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Abstract

Background

Quantifying dose-dependent ultra-early edema and ultrastructural changes in the myocyte

after drug delivery is important for the development of new mixed calcium channel blockers

(CCBs).

Materials and methods

Arterial cannulation was used to measure mean arterial pressure in real time; simulta-

neously, magnetic resonance imaging proton density mapping was used to quantify edema

5–55 min after the delivery of L-type CCBs, T- and L-type CCBs, and solvent to a spontane-

ously hypertensive rat model. Transmission electron microscopy was used to show ultra-

structural changes in the myocyte.

Results

Analysis of variance showed significant differences among the three groups in mean arterial

pressure reduction (F = 246.36, P = 5.75E-25), ultra-early level of edema (ULE) (F = 175.49,

P = 5.62E-22), and dose-dependent level of edema (DLE) (F = 199.48, P = 4.28E-23). Com-

pared with the solvent’s mean arterial pressure reduction (2.65±6.56±1.64), ULE (1.16±0.09

±0.02), and DLE (0.0010±0.0001±0.0000), post hoc tests showed that T- and L-type CCBs

had better mean arterial pressure reduction (90.67±11.58±2.90, P = 1.06E-24 vs. 68.34

±15.19±3.80, P = 1.76E-12), lower ULE (1.53±0.14±0.04, P = 4.74E-9 vs. 2.08±0.18±0.04, P

= 2.68E-22), and lower DLE (0.0025±0.0004±0.0001, P = 1.14E-11 vs. 0.0047±0.0008

±0.0002, P = 2.10E-11) than L- type CCBs. Transmission electron microscopy showed that

T- and L-type CCBs caused fewer ultrastructural changes in the myocytes after drug deliv-

ery than L-type CCBs.
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Conclusion

T- and L-type CCBs produced less ultra-early and dose-dependent edema, fewer ultrastruc-

tural changes in the myocyte, and a greater antihypertensive effect. Proton density mapping

combined with arterial cannulation and transmission electron microscopy allowed for quanti-

fication of ultra-early and dose-dependent edema, antihypertensive efficacy, and ultrastruc-

tural changes in the myocyte. This is important for the evaluation of induced vasodilatory

edema.

Introduction

Traditional CCBs exert their antihypertensive effect by selectively inhibiting the L-type Ca2+

channel (or dihydropyridine channel), thus dilating arteries through the blockage of calcium

influx by binding to the A1 subunit in arterial smooth muscle cells (SMCs) and decreasing the

cells’ excitability [1,2]. Conventional L-type calcium channel blockers (L-CCB), which are

widely used for clinical antihypertensive treatment (based on their affinity for the blood vessels

versus the heart muscle), selectively block those L-type Ca2+ channels that are primarily dis-

tributed in peripheral arterioles. The antihypertensive effect is enhanced when L-CCBs are

combined with other drugs such as angiotensin II receptor antagonists [3]. L-CCBs have a

powerful antihypertensive effect and are generally well-tolerated and safe, but some adverse

effects are commonly seen, including flushing, headache, dizziness, and vasodilatory edema,

for which the incidence is 17% higher with L-CCBs compared with other CCBs [4]. This effect

on vasodilatory edema is thought to be secondary to a disproportionate distribution of L-type

Ca2+ channels, which results in increased hydrostatic pressure in the capillary circulation and

the movement of fluid into the interstitial compartment [5].

Therefore, the correct combination of various CCB subtypes, which could block different

Ca2+ channels that are distributed in both the peripheral arterioles and venules, could simulta-

neously improve the antihypertensive effect and alleviate vasodilatory edema [6]. Notably, sub-

stantial differences in blood pressure responses among ethnic groups to first- and second-line

antihypertensive drugs have been found, introducing another factor that may influence vasodi-

latory edema [7]. One study showed that T-type Ca2+ channels play a pivotal role in the regula-

tion of afferent and efferent arterioles, and in the mediation of Ca2+ influx that is related to

angiotensin-induced afferent and efferent arteriolar vasoconstriction [8]. Mibefradil is an

example of a T- and L-type CCB (T&L-CCB) that has this effect. It selectively blocks T-type

calcium channels, unlike other types of calcium channel antagonists that block only L-type

channels [5,9,10].

Although the relationship between vasodilatory edema and the mechanism of action of

CCBs is relevant, ultra-early and dose-dependent edema, antihypertensive efficacy, and ultra-

structural changes of the myocyte after drug delivery are factors that are more important to

research.

For example, ultra-early lesions have proven to be sensitive to the proton density mapping

(PD-mapping) method, which is based on magnetic resonance imaging (MRI) [11]. The PD-

mapping method has been used to measure ultra-early edema in recent studies, including the

present study. Specifically, increased T2 signal intensity is secondary to the osmotic shift of

muscle water, which leads to an increase in the intracellular space [12]. Another important

method of structural evaluation is transmission electron microscopy (TEM), which operates

on the same basic principles as light microscopy but with the use of electrons instead of light.

TEM has been used widely to describe the ultrastructure of the myocyte [13, 14].
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In summary, these methods provide support for the evaluation of vasodilatory edema and

ultrastructural changes in the myocyte in general, and specifically at the ultra-early stage and

over the entire duration of drug delivery. Discovering whether there are differences in the evo-

lution of edema that depend on the CCB dose and on how early the edema occurs is important

for describing the drugs’ effect on hypertension. Therefore, to quantify the antihypertensive

effects produced by L- and T&L-CCB delivery in this study, arterial cannulation was used to

measure (in real time) the mean arterial pressure (MAP) and to evaluate the antihypertensive

effects of CCBs. Simultaneously, the PD-mapping method was used to quantify ultra-early and

dose-dependent vasodilatory edema evoked by L- and T&L-CCBs delivery. Given the utility of

the available imaging modalities, TEM was used to describe the ultrastructural changes in the

myocyte, and when combined with MRI, TEM was used to evaluate the vasodilatory edema

induced by equivalent doses of T&L-CCB and L-CCB. We aimed to accurately quantify the

ultra-early and dose-dependent differences in edema and describe the ultrastructural changes

in the myocyte between L- and T&L-CCB after drug delivery.

Materials and methods

Materials

All animal protocols were approved by the Institutional Animal Ethical and Welfare of West

China Hospital of Sichuan University

Two types of CCBs were evaluated in the present study. Both Nifedipine (L-CCB) and

Mibefradil (T&L-CCB) were obtained from Sigma-Aldrich (St. Louis, MO).

Animal preparation

The animal handling and imaging procedures, based on the Institute of Laboratory Animal

Resources, were approved by the local institutional animal care and use committee.

Forty-eight spontaneously hypertensive rats (SHRs), aged 17 weeks, were included based

on their middle blood pressure (MBP > 150 mmHg) and were divided randomly into three

groups and fed adaptively for one week. Each SHR was strapped on the operation table after

intraperitoneal injection with pentobarbital sodium. Based on a previous study, left carotid

artery cannulation was performed to measure MAP in real time [5]. The right jugular vein can-

nula was connected to a microsyringe pump for drug delivery (Table 1). Subsequently, each

SHR was scanned with inhalational anesthesia and maintained at a temperature of 36 ± 1˚C by

a thermostatic water tank.

MRI acquisition

The MR images were acquired on a 7-Tesla Bruker BioSpec 70/20 USR MRI system (Bruker,

BioSpin, Ettlingen, Germany) using a rat-body volume coil. A multi-slice multi-echo spin

echo (MSME) sequence was used to obtain axial PD maps of the thigh. The scanning parame-

ters were listed as follows: matrix = 128 × 128; field-of-view (FOV) = 50 × 50 mm2; number of

slices = 18; slice thickness = 1 mm; repetition time (TR)/echo time (TE) = 2500/6.5 ms; and

Table 1. Groups of experimental animals and drugs.

Group Animal Number Dosage (mg/kg)

Solvent SHR 16 /

L-CCBs SHR 16 1

T&L-CCBs SHR 16 10

https://doi.org/10.1371/journal.pone.0231244.t001
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echo train length = 12. The acquisition time of each MSME PD mapping sequence was approx-

imately 5 min.

Drug delivery

Each SHR was scanned dynamically using the PD mapping sequence before and after drug

delivery at multiple time points (6 times from 5 to 55 min). Based on the previous study, half

the dose was injected initially, and the other half was subsequently injected by a microsyringe

pump over 55 min [5]. During PD-mapping scans, the average MAP value for each SHR was

recorded simultaneously in real time using an electrophysiological instrument (Pclab-3804,

Beijing, MICROSIGNALSTAR Technology).

MRI data analysis

Regions of interest (ROIs) were drawn on nine contiguous slices of the bilateral thigh muscles

with the bone structures excluded. Within each ROI, pixel-by-pixel PD values were calculated

using negative exponential curve fitting of the signal intensities (SI) of T2-weighted images

acquired at different TEs (Eq 1) [11,12].

SI ¼ K � PD� eTET2 � 1 � eTRT1

� �
ð1Þ

where K is a constant, and 1 � eTRT1 is a fixed term at each TE that was cancelled out in the expo-

nential fitting.

To evaluate the edema after drug delivery, PD values measured at each time point (t) rela-

tive to PD acquired immediately before drug delivery PD(0) were calculated as follows (Eq 2):

DPDðtÞ ¼ ðPDðtÞ � PDð0ÞÞ=PDð0Þ ð2Þ

Linear regression using the Levenberg-Marquardt method was performed on the time

series of PD measurements to derive the relationship between PD and t (Eq 3):

DPDðtÞ ¼ a� t þ b ð3Þ

Two indexes, the ultra-early level of edema (ULE) and the dose-dependent level of edema

(DLE), were calculated to quantify the ultra-early and dose-dependent edema after drug deliv-

ery, respectively.

ULE ¼
Z t

0

DPDðtÞdt; t ¼ 5min ð4Þ

DLE ¼
dDPDðtÞ

dt
ð5Þ

The data analyses were developed using Matlab software (The MathWorks Inc., Natick,

Massachusetts).

TEM analysis

After MRI scanning, the SHRs were sacrificed by intravenous injection with pentobarbital

sodium, and tissue samples of 1 × 1 × 2 mm dimension were extracted from the quadriceps

femoris for electron microscope observation. The isolated tissues were fixed and preserved in

3% glutaraldehyde solution during the preparation of the specimens. The specimens were
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observed using TEM (HT-7700, Japan, Hitachi) to evaluate the alternations of myocyte ultra-

structure induced by vasodilatory edema.

Statistical analysis

Continuous variables were expressed as the mean±SD±SEM. Comparisons among different

drug treatment groups were analyzed by using the one-way ANOVA method. Post hoc tests

were performed using the Bonferroni or Tamhane method adjustment according to the homo-

geneity of variance. All the analyses were performed using SPSS17. A p-value less than 0.05

were considered statistically significant.

Results

MAP reduction

There were significant differences among the three groups of MAP reductions (F = 246.36,

P = 5.75E-25 <0.001), and the Tamhane method was applied to the post hoc tests in terms of

the homogeneity test of variance (Leven statistic = 8.74, P = 6.19E-4 <0.001). In Fig 1, the

drugs demonstrated better antihypertensive effects than the solvent (P<0.001), as shown in

Table 2. Compared with the solvent (2.65±6.56±1.64), the T&L-CCB showed better MAP

reduction (90.67±11.58±2.90, P = 1.06E-24) than L-CCB (68.34±15.19±3.80, P = 1.76E-12).

ULE

There were significant differences among the three ULE groups (F = 175.49, P = 5.62E-22<

0.001), and the Bonferroni method was applied to the post hoc tests in terms of the homogene-

ity test of variance (Leven statistic = 1.89, P = 0.163), as shown in Table 1. Compared with the

Fig 1. The antihypertensive effects of each drug and the solvent.

https://doi.org/10.1371/journal.pone.0231244.g001

Table 2. Details of MAP reductions and edema for each drug delivery group.

Drugs MAP reduction (mmHg)

Mean SD SEM

ULE

Mean SD SEM

DLE

Mean SD SEM

Solvent 2.65 6.56 1.64 1.16 0.09 0.02 0.0010 0.0001 0.0000

L-CCBs 68.34 15.19 3.80 2.08 0.18 0.04 0.0047 0.0008 0.0002

T&L-CCBs 90.67 11.58 2.90 1.53 0.14 0.04 0.0025 0.0004 0.0001

https://doi.org/10.1371/journal.pone.0231244.t002
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solvent (1.16±0.09±0.02), the T&L-CCB revealed a lower ULE (1.53±0.14±0.04, P = 4.74E-9)

than L-CCB (2.08±0.18±0.04, P = 2.68E-22), as shown in Table 1.

The ULE maps were overlaid on PD-weighted images of the bilateral thighs. In Fig 2, com-

pared with the solvent, T&L-CCB showed lower ULE values, but L-CCB revealed higher ULE

values. In Fig 3, both L-CCB and T&L-CCB revealed significantly increased ULE (P<0.001).

DLE

There were significant differences among the three DLE groups (F = 199.48, P = 4.28E-23<

0.001), and the Tamhane method was used for the post hoc tests in terms of the homogeneity

test of variance (Leven statistic = 12.08, P = 6.32E-5<0.001) (Table 2). In Fig 4, all of the drugs

showed significantly increased DLE (P<0.001). Compared with the solvent (0.0010±0.0001

±0.0000), the T&L-CCB showed a lower DLE (0.0025±0.0004±0.0001, P = 1.14E-11) than

L-CCB (0.0047±0.0008±0.0002, P = 2.10E-11).

Myocyte microstructures

In the L-CCB group, the damage in the blurry light and dark bands of the sarcomere was

severe, the sarcoplasmic reticulum had large lipid vesicles, and the cell nucleus was extruded

and deformed (Fig 5). (A) The L-CCB group showed ruptured, blurry, light, and dark sarco-

mere bands, large lipid vesicles in the sarcoplasmic reticulum, and an extruded and deformed

cell nucleus. (B) The T&L-CCB group showed deformed, ruptured, and blurry light and dark

bands, swollen cells in the sarcoplasmic reticulum, vesicle formation, and a deformed cell

nucleus. (C) The solvent group showed light and dark sarcomere bands, visible mitochondria,

intact cells in the sarcoplasmic reticulum, and many mitochondria and endoplasmic reticulum

in the cytoplasm. In T&L-CCB group, light and dark bands were deformed, ruptured, and

blurry, cells in the sarcoplasmic reticulum were swollen and demonstrated vesicle formation,

Fig 2. ULE map after drug delivery.

https://doi.org/10.1371/journal.pone.0231244.g002
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and the cell nucleus were deformed. In the solvent group, light and dark sarcomere bands

were present, mitochondria were visible, cells in the sarcoplasmic reticulum were intact, and

the cytoplasm had plentiful mitochondria and endoplasmic reticulum.

Discussion

Compared with L-CCB, T&L-CCB had a better antihypertensive effect, slightly less ultra-early

and dose-dependent edema, and caused milder ultrastructural changes in the myocytes, mak-

ing it an effective choice for the development of a new antihypertensive drug. The benefits of a

combination of more than one antihypertensive drug over monotherapy has been demon-

strated in the literature [15,16]. The MRI PD-mapping, combined with the arterial cannula

and TEM, provided a precise solution to evaluate the antihypertensive effect of newly devel-

oped drug, as well as to assess ultra-early and dose-dependent edema, and ultrastructural

changes in the myocyte after drug delivery, all of which are important for exploring the mecha-

nism of induced vasodilatory edema. Moreover, the findings of this study also suggested that

MRI is an accurate and sensitive method for quantitatively evaluating the preclinical antihy-

pertensive effect and adverse effects, which would be of great value in translational medicine.

The potential mechanism of T- or T&L- CCBs

Like first-line antihypertensive drugs, the potent CCB vasodilators do not affect venous tone

[17]. Although the expression levels of L-type Ca2+ channels in small arteries and their venous

counterparts are similar, their function is inactivated by Ca2+ from intracellular stores in the

Fig 3. ULE of each drug and the solvent.

https://doi.org/10.1371/journal.pone.0231244.g003
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SMCs of small veins [6]. This preferential inhibition leads to the extravasation of fluids and

also produces peripheral edema, which is the most common adverse effect of L-CCBs [2]. In

an attempt to avoid this adverse effect, CCBs that block dual-type or other Ca2+ channels (e.g.,

T- or T&L-CCB) have been evaluated in some studies [5,9]. These studies confirm that T- or

T&L-CCB only evoke milder interstitial edema after drug delivery with equal doses. The rea-

son is that the T-type Ca2+ channels are indistinguishably expressed in small arteries and veins

that avoid significant increments of capillary osmotic pressure. Our results confirmed that

interstitial edema by T&L-CCB was significantly alleviated compared with L-CCB.

Fig 4. DLE of each drug and the solvent.

https://doi.org/10.1371/journal.pone.0231244.g004

Fig 5. TEM of myocyte structure for each drug delivery. (A) L-CCB group. (B) T&L-CCB group. (C) Solvent group.

https://doi.org/10.1371/journal.pone.0231244.g005
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The physiological significance of PD values for vasodilatory edema

The PD value is reflective of the abundance of free water in the biological tissues [11]. After

drug delivery, the hydrostatic pressure in the capillary circulation is increased due to the dis-

proportionate expression of Ca2+ channels in small arteries and veins [5]. Subsequently, more

free water permeates into the interstitial compartment, producing vasodilatory edema. This

edema can be measured by incremental PD values in the tissues after drug delivery. Moreover,

the dynamic changes of PD values during the process of drug delivery can be used to quantify

the variation tendency of vasodilatory edema induced by antihypertensive drugs. Our results

confirmed that the PD values could be used to quantify the level and variation tendency of

vasodilatory edema at different stages, both at the ultra-early stage and during the entire drug

delivery period.

Ultra-early vasodilatory edema

After drug delivery with L-CCB or T&L-CCB, little difference in the extent of vasodilatory

edema was seen because the vasodilatory edema evoked by disproportionate dilation between

the arteriole and venule was milder at the ultra-early stage. This integral method could aggre-

gate fewer increments of PD values 5 min after drug delivery, which would enhance the differ-

ence in performance between two drugs. Our results confirmed that the integral method could

identify the lack of differences at the ultra-early stage of edema. Therefore, we propose that

this method is suitable for quantifying ultra-early edema produced by new drugs. In our study,

the L-CCB group showed higher ULE values (i.e., greater initial edema), but the T&L-CCB

group only showed lower ULE values (i.e., less initial edema). Therefore, this method is impor-

tant in the development of new drugs to evaluate the efficacy and adverse effects at the ultra-

early stage because the initial physiological changes would occur then.

Dose-dependent vasodilatory edema

In our study, the strategy of drug delivery was to inject half the dose initially, followed by injec-

tion of the other half of the dose by microsyringe pump for 55 min. Our hypothesis was that

less vasodilatory edema would occur at the early stage after drug delivery, and that the level of

edema would increase over time. A previous study confirmed that the level of vasodilatory

edema is proportional to the drug dose [17]. Therefore, we proposed that the first half-dose

only produced the initial edema at the early stage and the other half-dose produced successive

increments of edema over the entire duration of drug delivery. In our study, the initial edema

was produced at the ultra-early stage and the level of edema subsequently increased gradually

over time, consistent with our hypothesis. Based on the consistency between our results and

this hypothesis, we believe that our method is suitable to quantify the efficacy and adverse

effects of the new drug in vivo. In our study, the L-CCB group achieved higher DLE values

(i.e., higher dose-dependent increments in edema), but the T&L-CCB group only showed

lower DLE values (i.e., lower dose-dependent increments in edema). Therefore, this method

was also suitable for optimizing the drug dose.

Ultrastructural changes of vasodilatory edema

After drug delivery, more free water permeates into the intercellular space due to the unbal-

anced hydrostatic pressure in the capillary circulation [5]. The excess aggregation of free water

in the intercellular space enlarges the space between the histocyte and capillary circulations,

which delays the transportation of oxygen and nutrient substances to the histocytes [18]. More

intercellular fluids impacts the local capillary circulation and reduces the blood supply to
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histocytes, which results in dystrophia and decreased energy metabolism in the cells. There-

fore, we proposed that the myocyte ultrastructure would suffer varying degrees of damage over

time after drug delivery, and the degree of damage was proportional to the level of edema.

Based on the results of the PD map, we found that the ULE and DLE values in the L-CCB

group were higher than those in the T&L-CCB group, which produced a higher initial level of

edema and dynamic increments in edema in the L-CCB group. The result of TEM also

revealed a mass of vesicles in the sarcomere, mitochondria, and endoplasmic reticulum, swol-

len organelles, and increased partial vesicle formation, leading to more severe ultrastructural

damage in the L-CCB group. However, a small number of lipid-like vesicles in the sarcomere

produced less ultrastructural damage in the T&L-CCB group. Our study findings were con-

firmed by the consistency between MRI and TEM. Moreover, our results suggested that

dynamic PD-mapping combined with arterial cannulation and TEM provide a precise solution

for newly developed drugs, which was important for quantification of the efficacy and adverse

effects, in addition to exploration of the mechanism of induced vasodilatory edema.

This study had several limitations. There were too few TEM results to describe the dynamic

ultrastructural changes of vasodilatory edema 5–55 min after drug delivery. These results were

important to show the invasive process of edema from the extracellular space to the myocyte.

Further research work will be conducted in the future to better understand the mechanism of

vasodilatory edema.

Conclusions

In summary, this study indicated that the T&L-CCBs are an effective choice for the develop-

ment of new antihypertensive drugs. PD-mapping combined with arterial cannulation and

TEM provided a precise solution for newly developed drugs to effectively evaluate ultra-early

and dose-dependent edema, antihypertensive efficacy, and ultrastructural changes in the myo-

cyte after drug delivery. This is important for exploration of the induced mechanism of vasodi-

latory edema. Moreover, the findings of this study suggested that MRI is an accurate, sensitive

and convenient measurement tool [19] that can be used to quantitatively evaluate preclinical

antihypertensive effects and adverse effects, and these factors are of great value in translational

medicine.
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