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Summary 
Diabetes mellitus is known to produce various cell-damaging 
events and thereby underlie heart dysfunction and remodeling. 
However, very little is known about its inflammation-associated 
pathomechanisms due to necrosis-like cell death. For this 
purpose, we aimed to investigate signaling pathways of 
necroptosis and pyroptosis, known to produce plasma membrane 
rupture with the resultant promotion of inflammation. One-year 
old Zucker diabetic fatty (ZDF) rats did not exhibit significant 
heart dysfunction as revealed by echocardiographic 
measurement. On the other hand, there was a decrease in heart 
rate due to diabetes. Immunoblotting analysis showed that the 
left ventricles of ZDF rats overexpress neither the main 
necroptotic proteins including receptor-interacting protein kinase 
3 (RIP3) and mixed lineage domain kinase-like pseudokinase 
(MLKL), nor the pyroptotic regulators including NLR family pyrin 
domain containing 3 protein (NLRP3), caspase-1, interleukin-1 
beta (IL-1β and the N-terminal gasdermin D (GSDMD-N). On the 
other hand, the increased activation of the RIP3 kinase due to 
phosphorylation was found in such hearts. In summary, we 
showed for the first time that the activation of cardiac RIP3 is 
upregulated due to disturbances in glucose metabolism which, 
however, did not proceed to necrosis-like cell death. These data 
can indicate that the activated RIP3 might also underlie other 
pleiotropic, non-necroptotic signaling pathways under basal 
conditions. 
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Introduction 
 

Cell death has been shown to be a critical and 
significant contributor to the pathomechanisms of various 
cardiovascular diseases [1-5]. In recent years, 
a conservative view on cell death classification involving 
chaotic necrotic and regulated apoptotic cell loss has 
advanced. Indeed, other necrosis-like cell death forms – 
necroptosis and pyroptosis, which are strictly regulated 
but resemble necrotic phenotypes, have been introduced. 
The process of necroptosis follows the auto- or receptor-
interacting protein kinase-1 (RIP1)-mediated 
phosphorylation of RIP3 which subsequently 
phosphorylates, thus activates the terminal necroptotic 
executioner mixed lineage domain kinase-like 
pseudokinase (MLKL) [6,7]. Such activated MLKL 
forms homo-oligomers or hetero-oligomers with RIP3 
which accumulate within the plasma membrane resulting 
in the loss of its integrity and finally cell lysis [6,8]. The 
induction of pyroptosis is triggered by the formation of 
the NLR family pyrin domain containing 3 (NLRP3) 
inflammasome causing caspase-1-mediated maturation of 
pro-inflammatory cytokines, such as interleukin-1 beta 
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(IL-1β). Furthermore, activated caspase-1 cleaves 
gasdermin D to generate an N-terminal cleavage product 
(GSDMD-N) that induces the plasma membrane rupture 
and release of inflammatory cytokines, thereby 
highlighting the pro-inflammatory character of pyroptotic 
cell death [9]. Although there are some not very  
well-defined mechanisms leading to the activation of 
these cell death forms, it is clear that both these regulated 
necrotic processes proceed to cell loss by promoting the 
release of the intracellular content and underlying  
pro-inflammatory environment [3,10-13]. 

Several conventional mechanisms, such as 
altered Ca2+ homeostasis [14,15], oxidative stress [16,17], 
altered function of proteolytic proteins [18] have been 
suggested to be implemented in the pathomechanisms of 
cardiac damage due to diabetes mellitus (DM). Recently, 
inflammation has also been suggested to contribute, at 
least in part, to changes mediated by DM [19]. Thus, in 
view of these observations, we aimed to describe the 
main pronecroptotic and pyroptotic signaling pathways, 
as potential sources of inflammation, in the heart of rats 
experiencing type 2 DM. In this regard it can be 
mentioned that deleterious effects of necroptosis and 
pyroptosis have been shown to underlie the altered 
function and adverse remodeling due to 
ischemia/reperfusion and pulmonary arterial hypertension 
under normoglycemic conditions [12,20,21]. These 
findings might bring more insights on DM-mediated 
influence on the heart function and indicate perspectives 
on future therapies for this disease. 
 
Methods 
 
Experimental model 

One-year-old obese Zucker diabetic fatty (ZDF) 
rats (fa/fa) (Diabetes group, n=7) and their age-matched 
non-diabetic lean controls (fa/+) (Control group, n=6) 
obtained from Dobrá Voda, Slovak Republic, were used 
in the study. After the adaptation period at stable 
conditions (temperature of 22±2 °C and humidity of  
45-65 %, water ad libitum), rats were anaesthetized with 
thiopental (50 mg/kg, i.p.) in combination with heparin 
(500 IU, s.c.) and their hearts were quickly excised and 
stored at -80 °C until further analyses. Biometric data 
including bodyweight, fasting glycemia and cholesterol 
levels were collected and calculated before euthanasia. 
All experiments were performed in accordance with the 
rules issued by the State Veterinary Administration of the 
Slovak Republic, legislation No. 377/2012 and with the 

regulations of the Animal Research and Care Committee 
of Centre of Experimental Medicine SAS – Project 
No. 2237/18-221/3, approved on 21 August 2018. 
 
Echocardiography 

Echocardiographic examination was performed 
on anesthetized rats put in a chamber with a continuous 
supply of isoflurane (Forane, Abbive, USA). The data 
were obtained using the GE Healthcare Vivid 
E9 ultrasound machine (GE Healthcare, USA) with  
a 15.0-MHz transducer probe. During the echocar-
diography exam, images of parasternal long axis (PLAX), 
short axis (SAX) and apical four chambers (A4C) were 
captured using two-dimensional mode (2-D), M-mode, 
Color Doppler and Pulse wave Doppler. All exams were 
performed during short and controlled period to ensure 
highly accurate data. Captured images were subsequently 
analyzed by EchoPac software (GE Healthcare, USA) 
obtaining the data depicting heart rate as well as ejection 
fraction of the rats. 
 
Immunoblotting 

Immunoblot analysis was performed on whole 
cell lysates from the left ventricles as described 
previously [20]. Briefly, following post-electrophoretic 
transfer of proteins, the membranes were incubated with 
the following primary antibodies against caspase-1 
(ab179515, Abcam, UK), GSDMD (sc-81868, Santa 
Cruz, USA), IL-1β (ab9722, Abcam, UK), MLKL 
(ab243142, Abcam, UK), NLRP3 (ab263899, Abcam, 
UK), pSer345-MLKL (MABC-1158, Merck, Germany), 
pThr231/Ser232-RIP3 (ab222320, Abcam, UK) and RIP3 
(#15828, Cell Signaling Technology, USA). 
Subsequently, the membranes were incubated with the 
following secondary HRP-conjugated antibodies: donkey 
anti‐rabbit IgG (711‐035‐152, Jackson Immunoresearch), 
donkey anti‐rat IgG (112‐035‐175, Jackson 
Immunoresearch, USA) and donkey anti‐mouse IgG 
(115‐035‐174, Jackson Immunoresearch, USA). Signals 
were detected using enhanced chemiluminescence 
(Crescendo Luminata, Merck Millipore, USA) and 
captured by a chemiluminescence imaging system 
(myECL imager, Thermo Scientific, USA). Total protein 
staining of membranes with Ponceau S assessed by 
scanning densitometry was used as the loading control in 
total tissue lysates [22]. Relative expression of protein 
bands of interest was calculated by normalizing the 
intensity of a protein band with its whole lane protein 
staining intensity. 
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Statistical analysis 
Data are expressed as means ± standard error of 

means (SEM) for the number of animals in the group. 
Unpaired t-test with Welch’s correction was used to 
compare the differences in variables with normal 
distribution between the 2 groups using GraphPad Prism 
9.00 for Windows (GraphPad Software, USA). 
Differences between the groups were considered 
significant when p<0.05. 
 
Results 
 
Basic characteristics 

Biometric data are shown in Table 1. As expected, 
fasting glycemia (5.93±0.18 mmol/l vs. 13.22±2.19 mmol/l) 
and cholesterol levels (2.87±0.18 mmol/l vs. 
5.12±0.26 mmol/l) were significantly higher in ZDF rats in 
comparison to the control group. Likewise, these diabetic 
rats exhibited significantly increased body weight 
(411.33±18.53 g vs. 576.33±39.39 g). Collectively, 1-year-

old ZDF rats exhibited obesity and disturbed metabolism of 
glucose and cholesterol. 

 
Echocardiographic data 

Main echocardiographic parameters including 
a representative image are depicted in Figure 1A-D. 
Ejection fraction (EF) and relative wall thickness (RWT) 
were comparable between the groups indicating no 
significant heart dysfunction and remodeling under these 
particular conditions in this stage of the disease 
(Fig. 1A, B). Other echocardiographic parameters have 
also not advocated for the alterations in cardiac function 
either in the size of left ventricle (data not shown). On the 
other hand, decreased heart rate in obese ZDF rats 
indicated the presence of bradycardia (Fig. 1C). 

 
Necroptotic and pyroptotic signaling 

Figures 2A-C and 3A-D show the detailed 
analysis of the canonical pathway of necroptosis and 
pyroptosis, respectively. The levels of total RIP3 were 

 
 
Table 1. Biometric data of rats. Data are expressed as mean ± SEM (n=6-7/group); * p<0.05; ** p<0.01. 
 

 Control Diabetes 

Bodyweight [g] 411.33 ± 18.53 576.33 ± 39.39** 
Fasting glycemia [mmol/l] 5.93 ± 0.18 13.22 ± 2.19* 
Cholesterol [mmol/l] 2.87 ± 0.18 5.12 ± 0.26** 

 
 

 
 

Fig. 1. Echocardiographic parame-
ters of rats with type 2 diabetes.  
(A) Ejection fraction expressed as 
percentage; (B) Relative wall 
thickness (RWT) expressed as A.U.; 
(C) Heart rate expressed as 
beats/min; (D) Representative 
echocardiographic image. Data are 
expressed as mean ± SEM (n=6-7/ 
group); * p<0.05; ** p<0.001. 
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unchanged, but its phosphorylated form, which is known 
to promote necroptosis, showed an increasing trend in the 
diabetic hearts in comparison to the control group. In 
support, the ratio of pThr231/Ser232-RIP3 to total RIP3, 
a strong indicator towards the activation of this 
multifaceted kinase [23], was significantly upregulated in 
the LVs of diabetic rats (Fig. 2A). However, such 
activation unlikely proceeded to necroptosis execution 
since the phosphorylated form of MLKL was unchanged 
in both groups (Fig. 2B). 

The expression of neither procaspase-1 nor its 
cleaved active form caspase-1 was changed in the hearts 
due to DM (Fig. 3A). Similar results were observed in 
both the inactive and active form of its main cleavage 
target – IL-1β (Fig. 3B). In line, neither the expression of 
the pyroptotic initiator NLRP3, nor its final executioner 
protein the N-terminal GSDMD, producing the plasma 
membrane rupture, showed changes between the groups 
(Fig. 3C). 

 

 
 
Fig. 2. Analysis of necroptosis activation in the left ventricles of rats with type 2 diabetes. (A) Immunoblot analysis of the expression of 
total RIP3, pThr231/Ser232-RIP3 and pThr231/Ser232-RIP3/RIP3 ratio; (B) Immunoblot analysis of the expression of total MLKL, 
pSer345-MLKL and pSer345-MLKL/MLKL ratio; (C) Representative immunoblots. Data are expressed as mean ± SEM (n=6-7/group); 
** p<0.001. 
 

 
 
Fig. 3. Analysis of pyroptosis activation in the left ventricles of rats with type 2 diabetes. (A) Immunoblot analysis of the expression of 
procsp-1, csp-1, csp-1/procsp1 ratio, pro IL-1β, IL-1β and IL-1β/proIL-1β ratio; (B) Immunoblot analysis of the expression of NLRP3 
and GSDMD-N; (C) Representative immunoblots. Data are expressed as mean ± SEM (n=6-7/group). 
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Together, these molecular analyses in 1-year-old 
obese ZDF rats with disturbed glucose and cholesterol 
metabolism, have indicated the increased activation of 
RIP3 by phosphorylation however, necroptosis or 
pyroptosis are unlikely executed under such conditions. 
 
Discussion 
 

The present study was carried out to extend the 
knowledge about myocardial inflammation-associated 
cell death signaling in type 2 diabetes and thereby assess 
the likely predisposition to cell loss and subsequent 
cardiac damage. Complex analysis of necroptotic and 
pyroptotic cell death modes revealed for the first time that 
the LVs of obese ZDF rats do not overexpress the main 
proteins of these signaling pathways under basal 
conditions. Notably, the higher activation of the RIP3 
kinase due to phosphorylation was observed in the hearts, 
only. Thus, these data might indicate that such activated 
RIP3 in the heart of obese ZDF rats could be involved in 
other cell signaling pathways, such as mitochondrial 
swelling [20], and that further pathological stimuli (e.g. 
ischemia) are needed to promote RIP3-mediated necrosis-
like cell death and thereby underlie heart dysfunction. 

The relevance of necroptotic loss of cells has 
been documented in some studies employing models of 
prediabetes [24] and diabetes [25]. In a 12-week high fat 
diet-induced pre-diabetic rat model, inhibition of RIP1, 
an upstream activator of RIP3, reversed the adverse 
effects of the disease in terms of improving cognitive 
function, synaptic plasticity, and mitochondrial function 
in the brain [24]. Likewise, islets treated with necroptosis 
inhibitor produced and secreted more insulin which was 
accompanied by the upregulation of GLUT2 expression 
in comparison with non-treated islets [26]. In support, 
inhibition of RIP1 and gene knockout of MLKL 
enhanced hepatic insulin sensitivity and ameliorated 
insulin resistance [25]. These studies have indicated  
an important role of necroptosis in cell death in the brain, 
liver, and islets in pre-diabetes/diabetes. Regarding the 
heart, cardiomyocytes isolated from RIP3 or MLKL 
deficient mice with type 1 diabetes were protected from 
excessive necroptotic loss [27]. Interestingly, the activity 
of RIP1 and RIP3 was also associated with increased 
myocardial fibrosis due to disturbed autophagic flux in 
streptozotocin-induced diabetes of Sprague-Dawley rats 
[28]. In this study, by analyzing basal necroptotic 
signaling we intended to assess the sensitivity of the heart 
to cell loss due to the metabolic complications only, and 

thus, with no additional pathologic stimuli. Because there 
are no changes found in the expression of either of the 
proteins of necroptotic signaling, including 
phosphorylated MLKL, it is very likely that such 
disturbances in glucose and cholesterol metabolism do 
not produce deleterious effects in terms of the basal loss 
of cardiac cells. In this regard it can be mentioned that 
neither diet-induced hypercholesterolemia was able to 
increase the expression of main necroptotic proteins in 
the heart under basal conditions [29]. In addition, here we 
did not find the higher levels of markers of pyroptosis in 
the hearts of obese ZDF rats either. Although such 
finding might seem contrary with other studies showing 
that the NLRP3 inflammasome is activated in diabetic 
cardiomyopathy indicating a relevance for pyroptotic cell 
loss [30-32], these studies investigated a streptozotocin-
induced model of diabetes while our study used a model 
for type 2 diabetes. 

Because we observed the higher phosphorylation 
of RIP3 due to the plasma alterations in glucose levels, 
and because it did not produce necrosis-like cell death 
under basal conditions, it can be hypothesized that such 
activated RIP3 can be involved in other cell damaging 
mechanisms. In addition, it can be hypothesized that there 
is an association between the upregulation of the 
phosphorylated levels of RIP3 and oxidative stress. In 
fact, a link between reactive oxygen species (ROS), 
which are elevated in DM [16] and the activation of RIP3 
has been nicely documented elsewhere [33,34]. 
Considering this particular role of phosphorylated form of 
RIP3 in mitochondrial swelling and ROS pathogenesis, it 
can be concluded that non-cell death associated events of 
the activated RIP3 are likely mechanisms underlying 
alterations in signaling pathways due to DM under basal 
conditions. Likewise, it can be postulated that additional 
pathological stimuli (e.g. ischemia) are needed to 
promote RIP3-mediated necrosis-like cell death and 
thereby underlie heart dysfunction and remodeling 
progressing in diabetic cardiomyopathy. Further 
investigation is needed to prove this concept of  
a pleiotropic action of RIP3 in type 2 diabetes. 
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