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ABSTRACT — Acute hyperglycemia causes various cardiovascular responses; however, the underlying 
pathophysiology in vivo is myriad and complex, of which mutual interactions remain poorly understood. 
We analyzed the cardiovascular effects of acute hyperglycemia in comparison with those of hyperosmo-
lality alone. Three g/kg of D-glucose (n = 4) or D-mannitol (n = 4) was intravenously infused to isoflu-
rane-anesthetized intact dogs. Glucose infusion increased plasma glucose level and osmolality, whereas 
mannitol infusion similarly changed osmolality to glucose infusion but decreased glucose level. Glucose 
infusion decreased total peripheral vascular resistance, but increased heart rate, left ventricular contrac-
tion, left ventricular preload and cardiac output without altering mean blood pressure. Mannitol infusion 
likewise changed them, but its positive chronotropic and inotropic effects were less potent than those 
of glucose infusion. Glucose infusion prolonged PR interval, QRS width and QTcV. Mannitol infusion 
similarly changed them, but its QTcV prolongation was smaller than that of glucose infusion. Glucose 
infusion-induced cardiovascular responses would be basically attributed to osmolality-dependent mech-
anisms, whereas its positive chronotropic and inotropic effects along with repolarization delay may be 
enhanced by osmolality-independent mechanisms, including hyperglycemia by itself and insulin release.
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INTRODUCTION

Acute hyperglycemia causes various cardiohemody-
namic and electrophysiological responses (Giugliano et 
al., 1997; Hyltén-Cavallius et al., 2017; Marfella et al., 
2000; Nielsen et al., 2013), which might increase the car-
diovascular risk in human subjects (Ceriello, 2008). Sever-
al mechanisms have been reported to explain such hyper-
glycemia-associated cardiovascular responses (Cipolla 
et al., 1997; Contreras-Ferrat et al., 2014; Ferrannini et  
al., 1988; Harvey and Grant, 2021; Hoffman et al., 1999; 
Hyltén-Cavallius et al., 2017; Montagnani et al., 2001; 

Scherrer et al., 1994; Tack et al., 1996). For example, hyper-
glycemia-induced extracellular hyperosmotic condition 
would pull water out of the cells, transiently shrinking the 
cardiomyocytes volume to elevate intracellular K+, Ca2+ 
and Na+ concentrations, which will modify the electrical 
activity along with the contractile function (Harvey and 
Grant, 2021). Meanwhile, high plasma glucose level by 
itself can activate the adrenergic tone in healthy human 
subjects (Hoffman et al., 1999), and may promote NO 
release from endothelial cells to induce vasodilation in 
the isolated cerebral arteries (Cipolla et al., 1997). Fur-
thermore, hyperglycemia promotes insulin release, which 
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could stimulate Na+/K+-ATPase in the endothelium, result-
ing in vasodilation via activation of forward mode Na+/
Ca2+ exchanger (Ferrannini et al., 1988; Tack et al., 1996),  
can directly stimulate NO release from endothelial cells 
(Montagnani et al., 2001; Scherrer et al., 1994), and may 
enhance ICa,L in the cardiomyocytes (Contreras-Ferrat et 
al., 2014). However, underlying pathophysiology of acute 
hyperglycemia in vivo is myriad and complex, of which 
mutual interactions leading to cardiovascular phenotypes 
remain poorly understood.

In this study we tried to analyze such multifarious hyper-
glycemia-associated in vivo cardiovascular adverse reac-
tions supposing that they could consist of two types of 
distinct pathophysiological processes: the hyperglycemia-
associated, “osmolality-dependent” and “osmolality-inde-
pendent” mechanisms. In order to begin to fill the gaps of 
our knowledge, namely, which mechanism of hypergly-
cemia may play more important roles than the other for 
expressing cardiovascular phenotype in vivo, we adopt-
ed the isoflurane-anesthetized intact canine model (Saito 
et al., 2021a, 2021b). The canine model has been known 
to be useful for estimating in vivo cardiovascular profile 
of pharmaceuticals in human subjects (Sugiyama, 2008),  
and could be expected to represent the complex patho-
physiology of hyperglycemia in its entirety. Using this 
model, we initially assessed effects of mannitol infusion 
on the cardiohemodynamic, electrophysiological and sero-
logical variables to predict the hyperglycemia-associat-
ed, “osmolality-dependent” mechanisms, since mannitol 
moves passively from the vasculature into the intersti-
tial tissue but does not move intracellularly (Lurie et al., 
1999). Then, we examined those effects of glucose infu-
sion using the same experimental protocol to indirectly 
estimate the hyperglycemia-associated, “osmolality-inde-
pendent” mechanisms.

METHODS AND METHODS

Experiments were performed using female bea-
gle dogs weighing approximately 10 kg (n = 8), which 
were obtained from Kitayama Labes Co., Ltd. (Nagano,  
Japan). Dogs were individually housed in stainless steel 
dog cages on a 12-hr light (6:00–18:00)–dark (18:00–6:00) 
cycle, and were given 200 g/day of standard pellet diet 
(CD-5M, CLEA Japan, Inc., Tokyo, Japan) and free access 
to tap water. The animal rooms were maintained at a tem-
perature of 23 ± 2°C and a relative humidity of 50 ± 20%. 
All experiments were approved by the Toho University  
Animal Care and User Committee (approval number: 
20-53-395) and performed according to the Guideline  
for the Care and Use of Laboratory Animals of Toho  

University and ARRIVE guidelines (Kilkenny et al., 2010; 
McGrath et al., 2010).

Surgical preparation
Dogs (n = 8) were initially anesthetized with thiopen-

tal sodium (30 mg/kg, i.v.). After intubation with a cuffed 
endotracheal tube, anesthesia was maintained by inha-
lation of isoflurane (1.5–2.5% v/v) vaporized in oxygen 
with a volume-limited ventilator (SN-480-3, Shinano  
Manufacturing Co., Ltd., Tokyo, Japan). Tidal volume and 
respiratory rate were set at 20 mL/kg and 15 breaths/min, 
respectively. Three clinically available catheter sheath 
sets (FAST-CATHTM, St. Jude Medical Daig Division, Inc.,  
Minnetonka, MN, USA) were used for introducing the 
catheters; one was inserted in the right femoral artery 
toward aorta, and the other two were done in the right and 
left femoral veins toward inferior vena cava, respective-
ly. Heparin calcium (100 IU/kg) was administered to pre-
vent the blood clotting through the catheter sheath placed 
at the right femoral vein.

Measurement of cardiohemodynamic variables
A pig-tail catheter was placed at the left ventricle through 

the right femoral artery to measure the left ventricular pres-
sure with the fluid-filled method, whereas the aortic pres-
sure was measured at a space between the inside of the 
catheter sheath and outside of the pig-tail catheter through 
the flush line. The left ventricular pressure at a time point 
of peak of R wave on electrocardiogram was defined as 
the left ventricular end-diastolic pressure (Nagueh et al., 
2001). The maximum upstroke velocity of the left ven-
tricular pressure (LVdP/dtmax) and the left ventricular end-
diastolic pressure were obtained during sinus rhythm to 
estimate the isovolumic systolic function and the preload 
to the left ventricle, respectively. A thermodilution cathe-
ter (132F5, Edwards Lifesciences, Irvine, CA, USA) was  
positioned at the right side of the heart through the right 
femoral vein. The cardiac output was measured by using 
a standard thermodilution method with a cardiac output 
computer (MFC-1100, Nihon Kohden Corporation, Tokyo,  
Japan). The total peripheral vascular resistance was cal-
culated with the following basic equation: total peripher-
al vascular resistance = mean blood pressure/cardiac out-
put. The myocardial oxygen consumption was estimated 
by a product of the systolic blood pressure and heart rate 
(double product) (Gobel et al., 1978; Nelson et al., 1974).

Measurement of electrophysiological variables
The lead II electrocardiogram was obtained from the limb 

electrodes. The PR interval, QRS width and QT inter-
val were measured, and the QT interval was corrected  
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with Van de Water’s formula: QTcV = QT − 0.087 × (RR −  
1,000) with RR given in ms (Van de Water et al., 1989). 
A bidirectional steerable monophasic action potential 
(MAP) recording/pacing combination catheter (1675P, EP 
Technologies, Inc., Sunnyvale, CA, USA) was positioned  
at the endocardium of the interventricular septum in the right 
ventricle through the left femoral vein to obtain MAP sig-
nals and to electrically drive the right ventricle. The MAP 
signals were amplified with a DC preamplifier (model 300, 
EP Technologies, Inc.). The duration of the MAP sig-
nals was measured as an interval, along a horizontal line 
corresponding to the diastolic baseline, from the MAP 
upstroke to the desired repolarization level. The inter-
val (ms) at 90% repolarization was defined as MAP90. 
The heart was electrically driven with a cardiac stimula-
tor (SEC-3102, Nihon Kohden Corporation) via the elec-
trodes of the combination catheter placed in the right ven-
tricle. The stimulation pulses were rectangular in shape, 
2–2.5 V (about twice the threshold voltage) and of 1-ms 
duration. The MAP90 of the ventricle was measured dur-
ing sinus rhythm (MAP90(sinus)), and at pacing cycle lengths 
of 400 ms (MAP90(CL400)) and 300 ms (MAP90(CL300)).

Biochemical assay
The blood was sampled through the flush line of cath-

eter sheath placed at the right femoral artery. The blood 
was dispensed into a tube containing nothing (plain tube) 
for measuring osmolality and insulin, into one containing 
the sodium fluoride for assaying glucose, into one contain-
ing calcium-heparin for determining electrolyte, and into 
one containing EDTA aprotinin for measuring glucagon. 
The tubes were centrifuged at 1,500 × g at 4°C for 20 min.  
The plasma was stored at –80°C until the biochemical 
assay. Sensitive and specific determinations of these bio-
chemical variables were performed at FUJIFILM VET 
Systems Co., Ltd. (Tokyo, Japan).

Experimental protocol
The aortic pressure, left ventricular pressure, electro-

cardiogram and MAP signals were monitored with a pol-
ygraph system (RM-6000, Nihon Kohden Corporation)  
and analyzed by using a real-time fully automatic data 
analysis system (Win VAS 3 for Windows ver. 1.1R24v, 
Physio-Tech Co., Ltd., Tokyo, Japan). Three recordings of 
consecutive complexes were used to calculate the mean 
for the electrocardiographic indices and MAP duration. 
The electrophysiological variables were assessed in the 
following order. First, the aortic pressure, left ventricu-
lar pressure, electrocardiogram and MAP signals were 
recorded under sinus rhythm. Second, the cardiac out-
put was measured 3 times. Finally, the MAP signals were 

recorded during the ventricular pacing at cycle lengths of 
400 and 300 ms. Following the basal assessment, D-man-
nitol (20% g/v) in a dose of 3 g/15 mL/kg or D-glucose 
(50% g/v) in a dose of 3 g/6 mL/kg was intravenously 
infused over 30 min (n = 4 for each treatment). The car-
diovascular variables were assessed at 10, 20, 30, 45 and  
60 min after the start of administration, but the cardiac out-
put or MAP90 during the ventricular pacing were not done 
at 30 min due to the difficulty for their measurement in a 
second. The blood was sampled for biochemical assay 
before, and 30 and 60 min after the start of the infusion.

Drugs
Purified D-glucose solution (50% g/v) (OTSUKA  

GLUCOSE INJECTION, Otsuka Pharmaceutical Factory,  
Tokyo, Japan) and D-mannitol solution (20% g/v) (20% 
Mannitol Injection, Yoshindo Inc., Toyama, Japan) were 
purchased. The other drugs used were thiopental sodi-
um (Ravonal®, Mitsubishi-Tanabe Pharma Co., Osaka, 
Japan), isoflurane (Isoflurane inhalation solution [Pfizer],  
Mylan Seiyaku Ltd., Tokyo, Japan) and heparin calcium  
(Caprocin®, Sawai Pharmaceutical Co., Ltd., Osaka, Japan).

Statistical analysis
Data are presented as mean ± S.E. Differences with-

in a parameter were evaluated with one-way, repeated-
measures analysis of variance (ANOVA) or mixed-effects 
analysis. Fisher’s LSD test was employed as a post hoc-
test for mean values comparison. Meanwhile, differences 
between the glucose-treated and mannitol-treated animals 
at pre-treatment basal control were assessed by unpaired 
t-test. Differences in each parameter between the animals 
treated with glucose and those treated with mannitol were 
analyzed by two-way, repeated-measures ANOVA fol-
lowed by Bonferroni's multiple comparisons test as a post 
hoc-test. These statistical analyses were performed by 
using GraphPad prism 8 (ver. 8.43, GraphPad Software, 
LLC, La Jolla, CA, USA). A p value < 0.05 was consid-
ered to be significant.

RESULTS

No animals exerted any lethal ventricular arrhythmia 
or hemodynamic collapse leading to their death during 
the experimental period. Each animal survived after the 
experimental protocol, and no neurological deficit was 
observed at 1 week after the experiment. No significant 
difference was observed in any of the pre-treatment basal 
control values between the mannitol-treated and glucose-
treated animals.
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Effects on cardiohemodynamic variables
Typical tracings of the aortic pressure and left ven-

tricular pressure are shown in Fig. 1, whereas the time 
courses of changes in the heart rate, mean blood pres-
sure, double product, cardiac output, total peripher-
al vascular resistance, LVdP/dtmax and left ventricular 
end-diastolic pressure are summarized in Fig. 2. Their 
pre-treatment control values (C) in the mannitol-treated 
animals (n = 4) were 113 ± 2 beats/min, 83 ± 2 mmHg,  
12,192 ± 501 mmHg·beats/min, 2.74 ± 0.15 L/min, 
31 ± 2 mmHg·min/L, 1,915 ± 133 mmHg/s and 8 ±  
1 mmHg, whereas those in the glucose-treated animals  
(n = 4) were 117 ± 4 beats/min, 86 ± 9 mmHg, 12,833 
± 848 mmHg·beats/min, 2.48 ± 0.13 L/min, 35 ±  
5 mmHg·min/L, 2,067 ± 407 mmHg/s and 5 ± 1 mmHg, 
respectively.

Mannitol infusion increased the heart rate at 30 min 
followed by the decrease at 60 min, the cardiac out-
put for 10–45 min, the LVdP/dtmax for 20–45 min and 

the left ventricular end-diastolic pressure for 10–30 min, 
but decreased the total peripheral vascular resistance for 
10–45 min after the start of infusion, whereas no signif-
icant change was detected in the mean blood pressure or 
double product. Meanwhile, glucose infusion increased 
the heart rate for 30–60 min, the cardiac output for  
10–60 min, the LVdP/dtmax for 20–60 min and the left 
ventricular end-diastolic pressure for 10–45 min, but 
decreased the total peripheral vascular resistance for 
10–45 min after the start of infusion, whereas no signif-
icant change was detected in the mean blood pressure or 
double product. The LVdP/dtmax or left ventricular end-
diastolic pressure at 30 min after glucose infusion could 
not be measured in 1 animal due to technical errors. There 
was no significant difference in any of variables between 
the mannitol-treated animals and glucose-treated animals.

Effects on electrocardiographic and MAP variables
Typical tracings of the electrocardiogram and MAP 

Fig. 1.  Typical tracings showing the lead II electrocardiogram (ECG), aortic pressure (AoP), left ventricular pressure (LVP) and 
monophasic action potential (MAP) during sinus rhythm. A: Pre-treatment basal control (Control, left) and 10 min after the 
start of mannitol (20% g/v) infusion when its 1 g/kg was given (10 min after mannitol, right). B: Pre-treatment basal control 
(Control, left) and 10 min after the start of glucose (50% g/v) infusion when its 1 g/kg was given (10 min after glucose, right).
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are shown in Fig. 1, whereas the time courses of chang-
es in the PR interval, QRS width, QT interval, QTcV, 
MAP90(sinus), MAP90(CL400), and MAP90(CL300) are summa-
rized in Fig. 3. Their pre-treatment control values (C) in 
the mannitol-treated animals (n = 4) were 98 ± 1 ms, 56 ±  
1 ms, 244 ± 11 ms, 285 ± 10, 222 ± 7 ms, 220 ± 4 ms and 
207 ± 3 ms, whereas those in the glucose-treated animals 
(n = 4) were 98 ± 4 ms, 56 ± 0 ms, 275 ± 13 ms, 317 ± 13,  
245 ± 12 ms, 242 ± 11 ms and 224 ± 8 ms, respectively.

Mannitol infusion prolonged the PR interval at 10 min, 
the QRS width for 10–30 min and the QTcV for 20–30 min,  
whereas no significant change was detected in the other 
variables. Meanwhile, glucose infusion prolonged the PR  
interval at 10 min followed by shortening at 60 min, the 
QRS width for 10–60 min, the QT interval and QTcV for 

10–20 min, whereas no significant change was detected in 
the other variables. Moreover, glucose infusion more potent-
ly prolonged the QTcV, MAP90(CL400) and MAP90(CL300)  
than mannitol infusion at 10 min, whereas no significant 
difference was found in the other variables between the 
mannitol-treated animals and glucose-treated animals.

Effects on serological variables
The time courses of changes in the glucose level, insu-

lin and glucagon concentrations, osmolality, and Na+, K+ 
and Cl− concentrations are summarized in Table 1. Man-
nitol infusion decreased the glucose level at 30 min, and 
the insulin, Na+ and Cl− concentrations for 30–60 min, but 
increased the osmolality for 30–60 min and the K+ con-
centration at 60 min, whereas no significant change was 

Fig. 2.  Time courses of changes in the heart rate (HR), mean blood pressure (MBP), double product (DP), cardiac output (CO), 
total peripheral vascular resistance (TPR), maximum upstroke velocity of the left ventricular pressure (LVdP/dtmax) and left 
ventricular end-diastolic pressure (LVEDP) after the start of administration of 3 g/kg of mannitol (left) and 3 g/kg of glu-
cose (right). Data are presented as mean ± S.E. (n = 4 for each treatment). Closed symbols represent statistically significant 
differences from each pre-treatment basal control value (C) by p < 0.05.
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detected in the glucagon concentration. Meanwhile, glu-
cose infusion increased the glucose level and osmolali-
ty for 30–60 min, but decreased the glucagon, Na+ and Cl− 
concentrations at 30 min. It tended to increase the insulin 

concentration, but decrease the K+ concentration at 30 min, 
which did not achieve statistical significance. The mag-
nitude of peak increase in the osmolality was comparable 
between mannitol-treated animals (+ 37 ± 1 mOsm/kg∙H2O)  

Fig. 3.  Time courses of changes in the PR interval (PR), QRS width (QRS), QT interval (QT), QTcV and MAP90 under sinus 
rhythm (MAP90(sinus)) and during ventricular pacing at cycle lengths of 400 ms (MAP90(CL400)) and 300 ms (MAP90(CL300)) after 
the start of administration of 3 g/kg of mannitol (left) and 3 g/kg of glucose (right). QTcV = QT − 0.087 × (RR − 1,000) 
with RR given in ms (Van de Water et al., 1989). MAP90: monophasic action potential duration at 90% repolarization level. 
Data are presented as mean ± S.E. (n = 4 for each treatment). Closed symbols represent statistically significant differences 
from each pre-treatment basal control value (C) by p < 0.05. *p < 0.05 vs mannitol-treated animals at the respective time point.

Table 1.   Changes in serological variables after the start of mannitol or glucose infusion.
Mannitol (3 g/kg/30 min) Glucose (3 g/kg/30 min)

Elapsed time Control 30 min 60 min Control 30 min 60 min
Glucose level (mg/dL) 107 ± 1 89 ± 4† 105 ± 6 113 ± 7 1124 ± 57†* 499 ± 51†*
Insulin level (ng/mL) 0.45 ± 0.04 0.24 ± 0.01† 0.31 ± 0.06† 0.96 ± 0.60 3.39 ± 0.96* 1.18 ± 0.38
Glucagon level (pg/mL) 222 ± 14 204 ± 12 217 ± 6 206 ± 17 162 ± 13† 187 ± 10
Osmolality (mOsm/kg∙H2O) 302 ± 1 339 ± 2† 325 ± 3† 302 ± 2 335 ± 4† 316 ± 4†

Na+ concentration (mEq/L) 147 ± 2 130 ± 2† 138 ± 1† 146 ± 1 134 ± 1† 145 ± 1
K+ concentration (mEq/L) 3.6 ± 0.2 3.6 ± 0.2 4.4 ± 0.3† 3.6 ± 0.2 3.2 ± 0.2 3.3 ± 0.2
Cl− concentration (mEq/L) 114 ± 1 102 ± 2† 108 ± 1† 110 ± 2 102 ± 2† 109 ± 3
Each serological variable was quantitatively determined in plasma obtained after the start of administration of 3 g/kg/30 min of 
mannitol (left) and 3 g/kg/30 min of glucose (right). Data are presented as mean ± S.E. (n = 4 for each treatment). †p < 0.05 vs 
Control. *p < 0.05 vs Mannitol-treated animals at the respective time point.
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and glucose-treated ones (+ 33 ± 4 mOsm/kg∙H2O) at  
30 min. The glucose and insulin levels were significant-
ly higher in the glucose-treated animals than those in the 
mannitol-treated animals for 30–60 min and at 30 min, 
respectively. Meanwhile, there was no significant differ-
ence in the other variables between the mannitol-treated 
animals and glucose-treated animals.

DISCUSSION

Challenge of intravenous glucose infusion of 3 g/kg 
significantly increased both plasma glucose level and 
osmolality, inducing various cardiovascular effects, most 
of which observed during its infusion period were simi-
lar to those induced by 3 g/kg of mannitol, although the 
magnitude of positive chronotropic and inotropic effects 
along with repolarization delay was greater in the glu-
cose-treated animals than in the mannitol-treated ones. 
We discussed onset mechanisms of the effects of hyper-
glycemia on each of the biochemical as well as cardio-
vascular variables in comparison with those of mannitol-
induced hyperosmolality alone as described below to fill 
the gap of current knowledge.

Rationale of the dose of glucose and mannitol
We did not plan to simulate total parenteral nutrition, 

but tried to reproduce acute hyperglycemic condition in 
intact dogs. We set intravenous dose of glucose infusion 
at 3 g/kg over 30 min, which would be 2–3 times greater 
than those usually used in oral glucose tolerance test for 
clinical practice (Masharani and Kroon, 2021), enabling 
to produce hyperglycemia in normal subjects as well as 
animals. Since the clinically recommended one-time 
intravenous drip infusion dose of mannitol is 1–3 g/kg  
for reducing intracranial pressure and/or intraocular ten-
sion according to the information from the manufacturer, 
and the molecular weight of mannitol (182.172) is similar 
to that of glucose (180.16), we set the same dose for man-
nitol infusion as that for glucose one to produce a simi-
lar level of hyperosmolality, enabling to precisely analyze 
the effects of hyperglycemia. The plasma glucose level 
increased from 113 ± 7 to 1,124 ± 57 mg/dL at the end of 
infusion, increment of which would be maximum with-
in the expected range when a dose of 3 g/kg of compound 
was given to the anesthetized model dogs (Hagiwara-
Nagasawa et al., 2021; Nunoi et al., 2021), supporting 
that glucose may have relatively small volume of distri-
bution as previously described (Mari et al., 2011), and 
suggesting that the functions of glucose transporter and/or 
sodium-glucose transporter might have reached their pla-
teaus. As such, the remarkable hyperglycemia may mimic 

certain clinical situations like “hyperosmolar hyperglyce-
mic state”, a complication of diabetes mellitus, in which 
high plasma glucose level of 600–1200 mg/dL results in 
high osmolarity without inducing significant ketoacidosis 
(Powers et al., 2018).

Biochemical pathophysiology
Glucose and mannitol infusions significantly increased 

osmolality to a similar extent by 33 ± 4 and 37 ±  
1 mOsm/kg∙H2O, respectively, thus enabling to discuss 
the osmolality-independent pathophysiology of hypergly-
cemia in comparison with osmolality-dependent one. Glu-
cose infusion significantly elevated plasma glucose level, 
and tended to increase insulin concentration, but signif-
icantly decreased glucagon concentration, which can be 
predicted as physiological responses. Also, relatively 
smaller increase of insulin compared with larger elevation 
of glucose level could be due to its intravenous admin-
istration route, since incretin secretion boosting insulin 
release largely depends on the oral ingestion of glucose 
(Holst and Gromada, 2004). Meanwhile, mannitol infu-
sion decreased or tended to reduce those three variables 
possibly through dilution of the plasma, which could be 
explained by basic physicochemical property of mannitol. 
The magnitudes of decreases in Na+ and Cl– concentra-
tions were actually the same between glucose and manni-
tol infusions, which could be also understood by dilution 
of the plasma through the osmolality-dependent mech-
anism. It should be noted that the direction of changes 
in K+ concentration was opposite between the two inter-
ventions; namely, glucose infusion tended to decrease it 
for 30–60 min, whereas mannitol infusion elevated it at  
60 min. Hyperosmolality by itself could gradually shift 
the intracellular K+ to extracellular space due to dilution-
al acidosis (Moreno et al., 1969), which could have oper-
ated in this study. One can speculate that mildly increased 
insulin concentration in the glucose-treated animals may 
have activated Na+/K+-ATPase in the body including the 
heart, which would transport two K+ into the cell and 
three Na+ toward the outside (Ferrannini et al., 1988; 
Tack et al., 1996), partly counteracting the osmolality-
dependent dynamics of K+ concentration.

Cardiohemodynamic effects
Mannitol infusion decreased the total peripheral vascu-

lar resistance, but increased the heart rate, cardiac output, 
left ventricular contraction and preload to the left ven-
tricle, resulting in little change in the mean blood pres-
sure. The underlying pathophysiology could be at least in 
part understood as follows. The hyperosmolality would 
enhance NO release from the endothelial cells dilating the 
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resistant vessels (Steenbergen and Bohlen, 1993), which 
could trigger the reflex-mediated increase of sympathet-
ic tone, increasing the sinus automaticity and ventricular 
contraction during the infusion period (Katzung, 2021). 
Mannitol infusion along with its resulting hyperosmolal-
ity may also increase the circulating blood volume, which 
would increase the preload to the left ventricle, fur-
ther enhancing the ventricular contraction. In the previ-
ous experiments using isolated ventricular muscle (Allen 
and Smith, 1987; Ogura et al., 1997), the hyperosmot-
ic stress has been shown to directly elevate ventricular 
[Na+]i and [Ca2+]i, prolong the action potential duration, 
and enhance cardiac contractility, which could be added 
to our in vivo observation. Meanwhile, the intraventricu-
lar conduction delay indicated by the QRS-width prolon-
gation in this study would make the ventricular contrac-
tion less synchronous, potentially limiting the ventricular 
pump function in vivo. These multifarious effects of man-
nitol cooperatively increased the heart rate and left ven-
tricular contraction leading to the net increase of cardi-
ac output, which might have maintained the mean blood 
pressure within the physiological range.

Glucose infusion exerted essentially the same cardio-
hemodynamic effects as mannitol infusion, suggesting the 
osmolality-dependent mechanism might play a major role 
during glucose infusion. However, the positive chrono-
tropic and inotropic effects of glucose infusion were 3.1 
and 2.7 times greater than those of mannitol infusion, 
respectively. The differences between these two inter-
ventions could be explained by the osmolality-independ-
ent mechanism; namely, increases of the glucose level and 
insulin concentration can activate adrenergic tone (Hoffman  
et al., 1999) and ICa,L (Contreras-Ferrat et al., 2014), respec-
tively, both leading to greater positive chronotropic and 
inotropic effects of glucose infusion; whereas opposite 
changes in the glucose level and insulin concentration 
might be associated with the less potent chronotropic and 
inotropic effects of mannitol infusion. In addition, glu-
cose infusion tended to increase the double product, but 
mannitol infusion showed an opposite action, suggesting 
that the osmolality-independent mechanism might have 
contributed to the increase of myocardial oxygen con-
sumption (Gobel et al., 1978; Nelson et al., 1974).

Electrophysiological effects
Mannitol infusion significantly prolonged the PR inter-

val as well as QRS width in the dogs, reproducing our 
previous in vitro observation made in the canine isolated, 
blood-perfused atrioventricular node preparation (Lurie 
et al., 1999). In that study, mannitol selectively infused 
into the atrioventricular nodal artery in 10 to 30% of total 

blood flow resulted in a prolongation of atrio-His (AH) 
interval and eventually resulted in the development of 
reversible conduction block, whereas a similar prolonga-
tion was observed in His-ventricular (HV) interval with 
selective infusion of mannitol into the ventricular septal 
artery in 10 to 30% of total blood flow; in which increase 
of the extracellular space due to cell shrinkage was found 
to be associated with the alteration of the atrioventricu-
lar nodal and intraventricular conductions (Lurie et al., 
1999). Thus, the current study indicates that such man-
nitol-induced, osmolality-dependent mechanism could be 
reproduced in the in situ hearts. On the other hand, since 
glucose infusion exerted qualitatively and quantitative-
ly similar effects on the PR interval and QRS width to 
mannitol infusion during the infusion period, its osmolal-
ity-dependent mechanism may play a major role for the 
conduction delay. After the termination of glucose infu-
sion, significant shortening of the PR interval was con-
firmed, which was not observed after that of mannitol 
infusion as shown in Fig. 3. Accordingly, this positive 
dromotropic action of hyperglycemia could be explained 
by the osmolality-independent mechanism; namely, the 
glucose-induced activation of adrenergic tone (Hoffman 
et al., 1999) and/or insulin-dependent increase of ICa,L  
(Contreras-Ferrat et al., 2014) as discussed above.

Mannitol infusion mildly prolonged the QTcV, which 
was essentially in good accordance with previous in vitro 
studies using various concentrations of mannitol (Ehara  
and Hasegawa, 1983; Ogura et al., 1997; Sasaki et al., 
1994). In those studies, the prolongation of action poten-
tial duration was mainly induced by a slowing of repolar-
ization in the region between + 20 and – 20 mV (Ogura et 
al., 1997), which was associated with an increase of the 
net inward current at plateau phase due to a slowing of 
the inactivation of ICa,L (Ogura et al., 1997), an inhibition 
of the delayed outward-rectifying IK (Ogura et al., 1997; 
Sasaki et al., 1994), and an enhancement of inward cur-
rent by Na+-Ca2+ exchanger (INa-Ca) at phase 3 repolariza-
tion (Ogura et al., 1997). Thus, the current study suggests 
that those previously described mannitol-induced, osmo-
lality-associated electrophysiological processes lead-
ing to prolongation of the action potential duration could 
be manifested in vivo. On the other hand, glucose infu-
sion prolonged the QTcV 2.1 times greater than manni-
tol infusion, indicating the contribution of osmolality-
independent mechanism. One can speculate that the slight 
increase of insulin concentration by glucose infusion may 
have activated Na+/K+-ATPase in the heart, locally elevat-
ing intracellular K+ and extracellular Na+ in the presence 
of hypokalemia making the resting membrane potential 
more hyperpolarized (Harvey and Grant, 2021), which 
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might suppress IK1 (Ishihara, 2018). Indeed, in a previous 
study using guinea-pig cardiac myocytes (Sasaki et al., 
1994), IK1 was not suppressed by hyperosmolality alone, 
indirectly supporting our hypothesis above. Also, the acti-
vation of Na+/K+-ATPase may enhance inward current by 
INa-Ca. In addition, the slight increase of insulin concen-
tration could also enhance ICa,L in the cardiomyocytes, 
resulting in the increase of net inward current (Contreras-
Ferrat et al., 2014). In effect, these osmolality-independ-
ent mechanisms may have accentuated the hyperosmolal-
ity-associated repolarization delay.

Clinical implication and study limitation
The information obtained in this study may help under-

stand how acute hyperglycemia may be associated with 
various types of cardiohemodynamic and electrophysio-
logical responses in human subjects. However, there are 
some limitations in this study. First, one dose of glucose 
was tested, which induced unusual high plasma glucose lev-
el of > 1,000 mg/dL, since current experiment was planned 
to focus on exploring the onset mechanisms of hypergly-
cemia-associated, two types of distinct pathophysiologi-
cal processes including “osmolality-dependent” and “osmo-
lality-independent” pathways in vivo. In order to assess  
the cardiovascular effects of more clinically-relevant level 
of hyperglycemia including spikes in blood glucose like 
postprandial hyperglycemia, the dose-related cardiovas-
cular responses with variable infusion period need to be 
assessed. Second, although we found that hyperglycemia 
may prolong the QTcV by “osmolality-independent” mecha-
nism partly through insulin-induced Na+/K+-ATPase acti-
vation pathway, the hyperinsulinemic-euglycemic clamp 
was reported to hardly alter the QTc in healthy volunteers 
(Taubel et al., 2013). Thus, further analyses would be 
needed to better understand the role of insulin in connec-
tion with hyperglycemic condition. Third, since the anes-
thesia may alter glucose uptake and metabolism as well 
as insulin signaling (Diltoer and Camu, 1988; Saho et al., 
1997; Tanaka et al., 2005), the cardiovascular effects of 
hyperglycemia also need to be assessed in conscious ani-
mals using telemetry system along with the measurement 
of circulating catecholamine.

In conclusion, the glucose infusion-induced cardiovas-
cular effects could be essentially attributed to osmolali-
ty-dependent mechanisms, whereas the positive chrono-
tropic, inotropic and dromotropic effects along with the 
repolarization delay were greater in the glucose-treat-
ed animals than in the mannitol-treated ones, for which 
osmolality-independent autonomic and/or ionic mecha-
nisms may play additional roles.
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