expression in the aorta, but did not significantly affect collagen and TIMP-1 expression 

levels (Supplemental Table 4).

13. dbSKO mice have attenuated aortic matrix synthesis

When compared with WT, db/db mice had comparable aortic SMC density (Supplemental 

Figure VIII), but exhibited significantly increased SMC size and had an increased number of 

apoptotic aortic SMCs. When compared with db/db, dbSKO mice had significantly reduced 

aortic SMC size, but comparable numbers of apoptotic SMCs. db/db mice exhibited 

significantly increased aortic extracellular matrix protein synthesis. When compared with 

db/db mice, dbShet and dbSKO had reduced collagen and tropoelastin synthesis. MMP and 

TIMP mRNA was also increased in db/db aortas; however the MMP-2:TIMP-1 ratio was 

significantly lower than in WT animals indicating predominance of matrix-preserving 

mediators (Supplemental Table 5).

Discussion

We demonstrate for the first time that Smad3 signaling mediates cardiac fibrosis and 

diastolic dysfunction in leptin-resistant diabetic mice, while preserving cardiac geometry 

and integrity of the vascular wall. In db/db mice, Smad3 disruption decreases fibrotic 

remodeling, reduces cardiac stiffness, and improves ventricular compliance; the effects of 

Smad3 loss are associated with decreased oxidative and nitrosative stress. Moreover, 

complete loss of Smad3 in both lean and obese mice is associated with aortic dilation and 

early death, due in part, to an increased incidence of aortic rupture.

Smad3 mediates diabetic diastolic dysfunction, while preserving chamber geometry

Cell biological investigations, animal model experiments and studies in human subjects 

suggest that the metabolic alterations associated with diabetes and obesity activate TGF-β/

Smad-dependent signaling. At the cellular level, high glucose potently stimulates TGF-β/
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Smad3, increasing cell size and enhancing protein synthesis16. In experimental models of 

type 1 and type 2 diabetes, TGF-β/Smad3 activation is associated with tissue fibrosis. Rats 

with streptozotocin-induced diabetes and mice fed a high-fat diet exhibit myocardial 

activation of TGF-β/Smad317,18. Our findings show intense myocardial activation of the 

TGF-β/Smad2/3 axis in obese diabetic db/db mice; increased TGF-β/Smad signaling is 

associated with cardiac fibrosis and development of concentric ventricular hypertrophy.

Diastolic dysfunction is the hallmark of diabetic cardiomyopathy19,20 and may be due to 

cardiac hypertrophy, or to the development of interstitial fibrosis21,22. Our findings 

demonstrate that in the db/db mouse model of fibrotic diabetic cardiomyopathy, partial loss 

of Smad3 improves ventricular compliance (Figure 4). However, attenuated diastolic 

dysfunction in dbShet mice comes at a cost: Smad3 disruption increases chamber dilation 

(Figure 3). Whether complete absence of Smad3 further accentuates dilative remodeling is 

unclear. Although the LVEDD:BW ratio is markedly increased in dbSKO animals, the 

smaller size of mice with complete loss of Smad3 makes direct comparisons of chamber 

dimensions difficult to interpret. Tibial length could have provided a more appropriate 

method for adjustment, but was not assessed in this study. The altered geometric and 

functional characteristics of the ventricle are associated with reduced collagen deposition 

and accentuated myocardial MMP activation. Thus, in the diabetic heart, activation of 

Smad3 signaling promotes fibrosis, while exerting matrix-preserving actions necessary for 

preservation of chamber geometry. The anti-fibrotic effects of Smad3 loss may result from 

direct modulation of fibroblast function, or may reflect Smad-dependent actions in 

cardiomyocytes or vascular cells that may regulate fibroblast activation through paracrine or 

contact-dependent mechanisms.

The link between Smad3 and oxidative stress

Quantitative assessment of myocardial oxidative stress revealed that both partial and 

complete Smad3 loss markedly attenuated ROS levels and reduced 3-nitrotyrosine 

expression in db/db hearts (Figure 5). Oxidative stress may play an important role in the 

pathogenesis of the cardiomyopathy associated with diabetes and obesity acting, at least in 

part, through stimulation of pro-fibrotic signaling23. Increased ROS levels may explain 

some of the fibrogenic effects of Smad3 in the diabetic myocardium. The molecular links 

between the Smad3 cascade and the ROS system remain unknown. In vitro experiments 

have implicated Smad3 signaling in activation of oxidative stress in epithelial cells24, 

hepatocytes25 and SMCs26 and suggested that Smad3 signaling may mediate TGF-β-induced 

repression of antioxidant enzymes, such as manganese superoxide dismutase (MnSOD) and 

catalase24,26.

Smad3 loss results in aortic dilation and rupture

Autopsy showed that, in many cases, early death of dbSKO mice was due to spontaneous 

aortic rupture. Aortic ultrasound demonstrated that Smad3 loss caused significant dilation of 

the ascending aorta in both obese and lean animals (Figure 6). Perturbations of TGF-β 

signaling have been associated with aortic aneurysm formation. Overactive canonical and 

non-canonical TGF-β responses play a key role in aortic dilation in Marfan's syndrome27,28. 

On the other hand, disrupted TGF-β signaling has also been associated with aneurysm 
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formation29,30. Several studies have identified aortic aneurysmal disease in patients with 

Smad3 mutations31; however, whether the effects of the mutations are due to disrupted or 

overactive TGF-β responses remains unknown. In a Dutch family with syndromic aortic 

aneurysmal disease, a SMAD3 heterozygous mutation was identified and was associated 

with immunohistochemical evidence of increased expression of phosphorylated Smad332,33. 

In mice, Smad3 loss impaired aortic biomechanics and resulted in accentuated aortic 

inflammation and enhanced aneurysm formation upon infusion of angiotensin II34. Smad3 

signaling may play an important role in preserving the integrity of the aortic wall by 

promoting matrix protein deposition and by modulating the balance between MMPs and 

their inhibitors9.

What is the basis for the effects of Smad3 in the cardiovascular system?

Our findings suggest that Smad3 exerts both detrimental and protective effects on the 

diabetic heart and vasculature. Smad3 mediates cardiac fibrosis and diastolic dysfunction in 

db/db hearts, but also plays an important homeostatic role, preserving cardiac geometry and 

maintaining the integrity of the aortic wall. The adverse consequences of Smad3 loss in 

db/db mice cannot be explained by worse obesity, accentuated metabolic dysfunction or 

hemodynamic changes. When compared with db/db animals, dbSKO mice had significantly 

reduced fat content and attenuated insulin resistance. Moreover, loss of Smad3 attenuated 

the hypertensive response observed in db/db mice and, according to Laplace's law, would be 

expected to confer protection from aortic dilation and rupture by reducing wall tension. 

Thus, the detrimental effects of Smad3 loss on the geometry of the heart and vessels appear 

to involve structural perturbations of the cardiac and vascular extracellular matrix. 

Imbalance between matrix-preserving and matrix-degrading signals may play an important 

role in the pathogenesis of aortic dilation and rupture in the absence of Smad3. Moreover, 

effects of Smad3 disruption on vascular SMC phenotype may also be implicated 

(Supplemental Figures VII-VIII).

The benefits and perils of Smad3 inhibition in diabetic cardiomyopathy

Smad3 signaling is critically involved in the pathogenesis of diabetic fibrosis and diastolic 

dysfunction. Considering the high incidence of diastolic dysfunction in aging diabetic 

patients, Smad3 inhibition may be a promising therapeutic strategy to attenuate myocardial 

fibrosis and to protect from heart failure. However, therapeutic approaches targeting the 

Smad3 cascade may carry significant risks. Overzealous Smad3 inhibition may promote 

cardiac dilation and may accelerate aortic aneurysm formation, or cause aortic rupture in 

susceptible individuals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspective

Heart failure with preserved ejection fraction is a major cause of morbidity and mortality 

in patients with diabetes and obesity. Although cardiac fibrosis is prominent in diabetics 

and has been implicated in the pathogenesis of diastolic dysfunction, the molecular 

signals involved in fibrotic remodeling of the diabetic myocardium remain unknown. The 

Transforming Growth Factor (TGF)-β/Smad pathway is activated in diabetic tissues and 

may be involved in fibrosis. Our study demonstrates for the first time an important role 

for Smad3 signaling in diabetes-associated cardiac fibrosis and diastolic dysfunction. 

Genetic disruption of Smad3 improves ventricular compliance, reducing cardiomyocyte 

hypertrophy and decreasing fibrosis in obese diabetic mice. These effects are associated 

with increased myocardial activation of matrix metalloproteinases and with attenuated 

cardiac oxidative stress. Although Smad3 mediates fibrosis and increases myocardial 

stiffness in diabetic animals, it is also important in preservation of cardiac and aortic 

geometry. Smad3 loss in diabetic mice is associated with modest, non-progressive 

ventricular dilation, and with aortic aneurysm formation, despite a reduction in systemic 

blood pressure. Thus, a word of caution should be raised regarding the potential use of 

Smad3 inhibition to protect diabetics from cardiac fibrosis and diastolic heart failure. 

Overzealous Smad3 blockade may have catastrophic effects in vulnerable individuals, 

causing progressive aortic dilation and rupture.
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Figure 1. 
db/db mice exhibit cardiac hypertrophy and fibrosis associated with activation of TGF-β/

Smad. A. db/db mice had significantly higher LV mass than corresponding lean WT 

animals. B. db/db and WT animals had comparable LVEDD between 1-2 months of age and 

exhibited only subtle increases in chamber dimensions at 4-6 months. C. LVEDD:LVmass 

ratio was markedly lower in db/db animals reflecting predominant hypertrophic remodeling. 

D. 6 month-old db/db hearts were fibrotic showing a marked increase in collagen content 

(measured with a hydroxyproline assay). E. There was a trend towards increased TGF-β1 

mRNA expression in db/db hearts. F. Expression of p-Smad2 was increased in db/db 

myocardium (*p<0.05, **p<0.01 vs. WT). (echocardiography WT n=25-73/group, db/db 

n=14-44/group; collagen n=8/group; mRNA n=15/group; western blotting n=8/group).
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Figure 2. 
Smad3 loss increases mortality in both lean and db/db mice and is associated with attenuated 

weight gain and reduced adiposity. A. WT mice, db/db mice, Shet and dbShet mice had 

comparable survival curves. B. When compared with WT animals, Smad3 knockout mice 

(SKO) had higher mortality (**p<0.01). In comparison to db/db, db/db Smad3 -/- (dbSKO) 

animals had higher mortality (**p<0.01). All dbSKO mice died before 6 months of age. C. 

SKO mice had significantly lower body weight than corresponding lean WT animals 

(**p<0.01). D-E: Reduced weight in SKO mice was due to reductions in both lean weight 

(D) and fat content (E). F. 2 month-old SKO mice had lower fat % content than WT animals 

(**p<0.01); however at 4 and 6 months, fat % was not significantly different between WT 

and SKO. Shet animals had increased fat % content at 6 months of age (^^p<0.01 vs. WT). 

G. db/db mice had a marked increase in body weight at 2-6 months of age (^^p<0.01 vs. 

age-matched WT mice). In comparison to db/db, dbSKO mice had markedly lower body 

weight (**p<0.01). H-I. Reduced weight gain in dbSKO mice was due to reductions in both 

lean weight and fat content (*p<0.05, **p<0.01 vs. db/db). At 6 months of age, dbShet mice 

had a statistically significant increase in fat content when compared with db/db animals 

(^^p<0.01 vs. db/db). J. Percent fat content was markedly increased in db/db animals 

(^^p<0.01 vs. corresponding WT). However, Smad3 loss in dbSKO animals was associated 
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with reduced percent fat content only at 4 months of age, suggesting that lower body weight 

in the absence of Smad3 was predominantly related to stunted growth. K. db/db and dbShet 

mice had significantly increased plasma glucose levels when compared with WT animals 

(^^p<0.01 vs. WT); dbSKO mice had attenuated hyperglycemia. L. Insulin levels were also 

markedly increased in db/db and dbShet animals (^p<0.05 vs. WT); however dbSKO mice 

had comparable insulin levels with lean WT controls. M. HOMA-IR was also significantly 

higher in db/db and in dbShet mice when compared with corresponding WT controls 

(^p<0.05, ^^p<0.01 vs. WT); in contrast, in dbSKO mice, HOMA IR was comparable with 

WT animals suggesting attenuated insulin resistance. Survival: WT n=86, Shet n=175, SKO 

n=70, db/db n=32, dbShet n=55, dbSKO n=17; weight and adiposity: WT n=14, db/db n=16, 

dbShet n=25, dbSKO n=19 (2mo) n=9 (4mo), Shet n=16, SKO n=19 (2mo) n=17 (4mo); 

metabolic analysis: n=6.
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Figure 3. 
Smad3 heterozygosity in db/db mice is associated with increased chamber dilation and a 

modest reduction in ejection fraction. Systolic function, dilative and hypertrophic 

remodeling were compared between lean WT mice and corresponding Shet and SKO 

animals (A-E), and between db/db, dbShet and dbSKO mice (F-J) using echocardiography. 

Panels K-O show comparison of echocardiographic endpoints between WT, db and dbShet 

animals at 6 and 12 months of age (at these timepoints comparison with SKO and dbSKO 

mice is not possible due to their early mortality) A-E: Shet and SKO mice had modest 

chamber dilation with preserved systolic function. A: At 4 months of age, Shet mice had 

higher LVEDD than WT animals (**p<0.01). B: LVEDV was significantly higher in Shet 

animals at 4 months of age. C: When adjusted to body weight, SKO animals also exhibited 

an increase in LVEDD:BW ratio. D. Ejection fraction was comparable between groups at 2 

and 4 months of age. E: No statistically significant differences in LV mass were noted. F: 

dbShet mice had a significantly higher LVEDD than db/db animals. G: dbSKO mice had 

significantly increased LVEDD:body weight ratio. H. LVEDV was significantly higher in 

dbShet mice at 4 months of age. I. When compared with age-matched WT animals, db/db 

mice had increased ejection fraction (^^p<0.01 vs WT). When compared with db/db 

animals, dbShet mice and dbSKO animals had a modest, but significant reduction in ejection 

fraction (**p<0.01 vs db/db). J-K: db/db mice had increased LV mass and higher 

cardiomyocyte size than age-matched lean controls (^p<0.05, ^^p<0.01 vs. WT). dbSKO 

mice had attenuated LV hypertrophy, suggested by reduced LV mass (J) and decreased 
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cardiomyocyte size (K) (*p<0.05, **p<0.01 vs. db/db). L-N: At 6-12 months of age, dbShet 

mice had persistent chamber dilation (*p<0.05, **p<0.01 vs. age-matched db/db) without 

significant progression of dilative remodeling O. Ejection fraction was significantly lower in 

dbShet mice at 6 and 8 months of age (**p<0.01 vs. db/db); however progressive systolic 

dysfunction was not observed. P: In comparison to WT animals, db/db mice had 

significantly higher LV mass at 6-8 months of age (^^p<0.01 vs. WT). dbShet mice and 

db/db mice had comparable LV mass at 6 and 12 months of age (2 mo of age: WT n=14, 

Shet=26, SKO n=10, db/db n=16, dbShet n=15, dbSKO n=19; 4mo of age: WT n=45, Shet 

n=27, SKO n=6, db/db n=42, dbShet n=16, dbSKO n=10, Shet n=16) (^p<0.05, ^^p<0.01 

vs. age-matched WT)..
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Figure 4. 
dbShet mice exhibit attenuated diastolic dysfunction associated with reduced matrix 

deposition and increased MMP activity. A. Pressure:volume relations in 12 month-old 

animals demonstrated that db/db mice exhibit a shift of the curve to the left and that dbShet 

hearts had improved compliance. B. Left ventricular chamber stiffness constant was 

increased in db/db mice. Partial loss of Smad3 reduced the chamber stiffness constant in 

db/db animals (*p<0.05, **p<0.01). C-D. Improved diastolic function in dbShet hearts was 

associated with reduced collagen content, assessed through Sirius red staining (C) and 

through a hydroxyproline assay (D). E-F. Reduced collagen in dbShet hearts was not due to 

differences in collagen transcription. G-I. dbShet animals had increased myocardial MMP9 

(H) and MMP2 (I) activity, assessed with zymography (G). Accentuated MMP activity in 

dbShet hearts was not due to increased MMP2 (J) or MMP9 (K) transcription.
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Figure 5. 
A. Smad3 loss attenuates oxidative and nitrosative stress in WT and db/db hearts. DCFDA 

assay showed that db/db hearts had increased ROS levels when compared with age-matched 

WT hearts (*p<0.05 vs WT). Partial or complete loss of Smad3 markedly reduced 

myocardial ROS levels in WT and in db/db animals (^p<0.05, ^^p<0.01 vs. WT; **p<0.01 

vs. db/db, n=6/group). B-C. 3-nitrotyrosine expression was markedly increased in db/db 

hearts (**p<0.01 vs WT). Smad3 loss in db/db mice resulted in attenuated 3-nitrotyrosine 

expression (**p<0.01 vs. db/db).
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Figure 6. 
SKO and dbSKO mice had aortic dilation and a high incidence of spontaneous rupture. A. 

Hemothorax in a 2 month-old SKO mouse that died spontaneously. B. Dilated ascending 

aorta in a dbSKO animal. C. Casts of the aorta show dilation and aneurysm formation 

(arrows) in a 4 month-old dbSKO and a 2 month-old SKO mouse. D. Ultrasound showed 

that at 2 months of age, the ascending aorta was significantly dilated in dbShet and in 

dbSKO mice (*p<0.05, **p<0.01 vs. db/db). E. At 4 months of age, lean Shet and SKO 

mice had increased aortic diameter (*p<0.05, **p<0.01 vs. WT). dbShet and dbSKO 

exhibited increased aortic dimensions in comparison to db/db animals (**p<0.01 vs. db/db). 

(WT n=10, Shet n=11, SKO n=16; db/db n=14, dbShet n=13, dbSKO n=9). F-I. Aortic 

dilation in SKO and dbSKO mice was not due to increased systemic blood pressure. When 

compared with 4-month old WT animals, age-matched Shet and SKO mice had lower 

systolic (F) and diastolic (G) blood pressure (*p<0.05, **p<0.01 vs. WT). 4 month-old 

db/db mice had higher systolic (H) and diastolic (I) blood pressure than lean WT animals 

(^^p<0.01 vs. WT). Smad3 loss in db/db mice protected from increase in systemic blood 

pressure (H, I) (**p<0.01). (WT n=8, db/db n=6; dbShet, dbSKO, SKO, Shet n=5).
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