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Chapter 3

Abstract

Background: Activin A released from epicardial adipose tissue has been linked to contractile 
dysfunction and insulin resistance in cardiomyocytes. This study investigated the role of 
activin A in clinical diabetic cardiomyopathy by assessing whether circulating activin A levels 
associate with cardiometabolic parameters in men with uncomplicated type 2 diabetes 
mellitus (T2DM), and the effects of treatment with pioglitazone versus metformin on these 
associations.

Methods: Seventy-eight men with uncomplicated T2DM and fourteen healthy men with 
comparable age were included, in this randomized, double-blind, active comparator 
intervention study. All T2DM men were on glimipiride monotherapy, and randomized to 
a 24-week intervention with either pioglitazone or metformin. Cardiac dimensions and 
-function were measured using magnetic resonance imaging, whilst myocardial glucose 
metabolism (MMRglu) was determined using [18F]fluorodeoxyglucose positron emission 
tomography during a hyperinsulinemic-euglycemic clamp.

Results: Circulating activin A levels were comparable in T2DM men and controls. Activin 
A levels were independently inversely associated with MMRglu, and positively with 
left ventricular mass/volume (LVMV)-ratio in T2DM men. Intervention with metformin 
decreased activin A levels, whereas pioglitazone did not alter activin A levels. The changes 
in plasma activin A levels were not correlated with the changes in MMRglu following 
either pioglitazone or metformin treatment. A borderline significant correlation (p=0.051) 
of changes in plasma activin A levels and changes in LVMV-ratio was observed after 
pioglitazone treatment.

Conclusions: Circulating activin A levels are associated with impaired myocardial glucose 
metabolism and high LVMV-ratio in patients with uncomplicated T2DM, reflecting a 
potential detrimental role in early human diabetic cardiomyopathy.
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Background

Diabetic cardiomyopathy is a multifactorial condition characterized by an impaired cardiac 
function independent of coronary artery disease or hypertension.1 Changes in myocardial 
substrate metabolism are described to contribute to its pathogenesis. Subtle defects in 
cardiac structure and function can be detected before the presence of clinically evident 
cardiac disease.2,3 These defects are amendable to therapeutic interventions since beneficial 
effects of pioglitazone on myocardial glucose metabolism and diastolic function in patients 
with type 2 diabetes mellitus (T2DM) have been reported.4

Epicardial adipose tissue (EAT) is a visceral fat depot directly surrounding the myocardium.5 
Emerging evidence shows that factors secreted by EAT exert paracrine effects on cardiac 
metabolism and contractile function, hence, with the potential to contribute to the 
development of cardiovascular disease.5 Especially activin A is of interest in this context. 
An enhanced release of activin A from EAT of patients with T2DM impairs cardiomyocyte 
function in vitro.6 Furthermore, the fibrotic potential of the EAT secretome has been 
ascribed to activin A.7

This study aimed at investigating whether activin A impacts on the pathophysiology of 
diabetic cardiomyopathy. Therefore, we determined circulating activin A levels in men 
with uncomplicated T2DM and healthy men of comparable age, evaluated the association 
of activin A levels with cardiac function and –metabolism, and examined the impact of 
intervention with pioglitazone and metformin on these associations.
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Methods

Participants
Circulating activin A levels were determined in fasting plasma samples from participants 
of the previously described PIRAMID (Pioglitazone Influence on tRiglyceride Accumulation 
in the Myocardium in Diabetes) study.4,8 This study included 78 T2DM men, aged 45-65 
years, with an HbA1c of 6.5 – 8.5 %, a body mass index (BMI) of 25-32 kg/m2, and a sitting 
blood pressure (BP) less than 150/85 mmHg. Furthermore, we included 14 healthy men 
of comparable age with normal glucose metabolism as determined by a 75-g oral glucose 
tolerance test. The T2DM men were randomized in this 24-week randomized, double-blind, 
double-dummy with active comparator trial, to pioglitazone (15 mg once daily, titrated to 
30 mg once daily after 2 weeks) or metformin (500 mg twice daily, titrated to 1000 mg 
twice daily) and matching placebo. The PIRAMID study was conducted at two university 
medical hospitals in the Netherlands (Leiden University Medical Center, Leiden, and VU 
University Medical Center, Amsterdam), and approved by the medical ethics committee of 
both centers. This study was performed in full compliance with the Declaration of Helsinki. 

Cardiac Magnetic Resonance Imaging (MRI)
All participants underwent MRI scanning on a 1.5 Tesla whole-body MR scanner (Gyroscan 
ACS/NT15; Philips, Best, the Netherlands) after an overnight fast. Technical procedures 
were performed as described earlier.4,9 Images were analyzed quantitatively with dedicated 
software (MASS and FLOW, Medis, Leiden, the Netherlands). During MRI, BP and heart rate 
(HR) were measured. Left ventricular (LV) mass/volume ratio (LVMV-ratio) was calculated as 
the ratio between LV enddiastolic mass and LV enddiastolic volume.  

Positron Emission Tomography (PET) protocol
All PET examinations were performed using an ECAT EXACT HR+ scanner (Siemens/CTI, 
Knoxville, Tennessee). Myocardial metabolic rate of glucose (MMRglu) was measured during 
a hyperinsulinemic-euglycemic clamp procedure,10 using [18F]fluorodeoxyglucose ([18F]FDG). 
After injection of 185 MBq [18F]FDG, a 60-min dynamic emission scan was acquired.

PET image analysis
PET data were quantitatively reconstructed using filtered back projection after all appropriate 
corrections. To generate myocardial time-activity curves, regions of interest were defined on 
resliced LV short-axis (summed) [18F]FDG images and subsequently projected onto the dynamic 
images. Regions of interest were drawn as previously described,11 and grouped for further 
analysis. A separate aorta ascendance region of interest was defined to generate an [18F]FDG 
image-derived input function. MMRglu was calculated by multiplying the net rate of influx 
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constant of [18F]FDG, Ki, by the mean plasma glucose concentration. Ki was determined using 
Patlak graphic analysis.12

Biochemical analysis
Plasma activin A levels were determined using an Enzyme Linked Immuno Sorbent Assay 
(R&D systems, Minneapolis, MN, USA). The lower detection limit of the assay was 3.67 pg/
mL. The intra- and interassay coefficients of variation were 4.4% and 5.0%, respectively.

Statistical analysis
Data are expressed as mean ± standard deviation of the mean or median (interquartile 
range) when non-normally distributed. Group differences were determined using students 
t-test for normal distributed data, and Mann-Whitney U-test for skewed distributed data. 
Correlation coefficients were calculated using Pearson’s correlation. Ln-transformed data 
were used in case of skewed distributions. Linearity of the regression models was judged 
based on histograms and scatter plots. Additional potential confounders were investigated 
by adding age, BMI, systolic BP (SBP), diastolic BP (DBP), HR, fasting glucose, and fasting 
triglyceride levels in the multivariate analysis of activin A with LVMV-ratio and aortic pulse 
wave velocity (PWV). Next, age, BMI, SBP, DBP, HR, fasting glucose, insulin, and triglyceride 
levels, and M-value for insulin sensitivity were added in the multivariate analysis for 
associations of activin A with MMRglu. Variables that changed regression coefficients by 
more than 10% were included in the adjusted model. Between-group comparisons were 
performed using ANCOVA with adjustments for intervention group and baseline values. 
Within-group changes from baseline were assessed using independent paired t–test for 
normal distributed data and Wilcoxon signed-ranked test for skewed distributed data. 
Statistical analyses were performed using SPSS software version 20.0 (IBM corporation, 
New York, USA). A value of P<0.05 was considered as statistically significant.

Activin A and impaired myocardial glucose metabolism
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Results

Plasma activin A levels in T2DM men versus controls and its relationship with metabolic 
and cardiac parameters
The anthropometric and cardiometabolic variables of the participants were described 
previously.13 Importantly, T2DM men had impaired metabolic control and LV diastolic 
dysfunction13 (Table S1). Median activin A levels were comparable between T2DM men 
and controls (293 versus 315 pg/mL, p=0.42; Figure 1A). Univariate regression analyses 
(Table S2) showed inverse correlations between activin A levels and MMRglu (r=-0.450, 
p<0.001; Figure 1B) and positive correlations with age (r=0.232, p=0.04), diabetes duration 
(r=0.236, p=0.04), triglycerides (r=0.258, p=0.02), SBP (r=0.277, p=0.01), LVMV-ratio (r= 
0.353, p=0.002; Figure 1C), and PWV (r=0.238, p=0.04; Figure 1D) in T2DM. 

Figure 1. Plasma activin A levels in men with uncomplicated type 2 diabetes versus controls. (A) 
Whisker plots (median, min – max) of plasma activin A levels in 78 type 2 diabetic (T2DM) men and 
14 healthy control men. Differences in plasma activin A levels were analyzed using a Mann-Whitney 
U-test. Regression analyses showed significant inverse correlation of plasma activin A levels with 
myocardial metabolic rate of glucose (MMRglu; B), and positive correlations with left ventricular 
mass/volume ratio (LVMV-ratio; C), and aortic pulse wave velocity (PWV; D) in T2DM men (black 
dots with black regression line) and controls (white dots with dashed regression line). Grey lines 
represent pooled regression lines.
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Notably, plasma activin A levels were not significantly correlated with fasting glucose levels 
(r=-0.210, p=0.07), fasting insulin levels (r=0.154, p=0.18), or M-value (r= -0.190, p=0.11), 
nor with diastolic function parameters (all p>0.05; Table S2). In multivariate analysis of 
the T2DM patients, the association of activin A levels with MMRglu was not affected by 
adjustment for M-value (β=-0.373, p=0.001). Age, SBP, DBP, BMI, as well as fasting glucose, 
insulin, or triglyceride levels did not change the regression coefficient. The association of 
activin A levels with LVMV-ratio remained significant after adjustment for SBP (β=0.276, 
p=0.02). However, age and SBP were confounding factors in the association of activin A 
levels with PWV (β=0.151, p=0.13). Other variables as DBP, HR, BMI, fasting glucose, or 
triglyceride levels did not change the regression coefficients of the association between 
activin A levels and either LVMV-ratio or PWV.

Effects of pioglitazone and metformin on plasma activin A levels
Previously, we reported that treatment with pioglitazone or metformin improved glycemic 
control in both groups.4 Furthermore, an improvement in diastolic function and myocardial 
glucose metabolism after pioglitazone treatment was observed as compared to metformin 
treatment, together with a decrease in LVMV-ratio only after pioglitazone treatment.4 
Neither pioglitazone nor metformin impacted on PWV (Table S3). Treatment with 
pioglitazone did not change activin A levels (293 to 302 pg/mL, p=0.13; Figure 2A). After 
metformin, activin A levels decreased (293 to 261 pg/mL, p=0.002; Figure 2A). Between-
group analysis showed a decrease of activin A levels after metformin versus pioglitazone, 
with adjustment for baseline activin A levels (p<0.001; Figure 2A). Changes in activin A 
levels were correlated neither with changes in MMRglu (Figure 2B) nor with changes in 
PWV (Figure 2D) following treatment with either pioglitazone or metformin. A borderline 
significant correlation of changes in activin A levels and changes in LVMV-ratio was observed 
after pioglitazone (r=0.338, p=0.051), but not after metformin treatment (r=0.048, p=0.78; 
Figure 2C).
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Figure 2. Effects of 24-week pioglitazone versus metformin on activin A levels in type 2 diabetic 
men. (A) Plasma activin A levels at baseline (BL, light grey) and at 24-weeks follow-up (FU, dark grey) 
after intervention with pioglitazone (dots) versus metformin (squares) in men with uncomplicated 
type 2 diabetes. Differences in plasma activin A levels at BL and FU in each intervention group 
were analyzed using Wilcoxon matched-pair signed-rank test, between-group differences were 
performed using linear regression analysis with adjustments for intervention group and baseline 
values. Pearson correlation analysis showed that changes in activin A levels were not related to 
changes in MMRglu after either pioglitazone (black dots, black regression line) or metformin (white 
squares, dashed regression line; B). A marginally significant positive correlation was seen between 
changes in activin A levels and changes in left ventricular mass/volume ratio (LVMV-ratio) after 
pioglitazone, not after metformin (C). Changes in activin A levels were not correlated with changes 
in pulse wave velocity after either pioglitazone (black dots, black regression line) or metformin 
(white squares, dashed regression line; D).
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Discussion

This study shows that circulating plasma activin A levels in T2DM men without cardiovascular 
complications associate with impaired myocardial glucose metabolism, independent of 
M-value. Furthermore, we observed a positive association with the LVMV-ratio. Metformin 
treatment decreased activin A levels, while pioglitazone had no effect. Furthermore, in 
patients treated with pioglitazone, changes in plasma activin A levels were borderline 
significantly correlated with changes observed in LVMV-ratio. There was no association 
between changes in plasma activin A and myocardial glucose metabolism after either 
pioglitazone or metformin treatment. These results suggest an involvement of activin A in 
the pathogenesis of early cardiac derangements in T2DM. 
Levels of circulating activin A were in the same range as other clinical studies.14-16 Although 
one study reported that high activin A levels associated with abnormal glucose regulation 
in patients with myocardial infarction though without known T2DM,17 we as well as 
others did not find altered activin A levels between patients with (uncomplicated) T2DM 
and controls.15,18,19 Nevertheless, activin A levels tended to be higher in patients with 
cardiovascular disease.14 In patients with stable and unstable angina, levels of activin A 
were elevated as compared to healthy controls.14 Also in T2DM patients with coronary 
artery disease higher levels of activin A were found as compared to T2DM patients without 
coronary artery disease.15 Finally, in heart failure patients, increased activin A levels were 
demonstrated as compared to healthy controls.16

Other investigators have proposed that activin A could have beneficial effects on 
inflammation and atherogenesis, and that high activin A levels reflect a counteracting anti-
inflammatory and anti-oxidative response.15,17 Our observations do not support this, but 
are corroborated by our earlier study, in which we showed that activin A derived from EAT 
from T2DM patients impairs cardiomyocyte insulin sensitivity.6 The association of activin 
A with LVMV-ratio indicates that this factor is involved in early myocardial remodeling in 
T2DM as well, as LVMV-ratio is one of the features of isolated LV diastolic dysfunction.13,20 
Importantly, this is supported by our results showing that, changes in activin A levels after 
only pioglitazone were positively correlated with changes in LVMV-ratio. In addition, a recent 
study directly links activin A released from EAT to the development of cardiac fibrosis.7

Activin A and impaired myocardial glucose metabolism
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Conclusions

This is the first report showing independent relationships of plasma activin A levels with both 
impaired myocardial glucose metabolism and increased LVMV-ratios in T2DM without known 
cardiac complications. As the pathogenesis of diabetic cardiomyopathy is not fully understood, 
the present data provide evidence for a potential role of activin A in the development of early 
diabetic cardiomyopathy. However, the data should be interpreted with caution, as further 
studies are warranted to identify the exact role of activin A in cardiac remodeling in diabetic 
cardiomyopathy.
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Table S1. Clinical, biochemical and cardiovascular characteristics
Men with T2DM (n=78) Controls (n=14)

Baseline characteristics, insulin sensitivity

Age, years‡ 56.5 ± 5.6 54.5 ± 7.1

BMI, kg/m2‡ 28.7 ± 3.5 27.0 ± 2.5**

M-value, mg/kg.min‡ 2.7 (1.6-4.2) 8.1 (7.4-10.0)***

Plasma parameters

Fasting plasma glucose, mmol/L‡ 8.3 (7.1-10.0) 5.3 (5.0-5.6)***

Fasting plasma insulin, pmol/L‡ 64 (36-92) 28 (19-33)***

HbA1c, %‡ 7.1 ± 1.0 5.3 ± 0.2***

Total cholesterol, mmol/L‡ 4.7 ± 1.0 5.3 ± 0.7***

HDL-cholesterol, mmol/L‡ 1.1 (0.9-1.3) 1.4 (1.3-1.6)***

Triglycerides, mmol/L‡ 1.5 (1.0-2.2) 0.8 (0.7-1.1)***

Plasma non-esterified fatty acids, mmol/L‡ 0.50 (0.40-0.62) 0.46 (0.37-0.52)

Myocardial glucose metabolism

Myocardial metabolic rate of glucose, 
nmol/mL/min‡

260 ± 128 348 ± 154*

Hemodynamic parameters, cardiac dimensions and function

Systolic blood pressure, mm Hg‡ 128 ± 12 118 ± 11***

Diastolic blood pressure, mm Hg‡ 76 ± 7 72 ± 8*

Heart rate, beats/min‡ 64 (60-70) 52 (51-62)***

Rate pressure product, (beats/min).mm Hg‡ 8345 ± 1457 6684 ± 1441***

LV mass, gram‡ 107 ± 17 111 ± 24

LVMV-ratio, gram/mL 0.70 ± 0.11 0.63 ± 0.09*

LV end systolic volume, mL‡ 59 (52-71) 72 (63-82)***

Stroke volume, mL‡ 94 ± 16 107 ± 23**

Ejection fraction, %‡ 60 ± 6 59 ± 4

Pulse wave velocity, m/s 6.7 (5.5-7.0) 5.4 (4.9-6.2)**

E peak filling rate, mL/s‡ 417 ± 84 503 ± 112***

E deceleration peak, mL/s2.10-3‡ 3.4 (2.9-4.0) 4.7 (3.1-5.2)**

E deceleration mean, ml/s2.10-3 2.3 ± 0.7 2.7 ± 0.8*

E/A peak ratio‡ 1.0 ± 0.3 1.3 ± 0.4*

Data are mean ± SD or median (interquartile range). P-values for differences between variables 
were calculated using the students t-test in case of normally distributed data, or the Mann-Whitney 
U-test in case of non-Gaussian distributions data. ***, indicates P<0.001; **, P<0.01; *, P<0.05. 
T2DM, type 2 diabetes mellitus; BMI, body mass index; M-value, whole body insulin sensitivity; 
HbA1c, glycosylated hemoglobin; HDL, high-density lipoprotein; LV, left ventricular; LVMV-ratio, 
left ventricular mass/volume ratio; E, early diastolic filling phase; A, diastolic atrial contraction. 
‡Adapted from Rijzewijk et al..8 
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Table S2. Correlations between circulating activin A levels and anthropometric, 
biochemical parameters, myocardial glucose metabolism, and cardiac dimensions and –
function in men with type 2 diabetes 

Pearson’s r P-value

Baseline characteristics, insulin sensitivity

Age, years 0.232 0.04

BMI, kg/m2 0.064 0.58

M-value, mg/kg.min -0.190 0.11

Plasma parameters

Fasting plasma glucose, mmol/L -0.210 0.07

Fasting plasma insulin, pmol/L 0.154 0.18

HbA1c, % -0.037 0.75

Total cholesterol, mmol/L 0.172 0.13

HDL-cholesterol, mmol/L 0.093 0.42

Triglycerides, mmol/L 0.258 0.02

Plasma non-esterified fatty acids, mmol/L 0.164 0.16

Myocardial glucose metabolism

Myocardial metabolic rate of glucose, nmol/mL/min -0.450 <0.001

Hemodynamic parameters, cardiac dimensions and function

Systolic blood pressure, mm Hg 0.277 0.01

Diastolic blood pressure, mm Hg 0.208 0.07

Heart rate, beats/min -0.055 0.63

Rate pressure product, (beats/min).mm Hg 0.100 0.38

LV mass, gram 0.152 0.18

LVMV-ratio, gram/mL 0.353 0.002

LV end systolic volume, mL -0.171 0.13

Stroke volume, mL -0.161 0.16

Ejection fraction, % 0.043 0.71

Pulse wave velocity, m/s 0.238 0.04

E peak filling rate, mL/s -0.151 0.19

E deceleration peak, mL/s2.10-3 -0.112 0.33

E deceleration mean, ml/s2.10-3 -0.120 0.29

E/A peak ratio -0.079 0.49

BMI, body mass index; M-value, whole body insulin sensitivity; HbA1c, glycosylated hemoglobin; 
HDL, high-density lipoprotein; LV, left ventricular; LVMV-ratio, left ventricular mass/volume ratio; E, 
early diastolic filling phase; A, diastolic atrial contraction.
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Table S3. Effects of pioglitazone versus metformin on clinical, biochemical and 
cardiovascular characteristics 

Pioglitazone (n=34) Metformin (n=37) P-value 
(between 
groups at 
follow-up)

Baseline Follow-up Baseline Follow-up
Clinical and Biochemical Parameters
BMI, kg/m2 28.0 ± 2.8 28.9 ± 3.4* 29.1 ± 3.7 28.9 ± 4.1 <0.001
M-value, mg/kg.min 2.9 ± 1.8 3.4 ± 1.7* 3.2 ± 1.8 3.6 ±2.3 0.03
Fasting plasma glucose, 
mmol/L‡

8.4 (7.2 – 
10.3)

7.6 (6.7-
9.4)**

8.2 (6.8-9.1) 6.8 (5.8-7.4)** 0.14

Fasting plasma insulin, 
pmol/L‡

58 (38-83) 49 (34-70) 80 (31-99) 59 (32-98) 0.15

HbA1c, %‡ 7.1 ± 1.0 6.5 ± 0.8*** 7.0 ± 0.8 6.3 ± 0.6*** 0.15
Total cholesterol, 
mmol/L‡

4.5 ± 0.9 4.6 ± 1.0 4.9 ± 0.9 4.5 ±0.2** 0.04

HDL-cholesterol, mmol/L‡ 1.1 (0.90 – 
1.3)

1.2 (1.0-
1.5)**

1.1 (0.9-1.4) 1.0 (0.9-1.3) 0.009

Triglycerides, mmol/L‡ 1.4 (1.0 – 
2.2)

1.4 (0.9 - 
2.3)

1.5 (0.9-2.1) 1.7 (0.9-2.3) 0.60

Plasma non-esterified 
fatty acids, mmol/L‡

0.45 (0.41-
0.59)

0.46 (0.34-
0.57)

0.53 (0.39-
0.77)

0.49 (0.39-
0.56)

0.93

Myocardial glucose metabolism
Myocardial metabolic 
rate of glucose, nmol/
mL/min‡

259 ± 123 333 ± 102* 262 ± 141 193 ± 109** <0.001

Hemodynamic parameters, cardiac dimensions and function
Systolic blood pressure, 
mm Hg‡

130 ± 12 125 ± 12* 126 ± 11 121 ± 10* 0.49

Diastolic blood pressure, 
mm Hg‡

77 ± 7 74 ± 8 74 ± 7 73 ± 7 0.97

Heart rate, beats/min‡ 65 ± 9 63 ± 7 65 ± 8 64 ± 8 0.90
Rate pressure product, 
(beats/min).mm Hg‡

8508 ± 1492 7853 ± 
1137*

8206 ± 1307 7744 ± 
1173**

0.77

LV mass, gram‡ 108 ± 14 105 ± 16 107 ± 19 103 ± 18 0.54
LVMV-ratio, gram/mL 0.68 ± 0.11 0.64 ± 

0.08**
0.71 ± 0.11 0.70 ± 0.11 0.009

LV ejection fraction, %‡ 59 ± 6 60 ± 5 61 ± 5 60 ± 5 0.53
Pulse wave velocity, m/s 6.3 (5.6-7.4) 6.2 (5.7-

7.3)
5.9 (5.4-6.6) 6.1 (5.4-7.1) 0.59

E peak filling rate, mL/s‡ 422 ± 89 440 ± 81 409 ± 85 407 ± 78 0.05
E deceleration peak, mL/
s2.10-3‡

3.5 ± 1.1 3.8 ±  1.1* 3.5 ± 1.0 3.5 ± 1.0 0.11

E deceleration mean, ml/
s2.10-3‡

2.3 ± 0.7 2.4 ± 0.6 2.3 ± 0.7 2.2 ± 0.7 0.06

E/A peak ratio‡ 1.1 ± 0.3 1.1 ± 0.3 1.0 ± 0.2 1.0 ± 0.2 0.35

Data are mean ± SD or median (interquartile range).P-values for within-groups were calculated 
using the paired t-test in case of normally distributed data, or the Wilcoxon signed-rank test in 
case of non-Gaussian distributions data. ***, indicates P<0.001; **, P<0.01; *, P<0.05 for within-
group changes from baseline. BMI, body mass index; M-value, whole body insulin sensitivity; 
HbA1c, glycosylated hemoglobin; HDL, high-density lipoprotein; LV, left ventricular; LVMV-ratio, left 
ventricular mass/volume ratio; E, early diastolic filling phase; A, diastolic atrial contraction.
‡Adapted from van der Meer et al..4

Activin A and impaired myocardial glucose metabolism

3



82


