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Abstract 

Introduction 

Cardiometabolic diseases like obesity and/or diabetes mellitus may alter the effects 

of sevoflurane on the heart, but current evidence is limited to in vitro studies. This 

study evaluated the influence of western diet-induced obesity with glucose 

intolerance on the myocardial response to sevoflurane, and further elaborated 

whether lowering caloric intake can modulate this effect.  

Methods  

Male Wistar rats were exposed to a western diet (WD) or control diet (CD) for 8 

weeks. A third group of WD-fed rats reversed after 4 weeks to CD for 4 consecutive 

weeks. Study parameters included an oral glucose tolerance test, echocardiography 

and protein analyses before and after exposure to 2% sevoflurane. 

Results  

Eight weeks of WD-feeding resulted in a prediabetic phenotype with obesity, glucose 

intolerance, mild hyperglycemia, hyperinsulinemia, dyslipidemia and reduced 

myocardial systolic and diastolic function. While sevoflurane did not alter myocardial 

contractile function in healthy control animals, systolic function in WD-fed rats was 

further impaired after sevoflurane exposure. Reversion of WD to control diet 

normalized the prediabetic phenotype, and restored myocardial function during 

baseline and after sevoflurane exposure to control values. Western diet and diet 

reversal exerted distinct effects on myocardial calcium handling proteins, while 

changes in proteins related to substrate metabolism were only minimal. 

Conclusions  

Sevoflurane is a stronger cardiodepressant in prediabetic than in control rats, which 

could be restored by lowering caloric intake. These results suggest that normalization 

of the cardiometabolic profile by dietary changes are of direct influence on the 

myocardial response to sevoflurane in rats. 
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Introduction 

Patients with obesity and type 2 diabetes mellitus (T2DM) due to excessive caloric 

intake may exert a different response to anesthesia and surgery than healthy 

subjects. In healthy subjects, volatile anesthetics like sevoflurane exhibit negative 

inotropic effects as shown by depressed myocardial contractility,1;2 lusitropic effects 

as reflected by early diastolic dysfunction1;3 and decreased systemic vascular 

resistance.3 While it may be expected that cardiometabolic alterations induced by 

obesity and/or diabetes mellitus alter the response of the heart to volatile 

anesthetics, most studies focusing on this relationship are limited by their in vitro 

nature and the use of models for type 1 diabetes mellitus. Moreover, the results are 

conflicting, showing either augmentation4 or suppression5 of the cardiodepressive 

effects of volatile anesthetics in papillary muscles of type 1 diabetic rats. A third 

study suggested that the inotropic effects of several volatile anesthetics were not 

altered in single ventricular myocytes from type 1 diabetic rats.6  

These findings warrant further exploration of the effects of obesity and/or diabetes 

mellitus on the interaction of volatile anesthetics with the heart. Moreover, 

increasing evidence suggests that preoperative alterations in dietary composition and 

intake may alter the susceptibility of the cardiovascular system to surgical and 

anesthetic stress.7 It has indeed been shown that diet-induced obesity8-11 and 

T2DM12;13 in small rodents is reversible by reducing caloric intake, which resulted in 

weight loss and improved insulin sensitivity. In obese and T2DM patients, a low 

caloric diet decreased myocardial fatty acid uptake14 and improved diastolic 

function,15 respectively. Additionally, preoperative dietary restriction exerted 

favorable effects on surgery-related inflammation, oxidative stress and ischemia.7;16 

It is however unknown whether the interaction of volatile anesthesia with myocardial 

function can be altered by dietary intake. In the present study we therefore 

investigated whether western diet-induced obesity with glucose intolerance alters the 

effects of the volatile anesthetic sevoflurane on myocardial function and calcium 

handling proteins in rats, and whether changing diet composition can modulate these 

alterations. 
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Methods 

Animals and experimental set-up 

All animal experiments were approved by the Institutional Animal Care and Use 

Committee of the VU University, and were conducted following the European 

Convention for the Protection of Vertebrate Animals used for Experimental and Other 

Scientific Purposes, and the guide for the Care and Use of Laboratory Animals. The 

performed research is in compliance with the modern ARRIVE guidelines on animal 

research.17  

The first part of the study was performed in a group of 24 male Wistar rats 

(baseline body weight: 264±5 g; Charles River Laboratories, France). Rats were 

exposed to a western diet in combination with sucrose water (20%) (WD, n=16) or 

control diet (CD, n=8) for a period of 8 weeks. Four weeks after the start of the diet 

exposure, WD (n=8) exposed rats reversed to CD for 4 consecutive weeks. Rats 

were housed in a temperature-controlled room (20-23°C; 40-60% humidity) under a 

12/12h light/dark cycle starting at 6.00 am. Body weight and caloric intake were 

determined on a weekly basis. After 4 and 8 weeks of diet exposure, rats underwent 

an oral glucose tolerance test and echocardiography. After a 6h fasting period, rats 

were sacrificed by decapitation, trunk blood was collected for plasma determinations 

and hearts were removed, rinsed in saline, weighted, snap-frozen in liquid nitrogen 

and stored at -80°C until further analysis. 

The second part of the study included 30 male Wistar rats (baseline body weight: 

262±6 g; Charles River Laboratories, France) that were either exposed to the control 

diet (CD, n=10), western diet in combination with sucrose water (20%) (WD, n=10) 

or the western diet with reversal to control diet (REV, n=10) as described above. 

After 8 weeks, rats were exposed to sevoflurane (AbbVie, the Netherlands). Rats 

were sacrificed by decapitation without fasting, trunk blood was collected for plasma 

determinations and hearts were removed, rinsed in saline, weighted, snap-frozen in 

liquid nitrogen and stored at -80°C until further analysis. 

Diets 

Control diet (CD; Teklad 2016, Harlan, Horst, the Netherlands) consisted of 20 %kcal 

protein, 9 %kcal fat and 74 %kcal carbohydrates (1804 kcal/kg starch, 200 kcal/kg 

sugars), whereas western diet (WD; D12451, Research Diets, New Brunswick, NJ) 

consisted of 20 %kcal protein, 45 %kcal fat and 35 %kcal carbohydrates (291 

kcal/kg starch, 691 kcal/kg sugars) with 20% sucrose water (800 kcal/kg), totally 

containing 3300 kcal/kg and 4857 kcal/kg for CD and WD with sucrose water, 

respectively.  
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Oral glucose tolerance test 

Awake rats fasted overnight received an oral glucose load (2 g/kg of body weight). 

Blood glucose was measured from tail bleeds with a Precision Xceed Blood Glucose 

monitoring system (MediSense, UK) before and 15, 30, 60, 90 and 120 min after 

glucose ingestion. At similar time points, plasma insulin (LINCO research, St. 

Charles, Missouri) levels were measured as described previously.18;19  

Echocardiography 

Echocardiography (ALOKA ProSound SSD 4000, Aloka, Tokyo, Japan) using a 13-MHz 

linear interfaced array transducer was performed after 4 and 8 weeks as described 

previously.18-21 Briefly, rats received S-Ketamine (Ketanest®, 75 mg/kg, Pfizer, the 

Netherlands) and diazepam (4 mg/kg, Centrafarm, the Netherlands) anesthesia 

intraperitoneally, allowed spontaneous respiration and placed on a underbody 

heating pad. Left ventricular (LV) dimensions during end-systole (ES) and end-

diastole (ED) were determined in the M- (motion) mode of the parasternal short-axis 

view at the level of the papillary muscles. LV systolic function is represented by 

fractional shortening (FS) and fractional area change (FAC), which were calculated 

by the equations: FS = (EDD-ESD)/EDD·100) and FAC = (EDD2-ESD2)/EDD2·100). 

Diastolic function was measured in the apical four-chamber view and shown as E 

flow, E deceleration time and isovolumic relaxation time (IVRT; except 8 weeks 

data). LV mass was calculated as described previously.18 All parameters were 

averaged over at least three cardiac cycles. Analyses were performed off-line 

(Image-Arena 2.9.1, TomTec Imaging Systems, Unterschleissheim/Munich, 

Germany). 

Sevoflurane intervention 

The second group of rats was anesthetized with 125 mg/kg S-ketamine (Ketanest®, 

Pfizer, the Netherlands) and 4 mg/kg diazepam (Centrafarm, the Netherlands) 

intraperitoneally and maintenance was performed with 40 mg/kg/h S-ketamine and 

1 mg/kg/h diazepam intravenously in the tail vein and allowed spontaneous 

respiration. Rats (n=6 per group) were exposed to 3x 5’ 2% sevoflurane (AbbVie, 

the Netherlands) in 40% O2/60% N2, whereas control rats received only 40% 

O2/60% N2 for the same time period (baseline, n=4). Measurement of systolic 

function during sevoflurane exposure was started after 5’ of 2% sevoflurane and 

performed as described above. 
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Blood and plasma measurements  

Plasma hematocrit levels were determined using microcentrifugation. Plasma glucose 

levels (Abcam, Cambridge, MA), plasma insulin (LINCO research, St. Charles, 

Missouri), plasma free fatty acids (WAKO NEFA-HR, Wako Pure Chemical Industries, 

Osaka, Japan), plasma triglyceride (Sigma, Saint Louis, Missouri), and plasma HDL 

and LDL/VLDL cholesterol (Abcam, Cambridge, MA) levels were measured from trunk 

blood as described previously.18-21  

Protein analysis  

LV tissues were homogenized to obtain cytoplasmic protein fractions for western blot 

analysis as previously described.18;20;21 Phosphorylation and/or expression of 

signaling intermediates were analyzed using the following primary antibodies: Akt, 

phospho-Akt-Ser473, glycogen synthase kinase 3β (GSK3β), phospho-GSK3β-Ser9, 

AMP activated protein kinase α (AMPKα), phospho-AMPKα-Thr172 (all Cell signaling 

Technology, Beverly, MA), pyruvate dehydrogenase kinase 4 (PDK4, Santa Cruz 

Biotechnology, Santa Cruz, CA), glucose transporter 4 (GLUT4; Abcam, Cambridge, 

MA), phospholamban (PLB), phospho-PLB-Ser16, (Upstate, Lake Placid, NY), 

sarcoplasmic reticulum calcium ATPase 2a (SERCA2a)21 and fatty acid transporter 

(FAT)/CD36 (MO25).18;21 All signals were normalized to total protein expression or 

actin (Sigma, Saint Louis, Missouri).  

Myofilament protein phosphorylation was determined using Pro-Q Diamond 

Phosphoprotein Stain as described previously.22 LV tissues were separated on 

gradient gels (Criterion tris-HCl 4-15% gel, BioRad) and proteins were stained with 

Pro-Q Diamond Phosphoprotein Stain. Subsequently gels were stained overnight with 

SYPRO Ruby stain (Molecular Probes). Phosphorylation status of myosin binding 

protein-C (MyBP-C), troponin T (TnT) and cardiac troponin I (cTnI) were expressed 

relative to SYPRO-stained protein bands to correct for differences in sample loading. 

Staining was visualized using the LAS-3000 Image Reader (FUJI; 460 nm/605 nm 

Ex/Em) and immunoblots were quantified by densitometric analysis of films (AIDA, 

4.21.033, Raytest, Strau-benhardt Germany). 

Histology 

Sections (4 µm) of left ventricular tissue from the free wall at the level of the 

papillary muscles were cut in the direction of the fibers and mounted on 3-

aminopropyltriethoxisilane-coated slides (Superfrost® Plus, Menzal, Darmstadt, 

Germany). After deparaffinization and rehydration, cardiomyocyte cross-sectional 

area was determined in randomly chosen fields of hematoxylin-eosin stained sections 

for 20-30 cells per heart and normalized to sarcomere length.18;20;21  
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Statistical analysis  

Data were analyzed using Graphpad Prism 5.0 (La Jolla, USA) and are presented as 

mean±SD. Statistical analyses were performed using a student t-test after 4 weeks, 

one-way ANOVA with Bonferroni post-hoc analysis after 8 weeks, two-way ANOVA 

with repeated measures and Bonferroni post-hoc analysis for the oral glucose 

tolerance test and two-way ANOVA with Bonferroni post-hoc analysis for data after 8 

weeks with sevoflurane intervention. p<0.05 was considered as statistically 

significant. 
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Results 

Animal model characteristics 

Western diet (WD) feeding resulted in a prediabetic phenotype with obesity, mild 

hyperglycemia, hyperinsulinemia, hyperlipidemia and glucose intolerance at 4 and 8 

weeks after initiation of the diet (Table 5.1 and Figure 5.1 A-F). Reversion to a 

control diet (REV) after 4 weeks of western diet feeding resulted in normalization of 

caloric intake and body weight, and reversed the prediabetic phenotype in western 

diet-fed rats. 

Heart weight and the cross sectional area of individual cardiomyocytes were 

significantly increased in WD-fed rats compared to controls, and these values 

normalized after diet reversal. Additionally, diet reversion following western diet 

feeding resulted in a decrease in liver weight and epididymal and perirenal fat pads 

(Table 5.1).  

At 4 and 8 weeks, western diet feeding decreased myocardial lumen diameter and 

increased wall thickness during diastole when compared to control rats (Table 5.2). 

Moreover, end-systolic lumen diameter was increased at 4 and 8 weeks of western 

diet feeding, while systolic wall thickness was slightly reduced after 4 weeks of diet 

exposure. Reversal from western to control diet resulted in normalization of systolic 

lumen diameter and myocardial diastolic and systolic wall thickness, while the 

diastolic lumen diameter was not affected by lowering caloric intake (Table 5.2).  

Western diet feeding induced a reduction in myocardial fractional shortening (Figure 

5.2A) and fractional area change (Figure 5.2B), which could be restored by diet 

reversal. While E flow was unchanged by WD-feeding, the deceleration time of the E 

peak and isovolumic relaxation time at 4 weeks were prolonged in rats fed a WD 

when compared to control rats (Table 5.2). After 8 weeks of diet exposure, there 

was a trend towards impaired left ventricular relaxation in WD-fed rats. Diet reversal 

improved diastolic function as shown by a shortening of the E deceleration time when 

compared to WD-fed rats (Table 5.2). 
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Table 5.1: Characteristics after 4 and 8 weeks of diet intervention without sevoflurane exposure 

 4 weeks  8 weeks   

 Control diet Western diet Control diet  Western diet Reversion 

Caloric intake (kcal/100gBW) 138±8  155±17 * 124±6 129±7  114±6 # 

Blood/plasma characteristics 

6h fasting plasma glucose (mmol/L) 7.1±0.6 7.8±1.3 8.8±0.7 10.7±1.1 * 8.2±1.2 # 

6h fasting plasma insulin (pmol/L) 411±135 726±214 * 933±383 1524±353 * 813±369 # 

6h fasting plasma free fatty acids (mmol/L) 0.82±0.20 0.96±0.20 0.26±0.10 0.46±0.24 * 0.26±0.11 # 

6h fasting plasma triglycerides (mmol/L) 0.92±0.21 2.04±0.72 * 0.68±0.18 3.33±1.19 * 0.78±0.27 # 

6h fasting plasma HDL cholesterol (mg/dL) 71.0±3.0 39.8±8.3 * 112.3±11.8 61.9±6.7 * 108.9±11.6 # 

6h fasting plasma LDL/VLDL cholesterol (mg/dL) 12.4±2.7 10.2±3.9 15.6±2.2 27.3±7.0 * 17.8±2.7 # 

Hematocrit (%) 48.3±2.8 47.4±2.5 50.7±3.0 47.9±2.2 * 49.0±1.3 

Body composition 

Bodyweight (g) 362±23 397±16 * 410±27 478±25 * 432±30 # 

Heart weight (g) n.d. n.d. 1.19±0.06 1.34±0.15 * 1.28±0.06 

Liver weight (g) n.d. n.d. 10.7±1.0 14.2±1.0 * 11.3±2.0 # 

Epidydimal fat weight (g) n.d. n.d. 6.0±0.8 11.4±2.1 * 7.3±1.5 # 

Perirenal fat weight (g) n.d. n.d. 8.0±1.5 16.7±3.8 * 9.5±1.8 # 

Tibia length (mm) n.d. n.d. 42.0±0.5 41.8±1.0 41.4±1.0 

Heart composition       

Cross sectional area (μm2) n.d. n.d. 372±54 625±105 * 389±53 # 

Data are mean±SD, n=8-16, 4 weeks: student t-test, * p<0.05 vs. control diet, 8 weeks: one-way ANOVA with Bonferroni post-hoc test, * p<0.05 vs. 

control diet, # p<0.05 vs. western diet. n.d., non determined. 
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Figure 5.1: Oral glucose tolerance test after 8 weeks of diet feeding without sevoflurane 

exposure 

Blood glucose (A, C), plasma insulin (B, D) and area under the curve (AUC; E, F) during an oral 

glucose tolerance test in rats after 4 and 8 weeks of control diet (CD), western diet (WD) or diet 

reversion (REV) feeding. Data are mean±SD, n=6, t-test, one- and two-way ANOVA with repeated 

measures and Bonferroni post-hoc analyses, * p<0.05 vs. CD, # p<0.05 vs. WD.   
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Table 5.2: Myocardial function after 4 and 8 weeks of diet intervention without sevoflurane exposure 

 4 weeks  8 weeks   

 Control diet Western diet Control diet Western diet Reversion 

Heart rate (bpm) 465±36 488±23 443±31 491±16 * 474±16 

LV mass (mg) 786±95 820±57 868±118 955±87 805±62 # 

LV dimensions      

Diastolic lumen diameter (mm) 6.6±0.4 5.9±0.5 * 6.7±0.4 6.0±0.5 * 6.1±0.5 

Systolic lumen diameter (mm) 1.7±0.2 2.7±0.4 * 2.0±0.3 2.6±0.4 * 1.7±0.3 # 

Diastolic wall thickness (mm) 1.7±0.1 2.0±0.2 * 1.7±0.1 2.3±0.2 * 1.9±0.2 # 

Systolic wall thickness (mm) 3.7±0.2 3.4±0.2 * 3.7±0.1 3.6±0.1 3.8±0.2 # 

LV diastolic function      

E flow (cm/s) 99.8±15.5 109.3±17.0 98.3±17.3 110.9±10.9 115.0±9.5 

E deceleration time (ms) 23.9±7.4 31.1±4.2 * 24.5±2.4 29.1±5.1 23.4±6.3 # 

Isovolumic relaxation time (ms) 13.8±2.3 20.3±4.2 * n.d. n.d. n.d. 

Data are mean±SD, n=6-10, 4 weeks: student t-test, * p<0.05 vs. control diet, 8 weeks: one-way ANOVA with Bonferroni post-hoc analyses, * p<0.05 

vs. control diet, # p<0.05 vs. western diet. LV, left ventricular. 
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Sevoflurane-induced cardiodepression is only present in western diet-fed 

rats 

Exposure to sevoflurane did not alter plasma levels of glucose, insulin, free fatty 

acids, triglycerides, LDL/VLDL cholesterol and HDL cholesterol in all 3 diet groups 

(Figure 5.3A-F). After 8 weeks of diet exposure, sevoflurane exerted no 

cardiodepressive effects in control rats as indicated by maintained factional 

shortening and fractional area change. However, in rats fed a western diet, 

sevoflurane induced an additional reduction in myocardial contractility, and reducing 

caloric intake could restore this (Figure 5.2C and D). These findings suggest that diet 

composition and/or the cardiometabolic phenotype of the rat modulate the 

interaction of sevoflurane with myocardial function. 

 

 

Figure 5.2: Systolic function after diet feeding with and without sevoflurane exposure  

Fractional shortening (A) and fractional area change (B) in rats after 4 and 8 weeks of control diet 

(CD), western diet (WD) or diet reversion (REV) feeding. Fractional shortening (C) and fractional 

area change (D) during baseline and sevoflurane in rats after 8 weeks of control diet (CD), western 

diet (WD) or diet reversion (REV) feeding. Data are mean±SD, n=4-6, two-way ANOVA with 

Bonferroni post-hoc analyses, * p<0.05 vs. CD, # p<0.05 vs. WD, $ p<0.05 vs. baseline. 
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Figure 5.3: Plasma levels after sevoflurane exposure 

Plasma glucose (A), insulin (B), free fatty acid (C), triglyceride (D), LDL/VLDL cholesterol (E) and 

HDL cholesterol (F) levels during baseline and sevoflurane in rats after 8 weeks of control diet 

(CD), western diet (WD) or diet reversion (REV) feeding. Data are mean±SD, n=4-6, two-way 

ANOVA with Bonferroni post-hoc analyses, * p<0.05 vs. CD, # p<0.05 vs. WD. 
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Sevoflurane induced molecular alterations 

Figure 5.4 shows the effects of sevoflurane and type of diet on phosphorylation 

levels of proteins associated with insulin signaling (Akt (panel A); GSK3β (panel B); 

AMPKα (panel C)), protein expression levels of the glucose transporter GLUT4 (panel 

D) and the phosphorylation of two proteins involved in myocardial calcium handling 

(PLB (panel E) and cTnI (panel F)).  

The absent effect of sevoflurane exposure on myocardial function in control animals 

was associated with maintained levels of phosphorylated GSK3β, while Akt and 

AMPKα phosphorylation tended to increase by sevoflurane. Sevoflurane did not alter 

protein expression of GLUT4, phospholamban or cTnI. Sevoflurane did not alter 

SERCA2a protein expression or phosphorylation of myosin binding protein-C and 

troponin T (data not shown). 

Compared to control animals, western diet increased GSK3β phosphorylation 

(p=0.05), which tended to reduce towards control levels after diet reversion. Akt and 

AMPKα phosphorylation and GLUT4 protein expression remained unchanged during 

western diet-feeding. Sevoflurane tended to increase Akt and AMPKα 

phosphorylation in control rats compared to baseline, which was blunted in western 

diet-fed rats and restored after diet reversal, however, these alterations failed to 

reach statistical significance (Figure 5.4A and 4C). Sevoflurane induced a non-

significant reduction in GSK3β phosphorylation in western diet-fed rats only.  

WD-feeding significantly increased phosphorylation of phospholamban (PLB) and 

increased phosphorylation of cardiac troponin I (cTnI). PLB phosphorylation was 

normalized after diet reversal, while cTnI phosphorylation was still high in the diet 

reversal group. Compared to baseline, sevoflurane significantly reduced PLB 

phosphorylation in WD-fed rats, which was restored after diet reversal. Sevoflurane 

also significantly reduced phosphorylation of cTnI in WD-fed rats (p=0.05), and a 

similar pattern was observed in the diet reversion group (Figure 5.4F). Diet or 

sevoflurane did not alter SERCA2a protein expression or phosphorylation of myosin 

binding protein-C and troponin T after western diet exposure (data not shown). 
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Figure 5.4: Molecular alterations in substrate metabolism and calcium handling after 

sevoflurane exposure 

Phosphorylation of Akt (A), glycogen synthase kinase 3β (GSK3β, B), AMP activated protein kinase 

α (AMPKα, C), protein expression of glucose transporter 4 (GLUT4, D), phosphorylation of 

phospholamban (PLB, E) and Pro-Q Diamond Phosphoprotein Stain determined cardiac troponin I 

(cTnI, F) during baseline and sevoflurane in rats after 8 weeks of control diet (CD), western diet 

(WD) or diet reversion (REV) feeding. Data are mean±SD, n=4-6, two-way ANOVA with Bonferroni 

post-hoc analyses, * p<0.05 vs. CD, # p<0.05 vs. WD, $ p<0.05 vs. baseline. 
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Discussion  

Sevoflurane exerts cardiodepressive properties in healthy subjects, therefore its 

perioperative use may lead to hemodynamic alterations. Although it has been 

suggested that the interaction of sevoflurane with the heart is additionally altered by 

cardiometabolic diseases, most available studies are restricted to in vitro 

observations and experimental models for type I diabetes mellitus. With the growing 

epidemic of obesity and type 2 diabetes mellitus it might be interesting to 

understand the influence of this condition on the interaction of sevoflurane with 

myocardial function. 

Unexpectedly, in an experimental rat model we could not show a direct effect of 

sevoflurane on myocardial contractility. However, in western diet-induced obesity, 

which was accompanied by glucose intolerance, hyperglycemia, hyperinsulinemia, 

dyslipidemia and myocardial dysfunction, sevoflurane exerted cardiodepressive 

effects. Interestingly, lowering caloric intake following western diet exposure could 

reverse these effects of sevoflurane on myocardial function. These results suggest 

that sevoflurane has negative inotropic effects on myocardial function in 

metabolically altered hearts, and that a reduction of caloric intake may improve the 

effects of sevoflurane on myocardial function. Our results therefore implicate that 

diet modification may be explored as an intervention to preserve perioperative 

myocardial function in subjects with cardiometabolic disease.  

The present study showed that western diet feeding resulted in a prediabetic 

phenotype accompanied by myocardial dysfunction. Our results confirm previous 

findings showing impaired systolic function after 8 weeks of diet feeding.18 

Interestingly, the present study showed that lowering caloric intake completely 

normalized diet-induced T2DM. In small rodents, reducing dietary intake has been 

shown to reverse diet-induced obesity8-11 and T2DM.12;13 However, it is also shown 

that diet-induced obesity was not reversed by withdrawal of an energy dense 

diet.23;24 Importantly, our study showed that lowering caloric intake also improved 

diet-induced systolic as well as diastolic dysfunction, which is in agreement with the 

clinical observation that in obese and T2DM patients a low caloric diet decreased 

myocardial fatty acid uptake14 and improved diastolic function,15 respectively. Taken 

together, lowering caloric intake normalized the prediabetic phenotype induced by 

short-term western diet feeding and improved myocardial function. 

Exposure to sevoflurane further impaired systolic function in diet-induced 

prediabetes, but not in healthy rats. In contrast, sevoflurane caused a reduction in 

left ventricular systolic function at concentrations of 2% and higher compared to 

isoflurane in healthy mice.25 An important difference with previous findings is that in 

the present study all rats were primary sedated with S-ketamine and diazepam. As 

S-ketamine and diazepam may have intrinsic cardiodepressive effects,26;27 this might 
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have blurred the additional effect of sevoflurane on the heart in control animals. 

Limited data are available on the effects of sevoflurane in metabolic altered hearts. 

In papillary muscles from type 1 diabetic rats, decreased sensitivity to the negative 

inotropic interaction of halothane, enflurane and isoflurane was found,5 whereas 

sevoflurane resulted in greater negative inotropic effects compared to controls.4 In 

contrast, it has been shown that in single ventricular myocytes from type 1 diabetic 

rats the inotropic effects of halothane, isoflurane, desflurane and sevoflurane were 

not altered compared to controls.6 As far as we know we are the first to show the 

negative inotropic effects of sevoflurane on hearts of diet-induced prediabetic rats. 

A suggested underlying mechanism in the effect of sevoflurane on myocardial 

function is substrate availability and metabolism,28 which is known to be altered by 

T2DM.18;20;21 Unexpectedly, sevoflurane did not affect plasma glucose, insulin and 

lipid levels. In humans, there is indirect evidence that volatile anesthesia increases 

blood glucose; however, these observations may be biased by confounding factors 

such as surgical stress.29 Compared to non-anesthetized rats without surgical stress, 

sevoflurane increased plasma glucose levels, but not plasma insulin levels.30 It is 

possible that glucose levels did not increase in the present study due to short 

duration and low concentration of sevoflurane used, but also differences in 

nutritional status may exist. Moreover, in the present study rats were sedated with 

S-ketamine and diazepam. Ketamine31 and diazepam32 are known to increase blood 

glucose levels, which could have abolished the additional effect of sevoflurane on 

blood glucose levels.  

Sevoflurane may also affect proteins related to myocardial substrate metabolism. 

Akt, which regulates translocation of glucose transporter 4 (GLUT4) to the 

sarcolemma for glucose uptake, is increased during sevoflurane in the isolated 

ischemic rat heart.33 Moreover, sevoflurane enhances GLUT4 expression in lipid rafts, 

increases glucose oxidation and decreases fatty acid oxidation after ischemia and 

reperfusion injury in isolated working rat hearts.34 Although not in ischemic and 

reperfused hearts, the present study showed no significant differences in proteins 

related to myocardial substrate metabolism. 

Another possible mechanism is altered calcium handling, which also seems a 

common target in T2DM and sevoflurane. Sevoflurane reduces myocardial calcium 

availability, but increases sarcoplasmic reticulum calcium content.35 In contrast, 

sevoflurane decreased fractional calcium release, but maintained sarcoplasmic 

reticulum calcium content.36 In papillary muscles of type 1 diabetic rats, sevoflurane 

decreased myofilament calcium sensitivity to a greater extent than control rats.4 In 

the present study, western diet feeding blunted phosphorylation of phospholamban 

and cardiac troponin I during sevoflurane, but not SERCA2a protein expression. In 

preconditioned hearts, phosphorylation of phospholamban and SERCA2a protein 

expression were unaltered after ischemia and reperfusion injury;37 however, no data 

were reported for non-ischemic hearts. Our data indicate that phospholamban and 
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cardiac troponin I might play a role in impaired systolic function in prediabetic rats 

during sevoflurane.  

In conclusion, sevoflurane induced cardiodepression in prediabetic rats, whereas 

lowering caloric intake restored myocardial function during sevoflurane. These 

results suggest that a change in dietary intake could be a potential intervention to 

support the preservation of myocardial function during sevoflurane in subjects with 

obesity and type 2 diabetes mellitus. 
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