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Abstract: The benefit of calcium channel blockers for cardiovascular prevention against 

heart attack and stroke has not been firmly supported. We investigated the possible 

cardiovascular protective effect of diltiazem (DTZ) against injury induced by isoproterenol 

using a freely moving rat model in vivo. Sprague Dawley rats were injected subcutaneously 

(sc) with either 5 or 10 mg/kg of DTZ, or saline as control, twice daily for five doses. One 

hour after the last injection, a single dose of isoproterenol (30 mg/kg) was injected sc to 

each rat. Blood samples were collected serially for 6 h for measurement of adenine 

nucleotides (ATP, ADP and AMP) in red blood cell (RBC) by a validated HPLC. The 

study has shown isoproterenol induced 50% mortality and also increased RBC 

concentrations of AMP from 0.04 ± 0.02 to 0.29 ± 0.21 mM at the end of the experiment  

(p < 0.05). Treatment with 10 mg/kg of DTZ reduced mortality from 50% to <20% and 

attenuated the increase of RBC concentrations of AMP from +0.25 ± 0.22 in the control 
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rats to +0.072 ± 0.092 mM (p < 0.05). The study concluded that 10 mg/kg of DTZ reduced 

mortality and breakdown of ATP induced by isoproterenol in rats. 

Keywords: diltiazem; ATP; cardiovascular protection; myocardial infarction; rats; isoproterenol 

 

1. Introduction 

Despite their introduction for clinical use over 30 years ago, calcium channel blockers are still an 

important class of therapeutic agents widely used for treatment of cardiovascular diseases [1–3]. It has 

been suggested that, in addition to lower blood pressure and heart rate, many calcium channel blockers 

have inherent anti-oxidant properties which contribute significantly to their cardiovascular protective 

effect [4,5]. One of the first generation calcium channel blockers is diltiazem (DTZ), which is 

clinically proven effective for hypertension and angina, and has potential for stroke prevention [6,7]. It 

is also often used as a probe to study pharmacokinetics and pharmacodynamic interactions with the 

calcium channel blockers [8–11]. In addition to lowering blood pressure, DTZ has significant negative 

chronotropic and inotropic effects, which are important for patients with cardiac arrhythmias and those 

who need beta-blockers [12]. In addition to the hemodynamic effect, it has been shown that DTZ also 

suppressed innate immunity and possessed anti-oxidant effect which can protect against tissue injury 

from reactive oxygen species [13,14].  

Previous studies have shown that the cardiovascular effects of DTZ are more sustainable after 

multiple doses than a single dose [15]. A 5 mg/kg of DTZ given by subcutaneous injection (sc), twice 

daily for five doses to spontaneously hypertensive rats (SHR) decreased ambulatory blood pressure by 

as much as 20–30% and heart rate by about 15% [16]. In addition to lowering blood pressure and heart 

rate, DTZ also inhibits adenosine uptake and metabolism by red blood cell (RBC) which enhances 

circulatory concentrations of adenosine [17], which may contribute to the anti-ischemia and 

cardiovascular protective effect [18]. It has been shown that DTZ pretreatment (25 mg/kg/day for  

50 days orally) can prevent diastolic heart failure and sudden death induced by isoproterenol in a 

transgenic mouse model with cardiac hypertrophy [19]. Despite the potential for cardiovascular 

prevention, there is, as of yet, very little firm evidence to support its effectiveness against myocardial 

infarction (MI). We have shown previously that acute myocardial injury induced by a single dose of 

isoproterenol (30 mg/kg) was characterized by an abrupt and profound decrease in systolic and 

diastolic blood pressures, which rebounded back to pretreatment level shortly (<1 hr) after the 

injection. The heart rate was increased immediately and stayed elevated throughout the experiment. In 

addition, isoproterenol also increased RBC concentrations of adenosine 5’-monophosphate (AMP), 

and those rats did not survive from the acute MI had much higher concentrations of AMP [20]. 

However the study did not assess possible modulation by pharmacologic agents. The current study is 

aimed to follow up the previous study and investigate a possible mechanism for the cardiovascular 

protective effect of DTZ against injury induced by isoproterenol using a freely moving rat model in 

vivo as described previously [20,21]. 
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2. Results 

Under the described experimental condition, none of the rats died in the Control Group D not receiving 

isoproterenol (n = 11). On the other hand, a single dose of isoproterenol (30 mg/kg) given by sc injection 

induced 50% mortality in the normal saline treated rats (Control Group C) (n = 10) (p < 0.05 vs. Group D).  

In the rats treated with 5 or 10 mg/kg of DTZ, twice daily for five doses, by sc injection, the mortality rate 

was > 60% (four out of six died) and < 20% (one out of six died), respectively. However due to the small 

sample size in each group, the differences were not statistically significance (p > 0.05 vs. Control Group C). 

As expected, DTZ lowered blood pressure (both systolic and diastolic) and heart rate immediately 

following injection (p < 0.05 by paired t-test) (Figure 1). The hemodynamic effect reached a maximum 

in 15 min, and returned to baseline levels before the next injection, as evidenced by the similar 

hemodynamic parameters between the DTZ treated groups (A and B) before the last injection and those in 

the control groups (C and D) (Table 1). The blood pressure lowering effect appeared to be greater after the 

10 mg/kg dose, but the effect on lowering the heart rate in contrary was greater after the 5 mg/kg injection 

although only the difference for diastolic blood pressure was significant (p < 0.05) between the two doses 

(Table 1). Following the isoproterenol injection (30 mg/kg), the blood pressure (systolic and diastolic) fell 

immediately with a corresponding increase in heart rate (Figure 1). There was a rebound of the blood 

pressure, back to close to pre-treatment levels, within 1–2 h after isoproterenol administration, but the heart 

rate remained greatly elevated for the remainder of the experiment (Figure 1). As three out of the six rats 

treated with 5 mg/kg dose of DTZ died within 20 min of isoproterenol administration, to avoid bias, the 

hemodynamic and biomarker data after isoproterenol in this group were excluded from comparison. 

Figure 1. Hemodynamic effect of DTZ in rats treated with isoproterenol (30 mg/kg). Each 

point represents mean and SEM (n = 6 for DTZ 10 mg/kg Group; n = 10 for Normal Saline 

Group; n = 11 for No ISO Group). Abbreviations: DBP = diastolic blood pressure; SBP = 

systolic blood pressure; ISO = isoproterenol; DTZ = diltiazem. 
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Table 1. Cardiovascular effect of DTZ before isoproterenol (Iso) injection in Rats. 

Biomarkers/Treatment 

A 

DTZ  

(5 mg/kg)  

(n = 6) 

B 

DTZ  

(10 mg/kg)  

(n = 6) 

C 

Control  

(No DTZ) 

(n = 10) 

D 

Control  

(n = 11)  

No Iso  

and DTZ) 

SBP (mmHg) before the last dose 130 ± 8
a
 130 ± 8 127 ± 14 123 ± 11 

DBP (mmHg) before the last dose 105 ± 12 102 ± 7 104 ± 19 100 ± 15 

HR (bpm) before the last dose 371 ± 22 385 ± 32 396 ± 40 378 ± 48 

SBP (mmHg) T0.25 98 ± 7* 89 ± 10* 126 ± 14 123 ± 15 

DBP (mmHg) T0.25 68 ± 4*
,
** 60 ± 4* 98 ± 21 98 ± 13 

HR (bpm) T1 351 ± 32 360 ± 9* 386 ± 33 372 ± 47 

AUC of ATP in RBC from T0–T1 (mM*T) 2.18 ± 0.53 1.92 ± 0.16 1.88 ± 0.25 1.64 ± 0.31 

AUC of ADP in RBC from T0–T1 (mM*T) 0.33 ± 0.09* 0.32 ± 0.02* 0.46 ± 0.09 0.42 ± 0.15 

AUC of AMP in RBC from T0–T1 (mM*T) 0.02 ± 0.01* 0.03 ± 0.01 0.05 ± 0.02 0.05 ± 0.03 
aMean ± SD; * p < 0.05 vs. Group C; ** p < 0.05 vs. Group B; Abbreviations: DTZ (diltiazem);  

Iso (isoproterenol); SBP (systolic blood pressure); DBP (diastolic blood pressure); HR (heart rate); RBC  

(red blood cells); AUC (area under the curve); T0 (Time before the last injection); T0.25 (Time at 15 min 

after the last injection); T1 (Time at 1 hr after the last injection). 

The AUC of ATP concentrations in the RBC from time 0 (T0) to the time before the isoproterenol 

injection (T1) appeared to be higher while the AUC of ADP and AMP concentrations in the RBC were 

lower in the rats treated with DTZ, although only the differences in the ADP and AMP concentrations 

were statistically significant (p < 0.05) (Table 1). The concentrations of ADP and AMP increased in 

the RBC shortly after isoproterenol in both control and DTZ treated rats, and returned to baseline 

levels towards the end of the experiment (Figure 2). It increased RBC concentrations of AMP from 

0.04 ± 0.02 mM before the isoproterenol injection, to 0.29 ± 0.21 mM at the end of the experiment in 

the control rats (p < 0.05), but the increase was not statistically significant in the DTZ treated rats  

(0.03 ± 0.01 vs. 0.10 ± 0.086 mM) (p > 0.05). The maximum concentrations of AMP in the RBC after 

isoproterenol (Cmax) were also significantly higher in the control group C (0.29 ± 0.21 mM) than in 

the DTZ treated rats (0.10 ± 0.086 mM) and the control group D not receiving DTZ and isoproterenol 

(0.059 ± 0.030 mM) (p < 0.05 Table 2). A similar observation was found when the AUC ratios of 

AMP to ATP in the RBC were compared (Table 2). There was a tendency of an increase of RBC ATP 

concentrations towards the end of the experiment, both in the DTZ treated rats (+ 0.43 ± 0.28 mM in 

Group B) and also in the rats not receiving isoproterenol (+0.63 ± 0.83 mM in Group D) (Figure 2). 

In comparison, however, there was no increase of the ATP concentrations in the Group C rats, not 

receiving DTZ (−0.001 ± 0.78 mM) (Figure 2). The difference between the groups, nevertheless, did 

not reach statistical significance (p > 0.05), because of the small sample size and large variation of 

the data. 
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Figure 2. Effect of DTZ on red blood cell concentrations of adenine nucleotides in rats 

treated with isoproterenol (30 mg/kg). Each point represents mean and SEM (n = 6 for 

DTZ 10 mg/kg Group; n = 10 for Normal Saline Group; n = 11 for No ISO Group). 

 
Abbreviations: ISO = isoproterenol; RBC = red blood cell; DTZ = diltiazem. 

Significant correlations (p < 0.05) were observed between the mean RBC concentrations of ATP 

and ADP, and also between ATP and AMP concentrations in the rats which did not survive from the 

isoproterenol induced injury, but not in the surviving rats, nor in the rats receiving DTZ (10 mg/kg) 

and those not treated with isoproterenol (Figure 3). Significant correlations were also observed 

between the mean RBC concentrations of ADP and AMP in the isoproterenol treated rats (survivors 

and non-survivors) with and without protection from DTZ (10 mg/kg), but not in the rats not receiving 

isoproterenol (Figure 3). Analysis of individual rat data showed a significant difference  
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(p < 0.05) in the correlation coefficient (r) and regression coefficient () between RBC concentrations 

of ATP and AMP comparing the surviving rats and those died (victims) before the end of the 

experiments (6 hrs after isoproterenol injection). A significant difference was also found for  from 

regression analysis of ADP and AMP concentrations between the survivors and victims from 

isoproterenol injection in the rats without protection from DTZ (10 mg/kg) (Table 3). However, there 

were no significant differences in any of the r or  values between the DTZ treated rats and the control 

group C (survivors or victims) (Table 3). 

Table 2. Cardiovascular effect of DTZ after isoproterenol (Iso) injection in Rats. 

Biomarkers/Treatment 

A 

DTZ  

(5 mg/kg)  

(n = 6) 

B 

DTZ  

(10 mg/kg)  

(n = 6) 

C 

Control  

(No DTZ)  

(n = 10) 

D 

Control  

(n = 11) No Iso 

and DTZ) 

SBP (mmHg) immediately 

before Iso or at 1 hr 
110 ± 14a,** 102 ± 8*,** 126 ± 14 127 ± 15 

SBP (mmHg) 10 min after  60 ± 10** 62 ± 17** 62 ± 17** 123 ± 14 

Change in SBP (mmHg) −50 ± 11** −40 ± 17*,** −64 ± 20** −3 ± 10 

DBP (mmHg) immediately 

before Iso or at 1 hr 
83 ± 8** 77 ± 9*,** 95 ± 22 98 ± 13 

DBP (mmHg) 10 min after  28 ± 15** 41 ± 10** 34 ± 17** 100 ± 12 

Change in DBP (mmHg) −49 ± 4** −37 ± 15*,** −61 ± 19** 0 ± 10 

HR (bpm) immediately 

before Iso or at 1 hr 
351 ± 32 360 ± 9*,** 386 ± 33 383 ± 32 

HR (bpm) 10 min after 476 ± 19** 492 ± 62** 456 ± 50** 372 ± 47 

Change in HR (bpm) +120 ± 37*,** +132 ± 66** +70 ± 53** −10 ± 29 

Change in HR (bpm) at the 

end of experiment 
+149 ± 62** +175 ± 73** +157 ± 56** −14 ± 43 

AUC of ATP in RBC from 

T1 – T last (mM*T) 
NDb 9.83 ± 4.75 7.74 ± 3.76 9.08 ± 3.03 

AUC of ADP in RBC from 

T1 – T last (mM*T) 
ND 2.21 ± 0.45 2.15 ± 0.73 1.85 ± 0.49 

AUC of AMP in RBC from 

T1 – T last (mM*T) 
ND 0.29 ± 0.13 0.48 ± 0.37 0.23 ± 0.14 

AUC AMP / AUC ATP in 

RBC from T1 – Tlast 
ND 0.02 ± 0.01* 0.09 ± 0.09** 0.02 ± 0.02 

Cmax of ATP in RBC (mM) 

after Iso or 1 hr 
2.56 ± 0.53 2.76 ± 0.41 2.42 ± 0.65 2.34 ± 0.70 

Cmax of ADP in RBC 

(mM) after Iso or 1 hr 
0.49 ± 0.23* 0.60 ± 0.28 0.88 ± 0.37** 0.50 ± 0.12 

Cmax of AMP in RBC 

(mM) after Iso or 1 hr  
0.11 ± 0.13 0.10 ± 0.086* 0.29 ± 0.21** 0.059 ± 0.030 

aMean  SD; bNA = Not applicable; cND = Not done because of missing data; *p < 0.05 vs Group C;  

**p < 0.05 vs Group D. Abbreviations: DTZ (diltiazem); Iso (isoproterenol); SBP (systolic blood pressure); 

DBP (diastolic blood pressure); HR (heart rate); RBC (red blood cells); AUC (area under the curve);  

T1 (Time at 1 hr after the last injection); Tlast (Time when the last sample from the experiment was taken); Cmax 

(Maximum concentration). 
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Figure 3. Correlations between mean red blood cell concentrations of adenine nucleotides 

in rats (n = 6 for DTZ 10 mg/kg Group; n = 11 for Control Group D; n = 5 in the Survivors 

in Control Group; and n = 5 in the Non-Survivors in Control Group). Abbreviations:  

RBC = red blood cell; DTZ = diltiazem. 
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Table 3. Correlation between red blood cell concentrations of adenine nucleotides in rats 

after isoproterenol (Iso). 

Biomarkers/Treatment 

A 

DTZ (5 mg/kg) 

(n = 6) 

B 

DTZ (10 mg/kg) 

(n = 6)
c
 

C 

Control No 

DTZ (n = 5) 

Survivors 

C 

Control No DTZ 

(n = 5) Victims 

ATP vs. AMP r NDb −0.308 ± 0.326a 0.056 ± 0.409* −0.721 ± 0.352 

ATP vs. AMP  ND −0.097 ± 0.177 0.023 ± 0.063* −0.317 ± 0.190 

ATP vs. ADP r ND −0.038 ± 0.571 0.016 ± 0.460 −0.426 ± 0.656 

ATP vs. ADP  ND −0.260 ± 0.534 0.039 ± 0.198 −0.521 ± 0.643 

ADP vs. AMP r ND 0.744 ± 0.501 0.708 ± 0.384 0.763 ± 0.290 

ADP vs. AMP  ND −0.014 ± 0.527 0.102 ± 0.104* 0.470 ± 0.282 

a Mean ± SD; b ND = Not done because of missing data; c Determined from the survivors; * p < 0.05 vs. Group C 

Victims; Abbreviations: DTZ (diltiazem); r (Pearson Correlation Coefficient);  (Regression Coefficient). 

3. Discussion  

As shown previously by our laboratory, and others, DTZ has a significant effect lowering blood 

pressure (systolic and diastolic) and heart rate after both 5 and 10 mg/kg doses although the effects 

lasted only for several hours [16,22], and had subsided long before the next dose (12 hrs). It is 

interesting to note that, while the effect of DTZ on lowering diastolic blood pressure was dose 

dependent, such that the effect was significantly greater following the 10 mg/kg dose (p < 0.05) than 

after the 5 mg/kg dose, there was no significant difference for the effect on systolic blood pressure and 

heart rate between the two doses (Table 1). The effect of an increase in DTZ dosage from 5 to  

10 mg/kg also increased the survival rate from the cardiovascular insult induced by isoproterenol from 

< 40% to > 80%. However, due to the small number of animal used (n = 6 in each group), the 

difference was not statistically significant (p > 0.05). An increase in sample size to 10 animals in the 

treatment groups could achieve a statistically significant difference. Appreciable cardiovascular 

protective effect of DTZ has previously been reported against severe diastolic heart failure and cardiac 

sudden death induced by isoproterenol in a transgenic mouse model after 25 mg/kg/day for 50 days by 

oral gavage [19]. In addition to the hemodynamic effect, DTZ also decreased concentrations of ADP 

and AMP significantly in the RBC (p < 0.05) and modestly increased ATP concentration (p > 0.05) 

(Table1) in the rats prior to receiving isoproterenol. We have shown earlier that DTZ also increased 

RBC concentrations of ATP in a zebrafish model [23] and in an exercise rat model [24], but not in rats 

kept in a restrainer [25]. The results suggest that the effect of DTZ on ATP metabolism in RBC in vivo 

may be enhanced when energy demand increases in the host species, as in the current study. However, 

it is not clear whether or not the reduction in mortality in the current experiment was attributed to the 

decrease in diastolic blood pressure, and/or moderation of ATP metabolism in the RBC or by other yet 

undetermined factors. A third control group, receiving only DTZ but not isoproterenol, may help to 

further tease out the cardiovascular protective effect of DTZ 

As shown previously, a single dose of 30 mg/kg of isoproterenol given by sc injection in the 

experimental rat model can induce significant mortality (ca. 50%), profoundly altered the cardiovascular 
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hemodynamics, and significantly increased RBC concentrations of AMP. In the rats which could not 

survive the effects, there was a steeper rebound in systolic and diastolic blood pressures following the 

immediate fall, and a significant increase in break down of ATP to AMP in the RBC than the surviving 

rats [20]. It appears that 10 mg/kg of DTZ given twice daily for 5 doses improved survival rate and 

significantly reduced the AMP concentrations and the AUC ratio of AMP to ATP, which is a measure 

of catabolism of ATP to AMP in RBC (Table 2). Correlation analyses of the data indicated that the 

rats, which did not survive from the cardiovascular injury, had significantly more breakdown of ATP 

in RBC to ADP (r = −0.962, p < 0.05) and also to AMP (r = −0.950, p < 0.05). The breakdown of ATP 

in the RBC was not significant in the DTZ treated group and also in the surviving rats not receiving 

DTZ (Figure 3 and Table 3). The data also indicated significant positive (+) correlations between RBC 

concentrations of ADP and AMP after isoproterenol in both control and DTZ treated rats (r > 0.85 and 

p < 0.05) (Figure 3). This may suggest that catabolism of ADP to AMP triggered breakdown of ATP to 

maintain adequate supply of ADP in the RBC in response to cardiovascular injury. This was supported 

by a significantly greater (+) regression coefficient between ADP and AMP in the rats, which could 

not survive from the administration (0.470 ± 0.282 vs. 0.102 ± 0.104, p < 0.05) (Table 3). In these rats, 

the regression coefficient between ATP and AMP were negative (-) which was significantly different 

from the survivors (−0.317 ± 0.190 vs. 0.023 ± 0.063, p < 0.05) (Table 3). The results further support 

our hypothesis that ATP breakdown to AMP in the RBC in situ is a serious cardiovascular event, 

which may be used as a surrogate for potential mortality.  

Consistent with the effect to increase ATP concentrations in RBC during exercise [24], DTZ also 

appeared to preserve ATP concentrations in RBC after isoproterenol (Figure 2 and Table 2). It is 

known that, during ischemia (or hypoxia), there is an increase of intracellular calcium ion 

concentrations and break down of intracellular ATP to release adenosine into systemic circulation. 

Previous studies from our laboratory and others have shown that calcium channel blockers including 

DTZ are potent inhibitors of adenosine transport in RBC [26,27]. This could result in an  

increase in extracellular concentrations of adenosine and preservation of intracellular ATP in the 

myocardium [28–30]. The exact mechanism is unclear although it could be attributed to both blockade 

of calcium influx from ion channels and release from intracellular calcium storage [14], as well as 

reuptake and metabolism of adenosine by DTZ and its metabolites, which are known to have similar 

properties as the parent DTZ [17]. However, the current study could not confirm if RBC 

concentrations of ATP could be an indicator of the concentrations in the myocardium, and that cardiac 

tissue damage after isoproterenol was minimized by DTZ, which clearly warrants further investigation. 

It has been hypothesized that RBC may serve as an oxygen sensor in the cardiovascular  

system [31,32]. It was shown that RBC are capable of releasing increased amounts of ATP as oxygen 

content falls and its hemoglobin becomes desaturated [33]. Thus, when RBC travels through the  

microcirculation it could release vasodilatory compounds, such as ATP, that enhance blood flow in 

hypoxic tissues [32]. The released ATP would help to increase blood supply to the tissue and preserve 

an optimum balance between oxygen supply and demand, thereby modulating the concentrations of 

tissue ATP within the cardiovascular system. Such a mechanism would eliminate the requirement for a 

diverse network of sensing sites throughout the vasculature, and should provide a more efficient means 

of appropriately matching oxygen supply with demand, and allow an immediate switch to alternative 

energy sources under hypoxia condition [34]. If these hypotheses are proven correct, RBC 
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concentration of ATP may be used as a surrogate marker for cardiovascular protection, and also a 

pharmacodynamic biomarker for DTZ and other calcium channel blockers, in addition to the 

hemodynamic effects.  

Another important question we could not answer from the study is why the rats that received the  

5 mg/kg DTZ dose did not show any improvement in survival compared to the control rats. In fact, 

three of the four rats died within one hour after isoproterenol in the rats received the 5 mg/kg diltizem 

dose, as compared to the survival time of three to four hours found in control group C. As the rats died 

so early in the experiment, we could not collect sufficient data to compare the difference for the 

hemodynmiac effect and RBC concentrations of adenine nucleotides between the two DTZ doses after 

isoproterenol. The early mortality could be related to a dose dependent phenomenon, attributing to 

sympathetic activation and the compensatory mechanism it provokes to maintain cardiovascular 

homeostasis in response to the injury induced by isoproterenol. It should be noted that the 10 mg/kg 

DTZ dose administered to the rats is approximately four times the maximum oral dose used clinically 

for hypertension or angina [35]. Despite the known species difference in pharmacokinetics and 

pharmacodynamic between human and rats in which first pass metabolism after oral dose is 50 times 

greater in rats compared to humans [36], we should be cautious of the clinical relevance of the 

protective effect demonstrated at such a high dose, and that there may be other calcium channel 

blockers having greater cardiovascular protective effect. Neurohormone and sympathetic activation is 

an important target for management of cardiovascular diseases [37–39]. It has been known for many 

years that calcium channel blockers differ widely in potency to provoke sympathetic activation [40–42]. It 

is possible that depending on the effect against sympathetic activation, these therapeutic agents may 

also differ in their protective effects against cardiovascular injury induced by isoproterenol. The 

implication of the concept of neurohormone (sympathetic) activation in response to isoproterenol and 

the relationship with the cardiovascular protective effect of DTZ and other cardiovascular agents 

warrants further investigation. 

4. Experimental Section  

4.1. Chemicals 

Authentic standards of purine nucleotides including ATP, adenosine-5'-diphosphate (ADP),  

AMP, and isoproterenol hydrochloride were purchased from Sigma-Aldrich Chem Co. (St. Louis,  

MO, USA). Solvents were HPLC grade, and all other chemicals were reagent grade (Fisher Scientific, 

ON, Canada). 

4.2. Animal Study 

The protocol followed the Canadian Council on Animal Care guidelines and was approved by  

the Dalhousie University Committee on Laboratory Animals (Protocol No 10-003 approved on  

Mar 1, 2011). Sprague Dawley rats with a carotid artery catheter weighing between 250 to 320 g were 

used (Charles River Laboratories, Wilmington, MA, USA). They were acclimatized at the Carleton 

Animal Care Centre with free access to food and water for 48 h before experiment. Each rat was 

injected subcutaneously with either 5 mg/kg (Group A) or 10 mg/kg of DTZ (Group B), twice daily 
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for five doses (n = 6 for each group), which have been shown in previous studies to significantly 

lower blood pressure and heart rate in a similar rat model [15,16]. A control group (Group C)  

(n = 10) received normal saline (1 mL/kg) in the same regimen. During experiment, each rat was 

kept in a freely moving caging environment with free access to drinking water as described 

previously [20]. In the treatment group, one hour after the last injection, isoproterenol hydrochloride 

(30 mg/kg) freshly prepared in normal saline (30 mg/mL) was administered by subcutaneous (sc) 

injection in the dorsal area of each rat. A second control group (Group D) (n = 11) received normal 

saline (i.e., no isoproterenol and DTZ) was employed for further comparison. Blood samples (0.3 

mL each) were collected from each rat via the indwelling catheter before the last dose (0 hr or T0), 

and then at 0.05, 0.25, 1, 1.2, 1.5, 2, 3, 4, 5, and 6 hrs after the last dose. The blood samples 

collected were immediately mixed with a “Stopping Solution” for measurement of adenine 

nucleotides (ATP, ADP and AMP), which is a mixture of made up of 26 µM EHNA, 100mM 

dipyridamole, 4 mM EDTA, and a final concentration of 2 g/mL of indomethacin in heparinized 

normal saline with pH adjusted to 7.4 to minimize in vitro degradation and production of adenosine 

during sample processing [24]. Hemodynamic recordings including systolic blood pressure, diastolic 

blood pressure, and heart rate were collected continuously throughout the experiment using a 

TruWave
®

 disposable pressure transducer (Model PX601, Edwards Lifesciences Canada, Inc., 

Mississauga, ON, Canada) coupled to a Siemens hemodynamic monitor (Sirecust 400) and chart 

recorder (Siredoc) (Erlangen, FRG) [43]. The RBC samples collected were processed and lysed 

immediately using an ice cold 10% trichloroacetic acid. The lysate samples were stored at −80 °C, 

and concentrations of ATP and other adenine nucleotides in the RBC were determined by a validated 

HPLC assay [24]. The rats were euthanized at the end of the experiment (6 h after isoproterenol) by 

cardiac puncture under general anaesthesia with isoflurane. 

4.3. Data Analysis 

Rats which survived longer than six hours from the cardiovascular injury induced by isoproterenol 

were considered survivors, and those died within six hours were victims. Areas under the curve (AUC) 

of RBC concentrations of ATP and other adenine nucleotides were calculated using the trapezoidal 

method (Prism
®

-5, Graphpad Software Inc., La Jolla, CA, USA). Maximum (Cmax) and minimum 

(Cmin) concentrations of adenine nucleotides and hemodynamic variables were obtained directly from 

the observed data (Figure 2). Hemodynamic and circulating biomarker variables between the control 

and isoproterenol treatment groups during the experiment were analyzed by student’s paired and 

unpaired t-tests, and differences considered significant at p < 0.05. The Fisher’s exact test was used to 

assess difference in mortality rate between the treatment groups and considered significance at p < 

0.05. In addition, possible relationships between biomarkers from the group mean data and individual 

rat data were assessed using Pearson Correlation and linear regression analyses, and considered 

significance at p < 0.05 (Minitab
®

 Inc., Release 16, State College, PA, USA).  
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5. Conclusions  

DTZ (10 mg/kg) significantly reduces hemodynamic changes, RBC concentrations of AMP, and 

breakdown of ATP in the RBC induced by isoproterenol. There was no protection from 5 mg/kg dose 

of DTZ. 

Acknowledgements  

Supported in part by Canadian Institute of Health Research, Nova Scotia Health Research Foundation 

and Dalhousie Pharmacy Endowment Foundation. 

Author Contributions 

Dr. Pollen K.F. Yeung is the principal investigator of the study. Dr. Zhaolin Xu is a co-investigator 

of the study helping in design of the animal experiment and writing the manuscript. Ms. Dena Seeto is 

a research associate in the laboratory implementing the animal experiment and data analysis, as well as 

assists in preparing the manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Neutel, J.M. Long-term blood pressure control: What can we do? Postgrad. Med. 2011, 123,  

88–93. 

2. Mallat, S.G. What is a preferred angiotensin II receptor blocker-based combination therapy for 

blood pressure control in hypertensive patients with diabetic and non-diabetic renal impairment? 

Cardiovasc. Diabetol. 2012, 11, doi:10.1186/1475-2840-11-32. 

3. Mourad, J.J., Le Jeune, S.; Pirollo, A.; Mourad, C.; Gaudouen, Y.; Lopez-Sublet, M. 

Combinations of inhibitors of the renin-angiotensin system with calcium channel blockers for the 

treatment of hypertension: Focus on perindopril/amlodipine. Curr. Med. Res. Opin. 2010, 26, 

2263–2276. 

4. Nishiyama, A.; Nakano, D.; Hitomi, H. [Calcium antagonists: Current and future applications 

based on new evidence. Effects of calcium channel blockers on oxidative stress]. Clin. Calcium. 

2010, 20, 38–44. 

5. Morimoto, Y.; Kureishi-Bando, Y.; Murohara, T. Calcium antagonists: Current and future 

applications based on new evidence. Pleiotropic effects of calcium channel blockers on vascular 

endothelial function. Clin. Calcium. 2010, 20, 69–75. 

6. Basile, J. The Role of Existing and Newer Calcium Channel Blockers in the Treatment of 

Hypertension. J. Clin. Hypertens. 2004, 6, 621–631. 

7. Basile, J.N.; Chrysant, S. The importance of early antihypertensive efficacy: The role of 

angiotensin II receptor blocker therapy. J. Hum. Hypertens. 2006, 20, 169–175. 

8. Scheen, A.J. Dipeptidylpeptidase-4 inhibitors (gliptins): Focus on drug-drug interactions. Clin. 

Pharmacokinet. 2010, 49, 573–588. 



Metabolites 2014, 4 787 

 

 

9. Boddu, S.P.; Yamsani, M.R.; Potharaju, S.; Veeraraghavan, S.; Rajak, S.; Kuma, S.V.;  

Avery, B.A.; Repka, M.A.; Varanasi, V.S. Influence of grapefruit juice on the pharmacokinetics of 

diltiazem in Wistar rats upon single and multiple dosage regimens. Pharmazie 2009, 64, 525–531. 

10. Hong, S.P.; Yang, J.S.; Han, J.Y.; Ha, S.I.; Chung, J.W.; Koh, Y.Y.; Chang, K.S.; Choi, D.H. 

Effects of lovastatin on the pharmacokinetics of diltiazem and its main metabolite, 

desacetyldiltiazem, in rats: Possible role of cytochrome P450 3A4 and P-glycoprotein inhibition 

by lovastatin. J. Pharm. Pharmacol. 2011, 63, 129–135. 

11. Yeung, P.; Alcos, A.; Marcoux, T.; Tang, J. Comparing Pharmacokinetics and Metabolism of 

Diltiazem in Normotensive Sprague Dawley and Wistar Kyoto Rats vs. Spontaneously 

Hypertensive Rats in vivo. Drug Metab. Drug Interact. 2011, 26, 119–125. 

12. Elliott, W.J.; Ram, C.V. Calcium channel blockers. J. Clin. Hypertens. (Greenwich) 2011, 13, 

687–689. 

13. Quimby, S.; Fern, R. Novel morphological features of developing white matter pericytes and 

rapid scavenging of reactive oxygen species in the neighbouring endothelia. J. Anat. 2011, 219, 

65–77. 

14. Liu, W.; Matsumori, A. Calcium channel blockers and modulation of innate immunity. Curr. 

Opin. Infect. Dis. 2011, 24, 254–258. 

15. Yeung, P.; Alcos, A.; Tang, J. Pharmacokinetics and hemodynamic effects of diltiazem in rats 

following single vs. multiple doses in vivo. Open Drug Metab. J. 2009, 3, 55–62. 

16. Yeung, P.; Alcos, A.; Tang, J.; Casley, W. Hemodynamic effects of diltiazem in spontaneously 

hypertensive rats vs. normotensive rats following multiple doses in vivo. Curr. Top. Pharmacol. 

2008, 12, 39–44. 

17. Yeung, P.K.F.; Mosher, S.J.; MacRae, D.A.; Klassen, G.A. Effect of diltiazem and its metabolites 

on the uptake of adenosine in blood: An in-vitro investigation. J. Pharm. Pharmacol. 1991, 43, 

685–689. 

18. Cohen, M.V.; Downey, J.M. Adenosine: Trigger and mediator of cardioprotection. Basic Res. 

Cardiol. 2008, 103, 203–215. 

19. Westermann, D.; Knollmann, B.C.; Steendijk, P.; Rutschow, S.; Riad, A.; Pauschinger, M.;  

Potter, J.D.; Schultheiss, H.P.; Tschope, C. Diltiazem treatment prevents diastolic heart failure in 

mice with familial hypertrophic cardiomyopathy. Eur. J. Heart Fail 2006, 8, 115–121. 

20. Yeung, P.; Seeto, D. A study of the effect of isoproterenol on red blood cell concentrations of 

adenine nucleotides in a freely moving rat model in vivo. Cardiovas. Pharmacol. 2013, 2, 102 . 

21. Yeung, P.; Dauphinee, J.; Gouzoules, T.; Simonson, K.; Schindler, C. Exercise improves 

hemodynamic profiles and increases red blood cell concentrations of purine nucleotides in a 

rodent model. Ther. Adv. Cardiovasc. Dis. 2010, 4, 341–347. 

22. Bertera, F.M.; Mayer, M.A.; Opezzo, J.A.; Taira, C.A.; Hocht, C. Increased sensitivity to 

diltiazem hypotensive effect in an experimental model of high-renin hypertension. J. Pharm. 

Pharmacol. 2009, 61, 79–87. 

23. Klein, L.C.; Yeung, P.K.; Berman, J.N. Cladribine inhibits a diltiazem-induced increase in red 

blood cell purine nucleotide concentrations in a zebrafish model. Biomarkers 2009, 14, 554–559. 



Metabolites 2014, 4 788 

 

 

24. Yeung, P.; Ding, L.; Casley, W. HPLC assay with UV detection for determination of RBC purine 

nucleotides concentrations and application for biomarker study in vivo. J. Pharm. Biomed. Anal. 

2008, 47, 377–382. 

25. Yeung, P.; Dauphinee, J.; Simonson, K.; Gouzoules, T. Anti-Ischemia Drugs have no Effect on 

the In Vivo Metabolism of ATP by RBC in Normotensive Restrained Rats. Open Drug Metab. J. 

2011, 5, 1–6. 

26. Ford, D.A.; Sharp, J.A.; Rovetto, M.J. Erythrocyte adenosine transport: Effects of Ca2+ channel 

antagonists and ions. Am. J. Physiol. 1985, 248, H593–H598. 

27. Yeung, P.; Mosher, S.; Li, R.; Farmer, P.; Klassen, G.; Pollak, P.; McMullen, M.; Ferrier, G. 

Erythrocyte adenosine transport: A rapid screening test for cardiovascular drugs. J. Pharmacol. 

Meth. 1993, 30, 163–167. 

28. Takeo, S.; Tanonaka, K.; Tazuma, Y.; Fukao, N.; Yoshikawa, C.; Fukumoto, T.; Tanaka, T. 

Diltiazem and verapamil reduce the loss of adenine nucleotide metabolites from hypoxic hearts.  

J. Mol. Cell Cardiol. 1988, 20, 443–456. 

29. Van Belle, H. Nucleoside transport inhibition: A therapeutic approach to cardioprotection via 

adenosine ? Cardiovas. Res 1993, 27, 68–76. 

30. Kalsi, K.K.; Smolenski, R.T.; Yacoub, M.H. Effects of nucleoside transport inhibitors and 

adenine/ribose on ATP concentration and adenosine production in cardiac myocytes. Adv. Exp. 

Med. Biol. 1998, 431, 95–98 

31. Ellsworth M.L. The red blood cell as an oxygen sensor: What is the evidence? Acta Physiol. 

Scand. 2000, 168, 551–559. 

32. Jensen F.B. The dual roles of red blood cells in tissue oxygen delivery: Oxygen carriers and 

regulators of local blood flow. J. Exp. Biol. 2009, 212, 3387–3393. 

33. Bergfeld, G.R.; Forrester, T. Release of ATP from human erythrocytes in response to a brief 

period of hypoxia and hypercapnia. Cardiovasc. Res. 1992, 26, 40–47. 

34. Lopez-Barneo, J.; Nurse, C.A.; Nilsson, G.E.; Buck, L.T.; Gassmann, M.; Bogdanova, A.Y. First 

aid kit for hypoxic survival: Sensors and strategies. Physiol. Biochem. Zool. 2010, 83, 753–763. 

35. eCPS. Compendium of Pharmaceuticals and Speccialties; Canadian Pharmaceutical Association: 

Ottawa, ON, Canada, 2014. 

36. Yeung, P.K.F.; Mosher, S.J.; Quilliam, M.A.; Montague, T.J. Species comparison of 

pharmacokinetics and metabolism of diltiazem in humans, dogs, rabbits, and rats. Drug Met. Disp. 

1990, 18, 1055–1059. 

37. Conti, V.; Russomanno, G.; Corbi, G.; Izzo, V.; Vecchione, C.; Filippelli, A. Adrenoreceptors and 

nitric oxide in the cardiovascular system. Front. Physiol. 2013, 4, 321. 

38. Huang, C.J.; Webb, H.E.; Zourdos, M.C.; Acevedo, E.O. Cardiovascular reactivity, stress, and 

physical activity. Front. Physiol. 2013, 4, 314. 

39. Ratnasamy, C.; Kinnamon, D.D.; Lipshultz, S.E.; Rusconi, P. Associations Between 

Neurohormonal and Inflammatory Activation and Heart Failure in Children. Am. Heart J. 2008, 

155, 527–533. 

40. De Champlain, J.; Karas, M.; Nguyen, P.; Cartier, P.; Wistaff, R.; Toal, C.; Nadeau, R.; 

Larochelle, P. Different effects of nifedipine and amlodipine on circulating catecholamine levels 

in essential hypertensive patients. J. Hypertens. 1998, 16, 1357–1369. 



Metabolites 2014, 4 789 

 

 

41. Grossman, E.; Messerli, F. Effect of calcium antagonists on plasma norepinephrine levels, heart 

rate, and blood pressure. Am. J. Cardiol. 1997, 80, 1453–1458. 

42. Fogari, R.; Zoppi, A.; Corradi, L.; Preti, P.; Malalamani, G.D.; Mugellini, A. Effects of different 

dihydropyridine calcium antagonists on plasma norepinephrine in essential hypertension.  

J. Hypertens. 2000, 18, 1871–1875. 

43. Yeung, P.K.; Dauphinee, J.; Gouzoules, T.; Simonson, K.; Schindler, C. Exercise improves 

hemodynamic profiles and increases red blood cell concentrations of purine nucleotides in a 

rodent model. Ther. Adv. Cardiovasc. Dis. 2010, 4, 341–347. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


