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Abstract: Objective: We used a newly-developed high-voltage steep-pulse-therapy device that can generate a mi-
crosecond-pulse electrical field to perform irreversible electroporation (IRE) ablation of prostatic tumors. Our aim 
was to verify the safety and feasibility of prostatic tissue ablation using this high-pressure steep-pulse-therapy de-
vice. Methods: Eighteen Beagle dogs underwent real-time ultrasound-guided irreversible electroporation ablation 
of normal prostate. Two electrode probes were inserted into the prostate tissue under ultrasound guidance with an 
exposure depth of 1.0 cm and electrode spacing of 1.5 cm. Seventy pulses of 2250 V and a pulse width of 70 μs 
were used for each dog. Hematology, serum biochemistry, histopathology, and ultrastructure were analyzed at 1, 3, 
7, 14, and 21 days after IRE ablation. Results: No deaths or serious complications occurred during the experiment. 
Nanoscale pores appeared on the cell membrane secondary to irreversible electroporation ablation, which resulted 
in persistent necrosis of prostatic cells. The area of irreversible electroporation ablation was clear, and the urethra 
and blood vessels were structurally-intact in the ablation area. Conclusions: After irreversible electroporation abla-
tion, the dogs in this model showed prominent ablation effects, and the prostatic architecture was well-preserved. 
Our results showed that irreversible electroporation ablation of prostatic tissue is safe and feasible using our newly-
developed high-voltage steep-pulse-therapy device.
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Introduction 

Prostate cancer is the most prevalent cancer 
among men and the second-leading cause of 
male cancer-related deaths in the United 
States. This has resulted in more attention on 
the diagnosis and treatment of prostate cancer 
[1]. Surgical resection, radiotherapy, and che-
motherapy are the most common methods for 
treating prostate cancer, but these methods 
can damage other tissues and cause side 
effects such as urinary incontinence and erec-
tile dysfunction [2]. Because traditional treat-
ment methods cause appreciable harm to 
patients’ body and mind, patients are more will-
ing to accept minimally-invasive ablation of pro- 
static tumors, such as cryoablation and ther-

mal ablation; however, these ablation methods 
also have limitations, and the lack of selectivity 
may damage the perivascular tumor tissue, ure-
thra, and other important structures [3]. Ther- 
mal ablation mainly includes radiofrequency 
ablation and microwave ablation, but because 
of the heat-sink effect of the blood vessels, the 
efficiency of tumor ablation is lower, which 
results in incomplete ablation [4].

Irreversible electroporation (IRE) is a nonther-
mal ablation technique that is based on a short-
pulse high-voltage electrical field, and is used 
to create ‘nanopores’ in the cell membrane, 
which change cell membrane permeability and 
lead to cell death [5, 6]. IRE is not temperature-
dependent; therefore, IRE is not influenced by 
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heat-sink. Previous studies have shown that 
the advantage of IRE is that the technique does 
not damage important structures in the abla-
tion zone, such as ducts [7], nerves [8], blood 
vessels [9] and the urethra [2, 10]. 

The NanoKnifeTM system (Angiodynamics, La- 
tham, NY, USA) releases a microsecond-pulsed 
electrical field between two or more single-
stage probes, causing IRE ablation of the tumor. 
The NanoKnifeTM system has been tested in 
several clinical trials after being approved by 
the United States Federal Drug Administration 
in 2012 for clinical trials involving liver cancer 
[11, 12], pancreatic cancer [13-15], and renal 
cancer [16, 17]. 

We systematically studied the safety and feasi-
bility of a newly developed high-voltage steep-
pulse-therapy device for ablation of prostatic 
tissue by evaluating blood examinations, and 
prostatic tissue histopathology and electron 
microscopy. 

Materials and methods

Experimental device

The newly developed high-voltage steep-pulse-
therapy device (YTL-GM01) used in this study 
was developed by Tianjin Medical University 
and Tianjin Intelligent Medical Technology Co., 
Ltd. The high-voltage steep-pulse-therapy in- 
strument consists of a base, a foot switch, sin-
gle-electrode probe, an electrocardiograph syn-
chronizer, and a power cord. The high-voltage 
steep-pulse-therapy device generates a micro-
second-pulse electrical field, and the pulse rise 
time is 200 nanoseconds. The performance 
indicators of the instrument are shown in Table 
1.

Experimental animals

Eighteen certified-healthy male Beagle dogs 
weighing 13-17 kg (housed in the general facili-
ties of Beijing Tonghe Shengtai Institute of 
Comparative Medicine) were included in this 
study. The Beijing Tonghe Shengtai Institute of 
Comparative Medicine was accredited by the 
Beijing Municipal Science and Technology Com- 
mission and carries the Experimental Animal 
Production License and the Experimental Ani- 
mal Use License. All animals in the Institute 
were included and managed in accordance wi- 
th the requirements of the Guide for Animal 
Care and Use of Laboratory Animals of our insti-
tute. This animal experiment was reviewed and 
approved by the Animal Experimental Ethics 
Committee of our institution.

IRE ablation procedure

All 18 Beagle dogs were food-fasted for 24 
hours prior to surgery and allowed free access 
to water. All animals were weighed and then 
received Xylazine at a dose of 0.1 ml/kg intra-
muscularly (Jilin Huamao Animal Health Pro- 
ducts Co., Ltd., Jilin, china). Preoperatively, we 
collected 5 ml of venous blood from a forelimb 
to evaluate each dog's blood and serum bio-
chemistry. After sedation, dogs were placed on 
the operating table with the inguinal area 
exposed. The skin of the inguinal area and cau-
dal abdomen was then shaved in an area mea-
suring approximately 6 cm × 3 cm, cleaned, 
disinfected with iodine, and draped with a sur-
gical drape to isolate the treatment site. IRE 
was performed using the high-pressure steep-
pulse-therapy instrument. Two monopolar pro- 
bes were inserted in parallel into the prostatic 
tissue under ultrasound guidance (Figure 1A 
and 1B). The electrodes had an exposure depth 
of 1.0 cm and electrode spacing of 1.5 cm. 
Seventy pulses of 2250 V and a pulse width of 
70 μs were used for each dog. Seventeen dogs 
underwent IRE; one dog did not receive IRE and 
acted as the control. The control dog was inject-
ed intramuscularly with penicillin 800000 IU 
once daily for 3 days after creating the experi-
mental model.

Hematology

We collected 5 ml of venous blood preopera-
tively from each dog and marked these as “D0”. 
Three dogs were euthanized on each of day 1, 

Table 1. Main performance of high-pressure 
steep pulse therapy device
Number of probes 1-6
Number of pulses 1-15
Number of pulse groups 1-250
Pulse amplitude 1000-3000 V
Pulse duration 50 us-100 us
Pulse amplitude accuracy ± 5%
Pulse duration precision ± 2%
Maximum current 50 A
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3, and 7 after IRE, and four dogs were eutha-
nized on each of day 14 and 21 after IRE. We 
collected another 5 mL of venous blood from all 
dogs before euthanasia and marked these 
samples a as “Dn” (n = 1, 3, 7, 14, 21) accord-
ing to the number of days after IRE. We used a 
fully-automated hematology analyzer (PE-6800- 
vet, Shenzhen Pukang Electronics Co., Ltd., 
Shenzhen, China) to evaluate 20 routine blood 
values, including white blood cell count (WBC), 
lymphocyte ratio, granulocytes, and red blood 

at 4°C for 2 hours, then evaluated using trans-
mission electron microscopy. 

Reverse transcription polymerase chain reac-
tion

Messenger RNA levels were assessed using 
quantitative real-time reverse transcription 
polymerase chain reaction. Total RNA was 
extracted from prostatic tissues and evaluated 
using the SimpliNanoTM (Biochrom US, Holliston, 

Figure 1. IRE ablation of canine prostatic tissue. A. The procedure for IRE 
ablation of canine prostatic tissue. B. B-ultrasound-guided IRE ablation of 
prostatic tissue. The red arrow identifies the probe.

Table 2. Primer names and associated sequences
Primer Name Primer Sequence
Caspase3-Forward 5’-TTCATTATTCAGGCCTGCCGAGG-3’
Caspase3-Reverse 5’-TTCTGACAGGCCATGTCATCCTCA-3’

cell count. We used an auto-
matic biochemical analyzer 
(SenloSL, Senlong Biological 
Technology Co., Ltd., Zhuhai, 
China) to evaluate 31 blood 
chemistry values, including al- 
anine aminotransferase (ALT), 
aspartate transaminase (AST), 
blood urea nitrogen (BUN), 
and creatinine. Changes in th- 
ese indicators were compared 
1, 3, 7, 14, and 21 days after 
IRE, and we recorded the per-
centage as the ratio, Dn/D0 (n 
= day 1, 3, 7, 14, or 21).

Gross and histopathological 
observation

We dissected the prostates in 
the IRE group after euthana-
sia on day 1, 3, 7, 14, and 21 
after IRE and in the control 
dogs after euthanasia 7 days 
after the operation and evalu-
ated the gross and histopath-
ological appearance of the 
prostatic tissues and IRE-in- 
duced wounds. Prostatic ab- 
lated and nonablated tissues 
were collected, and tissues 
were immersed in 4% parafor-
maldehyde for 24 hours, then 
embedded, sectioned, and sta- 
ined using hematoxylin and 
eosin for histopathological an- 
alysis.

Ultrastructure observation

The IRE group ablation area 
and the control dogs’ prostatic 
tissues were collected and 
fixed in 2.5% glutaraldehyde 

Figure 2. Changes in WBC percentage at different time-points. The green 
bars show the WBC percentage increase at different time-points, and the red 
bars show the WBC percentage decrease at different time-points. *P<0.05 
versus 100%.
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manufacturer’s instructions. We used the 
EasySeeTM Western Blot Kit (TransGen, Beijing, 
China) and visualized the protein bands using 
the Clinx ChemiScope Series Chemilu- 
minescence Imaging systems (Clinx Science 
Co., Shanghai, China). β-actin protein served as 
an internal control.

Statistical analysis

SPSS v.19.0 software was used for statistical 
analysis (IBM Inc., Armonk, NY, USA). Data were 
represented as mean ± standard deviation. 
One-way analysis of variance testing was used 
to assess differences between the two groups, 
and a one-sample t test was used to assess the 
difference between each set of data and the 
defined standard values. p<0.05 was consid-
ered statistically significant.

Results

Inflammatory reaction

Compared with preoperative values, WBC 
increased in 65% of the dogs after IRE and 
decreased in 35% of the dogs after IRE. The 
highest percentage WBC was found on day 7 
after  IRE (D7/D0 = 358%). The D14/D0 WBC 
ratio was significantly higher compared with 
D1/D0 (p<0.05); we saw no significant differ-
ence between the other ratios (p>0.05) (Figure 
2). After IRE, 88% of the dogs’ lymphocyte 
ratios were higher than before IRE; 12% of 
dogs’ lymphocyte ratios decreased 3 days and 
14 days after IRE, and the lymphocyte ratio 

Figure 3. Changes in lymphocyte percentage at different time-points. The 
green bars show the lymphocyte percentage increase at different time-
points, and the red bars show the lymphocyte percentage decrease at differ-
ent time-points.*P<0.05.

Figure 4. Changes in the levels of ALT and AST at dif-
ference time-points. Higher than 100% indicates an 
increase in value, and less than 100% indicates a 
decrease in value.

Figure 5. Changes in creatinine levels. In the bar 
chart, higher than 100% indicates an increase in cre-
atinine, and less than 100% indicates a decrease in 
creatinine. *P<0.05. 

MA, USA) spectrophotometer 
for purity and concentration, 
and RNA was then converted 
to complementary DNA using 
the miRNA cDNA Synthesis Kit 
(ComWin Biotech Co., Ltd, Bei- 
jing,China). The sequences for 
the primers [18] are summa-
rized in supplemental Table 2. 
Results were obtained using 
the ΔΔt method.

Western blot

Protein expression levels of ca- 
spase-3 (MDL, Beijing, China) 
were assessed by Western 
blot testing. All antibodies 
were applied according to the 
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increased the most on day 14 after IRE (D14/
D0 = 195.85%). The D14/D0 lymphocyte ratio 
was significantly higher compared with D1/D0, 
D3/D0, and D21/D0 (p <0.05). On day 21 after 
IRE, the lymphocyte ratio recovered to the pre-
operative level (D21/D0 = 108.13%) (Figure 3).

Liver function

ALT levels on day 1, 3, 7, 14, and 21 after IRE 
were similar to preoperative values with no sig-
nificant change (P>0.05). The ALT D7/D0 ratio 
was significantly lower than the D1/D0 ratio 
(P<0.05) (Figure 4). AST levels on day 1, 3, 7, 
14, and 21 after IRE were similar to preopera-
tive values with no significant change (P>0.05) 
(Figure 4).

Renal function

The creatinine ratio was significantly higher 
than 100% for D3/D0, D7/D0, D14/D0, and 
D21/D0 (p<0.05); i.e., creatinine levels were 
significantly increased on day 3, 7, 14 and 21 
after IRE. Creatinine increased most on day 3 
after IRE (D3/D0 = 341.67%). The D3/D0 and 
D14/D0 creatinine ratios were significantly 
higher than the D1/D0 ratio (p<0.05), and the 
D7/D0 creatinine ratio was significantly lower 
than the D3/D0 and D14/D0 ratios (p<0.05) 
(Figure 5).

Fifty-three percent of the dogs had increased 
BUN on day 1, 3, 7, and 14 after IRE, and 47% 
of the dogs had decreased BUN on day 3, 7, 14, 
and 21 after IRE. The BUN ratio was significant-

after IRE, the perforation site was firm, and the 
perforation wound was partially infected, but 
the urethra was undamaged. Three days after 
IRE, the wound became more diffuse and dark 
purple in color. On day 8 after IRE, wound tissue 
damage was evident, the perforation distance 
had decreased, and the prostatic tissue had 
atrophied. On days 14 and 21 after IRE, the 
outer membrane of the prostate was thinned 
and the internal tissues were clearly visible 
(Figure 7A). Histopathological results showed 
that the prostatic vesicles in the control dog 
were tightly-arranged and full of glandular cavi-
ties. In IRE dogs, hemorrhage was severe in the 
prostatic ablation area on day 1 and 3 after 
IRE, and no bleeding was observed in the sur-
rounding prostatic tissue. On days 7, 14, and 
21 after IRE, hemorrhage had decreased, and 
glandular atrophy was found in both the ablat-
ed area and the surrounding area. In addition, 
atrophy of the glandular cavity was more severe 
in the ablated area than in the surrounding 
area (Figure 7B). After IRE, the urethral mucosa 
was damaged and ruptured, but the muscle 
layer and connective tissue was unaffected 
(Figure 7C, 7D).

Ultrastructural observation

On day 1 after IRE, the number of mitochondria 
decreased markedly, cells were shrunken and 
cell volume decreased, cell space widened and 
gap contents decreased, cytoplasmic color 
lightened, and there were flecks in some cell 
cytoplasm. On day 3 after IRE, the mitochon-
dria were larger and darker in color, with less 
cytoplasm and no obvious intercellular bound-

Figure 6. Changes in WBC and lymphocyte percentages. The green bars 
show the percentage increase in lymphocyte ratio at different time-points, 
and the red bars show the WBC percentage decrease at different time-
points. *P<0.05 versus 100%.

ly higher than 100% for D1/
D0 and D7/D0 (p<0.05), while 
the D21/D0 BUN ratio was 
significantly lower than 100% 
(p<0.05). The BUN ratio in- 
creased the most 7 days after 
IRE (D7/D0 = 241.91%), and 
the BUN ratio decreased the 
most 21 days after IRE (D21/
D0 = 61.80%) (Figure 6).

Gross observation and histo-
pathological observation

No dogs died, and we encoun-
tered no serious complica-
tions during the study. All do- 
gs’ attitude, behavioral activi-
ty, and feed intake returned to 
normal after IRE. One day 
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ary. On day 7 after IRE, many large vacuoles 
appeared, and the cell outlines were blurred. 
There were large numbers of vacuoles on day 

14 after IRE; the amount of cytoplasm had 
decreased more than the previous days, and 
the nuclear chromosomes were aggregated. On 

Figure 7. Gross and histopathological findings. A. Photograph of prostatic tissue at different time-points. B. Hema-
toxylin and eosin staining of the ablated area and surrounding area in the prostatic tissue at different time-points. 
The black arrows indicate hemorrhagic reaction. C. Hematoxylin and eosin staining of a cross-section of the urethra 
(magnification, ×400). D. Histological staining of the longitudinal urethra (magnification, ×400).
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day 21 after IRE, the mitochondria had disap-
peared, and there was almost no cytoplasm; 
only a small amount of rough endoplasmic 
reticulum and vacuoles could be seen in the 
cells (Figure 8).

Caspase-3 expression on day 3 and 7 was 
significantly higher than that on day 1 after IRE. 
Caspase-3 expression on day 21 after IRE was 
significantly lower than that on day 1 after IRE 
(Figure 10A-C).

Figure 8. Ultrastructural changes in prostatic tissue post-IRE at different time-points. Changes in the cell ultrastruc-
ture are seen (magnification, ×1500).

Figure 9. Observation of cell membranes and blood vessels by transmission 
electron microscopy. A. Nanopores on the cell membrane (magnification, 
×5000) (blue arrow). B. Blood vessel (magnification, ×2000) (red arrow).

One day after IRE, many small 
pores appeared on the cell 
membrane, and the cell mem-
brane became discontinuous 
(Figure 9A). No blood vessel 
epidermal cells were observed 
after IRE, but the vascular 
structure remained intact 
(Figure 9B)..

Expression of caspase3

We evaluated the expression 
of caspase-3 at different ti- 
mes after IRE, and found that 
expression of caspase-3 was 
highest on day 3 after IRE. 
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Discussion

In this study, we used a Beagle model to sys-
tematically study the safety and feasibility of 
IRE ablation of the prostate gland by perform-
ing blood examinations, and evaluating the 
appearance, pathology, and ultrastructure of 
the prostate. Onik et al. [7] performed IRE abla-
tion on the prostate tissues of six male dogs 
and encountered no deaths, behavioral abnor-
malities, or serious complications after surgery; 
our results were similar.

Luo et al. [19] found that after IRE ablates the 
tumor, WBC and lymphocyte counts increased 
on day 7 after IRE but then gradually decreased. 
Li et al. [20] reported that WBC levels gradually 
increased within 1 day after IRE and gradually 
decreased thereafter until returning to normal 
levels on day 7. In our study, WBC levels in- 
creased most significantly on day 7 after IRE, 

and then began to decrease gradually, but 
remained higher than preoperative levels. The 
lymphocyte ratio increased the most on day 14 
after IRE, reaching preoperative levels by day 
21 post-IRE. Our results showed that dogs can 
develop inflammation after IRE ablation of 
prostatic tissue, however, within 14 days after 
IRE, inflammation gradually decreased.

When IRE ablates liver tumors, a rapid rise in 
alkaline phosphatase and AST is seen within 1 
day after IRE, which is a sign of liver cell injury 
or necrosis [21]. When IRE was used to ablate 
the pancreas, Anabel et al. [22] found that ALT 
and AST were elevated 6 hours after IRE and 
returned to normal 1 day after IRE. We began 
measurements on day 1 after IRE, and found 
that ALT and AST changed very little and 
remained similar to preoperative levels, sug-
gesting that IRE ablation of prostatic tissue has 
almost no effect on liver function and does not 
damage the liver. In contrast, both creatinine 
and BUN levels increased significantly after IRE 
ablation of prostatic tissue, indicating kidney 
damage [23]. In addition, decreased BUN has 
also been seen in some animals and may also 
indicate kidney disease [24].

The ultrastructural observation of IRE-ablated 
tissue revealed that prostatic cells did not 
immediately die, but instead, underwent a slow, 
persistent death, and complete cell death was 
seen on day 14. Histopathology also revealed 
tissue necrosis within the ablated area on days 
14 and 21, confirming that IRE effectively kills 
prostatic cells. 

Caspase-3 is the most important terminal 
cleavage enzyme during apoptosis. After IRE, 
the amount of caspase-3 protein increased, 
leading to apoptosis of prostatic cells. On day 
14 after IRE, ablated prostatic tissue was most-
ly necrotic, and apoptosis was less visible. 

The electrical field formed by the needle elec-
trode in IRE devices is extremely uneven, and 
the electrical field intensity in the area around 
the needle electrode is the largest, with the 
electrical field intensity gradually decreasing as 
the distance between the ablation area and the 
electrode needle increases [25]. Because of 
the heterogeneity of IRE ablation, when a tumor 
is ablated, tissue further away from the acu-
puncture point may not be ablated, which is the 
main reason that ablation does not completely 

Figure 10. Expression of caspase-3 at difference 
time-points. A. Relative expression of caspase-3 at 
different time-points after IRE. B. Protein expression 
of caspase-3 and actin. C. Relative gray-scale analy-
sis of caspase-3. *P<0.05 versus D1 values.
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destroy tumors [26]. Several researchers are 
studying this issue, mainly through the optimi-
zation of treatment options, to ensure complete 
tumor ablation [27]. Obtaining clear IRE abla-
tion boundaries with a transition between the 
ablated and nonablated areas of only a few 
cells will help researchers design new treat-
ment options.

Transmission electron micrographs revealed 
that after IRE ablation, the cell membrane was 
destroyed, and multiple nanopores appeared. 
Nanopores change cell permeability, which 
destroys the cell’s internal environment, result-
ing in cell death [2]. IRE ablation does not dam-
age blood vessels within the ablation zone, 
although we saw almost no vascular epithelial 
cells in ablated prostatic tissue using electron 
microscopy. However, the vascular structure 
remained intact because blood vessels are rich 
in elastic fibers, and IRE does not damage elas-
tic fibers. When IRE is used to treat prostatic 
cancer, the presence of blood vessels increas-
es the potential for prostatic tissue regenera-
tion; however, tissue regeneration after tumor 
destruction is not a concern [7]. We saw no 
signs of tissue regeneration in this study, prob-
ably because the follow-up time was too short, 
and further studies with longer duration are 
required.

The prostatic urethra contains an epithelial 
layer, fibrous layer, and muscular layer. Urethral 
disease is generally caused by the loss of the 
full-thickness urethra [28]. Onlik et al. [7] stud-
ied IRE ablation of dog prostatic tissue and 
found no damage to the urethra. However, in 
our study, IRE damaged the epithelial layers of 
the prostatic urethra while leaving the fibrous 
layer undamaged, which is beneficial to ure-
thral recovery.

In this study, we successfully performed IRE 
ablation of the canine prostate, which caused 
slow, persistent death of prostatic tissue. In 
addition, IRE ablation did not damage the over-
all structure of the blood vessels and urethra, 
and no serious complications occurred. Our 
experimental results showed that it was safe 
and feasible to use our newly-developed high-
voltage steep-pulse-therapy device to perform 
IRE ablation of canine prostatic tissue.
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