Physiological and Histopathological Effects of
Electroporation Pulse on Stomach of Rats
Yuchi Zhang
First Affiliated Hospital of Xi'an Jiaotong University
Xuan Han
First Affiliated Hospital of Xi'an Jiaotong University
Zhuoqun Li
First Affiliated Hospital of Xi'an Jiaotong University
Yu Zhang
First Affiliated Hospital of Xi'an Jiaotong University
Lihong Liang
First Affiliated Hospital of Xi'an Jiaotong University
Xiaoying Ma
First Affiliated Hospital of Xi'an Jiaotong University
Haonan Liu
First Affiliated Hospital of Xi'an Jiaotong University
Yihui Gao
First Affiliated Hospital of Xi'an Jiaotong University
Qingshan Li
First Affiliated Hospital of Xi'an Jiaotong University
Xue Chen
First Affiliated Hospital of Xi'an Jiaotong University
Yi Lv
First Affiliated Hospital of Xi'an Jiaotong University
Fenggang Ren (  renfenggang@xjtu.edu.cn )
Xi'an Jiaotong University https://orcid.org/0000-0002-9239-9279

Research article
Keywords: electroporation pulse, irreversible electroporation, gastric tissue, digestive function
Posted Date: November 2nd, 2020
DOI: https://doi.org/10.21203/rs.3.rs-99999/v1
License:   This work is licensed under a Creative Commons Attribution 4.0 International License. Read Full
License

Page 1/14

Abstract
Background
Electroporation pulse (EP) is an emerging tissue ablation technique with widespread potential, including in the
treatment of multiple cancer types. However, there is a lack of knowledge about its effect on the physiology and
histopathology of stomachs. The aim of this study was to investigate biological effects of EP applied to
stomachs of healthy rats on digestive function, serum marker levels, and gastric tissue structure.
Methods
Ninety male rats were divided into nine groups and examined up to 28 days post-treatment. A single burst of
electroporation pulses (500 V, 99 pluses, 1 Hz, 100 μs) was delivered to the stomachs of the rats using a forceps
electrode. Gastric emptying, small intestinal transit, and gastric secretion were measured to evaluate digestive
function. Levels of serum markers were determined using ELISA. Haematoxylin–eosin, Masson trichrome, and
immunofluorescence were performed for histopathological analysis.
Results
No significant effect on gastric emptying or secretion were found post-EP, whereas the small intestinal transit
decreased at 4 h and rapidly recovered to normal on 1-day post-EP. Further, levels of serum markers such as TNFα and IL-1β changed temporarily in the acute term but soon returned to normal within 28 days. Moreover,
histopathological analysis revealed that that the cell death in ablation area occurred immediately post-EP, and the
gastric wall scaffold in the ablation region remained intact post-EP.
Conclusions
This study demonstrates the safety and efficacy of EP on the physiology and histopathology of the stomach and
lays a foundation for the wider use of this technique in future studies.

Background
A burst of microsecond pulsed electric field pulses with certain characteristics, which can achieve cell membrane
irreversible electroporation (IRE), is called electroporation pulses (EP) [1]. Usually, the EP is a square wave with a
pulse width on the order of tens to hundreds of microseconds, while the electric field intensity formed in the
ablation area is approximately 700–1000 V/cm [2]. The cell transmembrane potential changes under the effect of
EP, destroying the stability of the cell membrane and local environmental homoeostasis, ultimately leading to cell
death. Therefore, EP has been recognised as an emerging tissue ablation technique and has been applied in the
treatment of the pancreas, prostate, and liver cancer in clinical practise. Generally, this tissue ablation technique is
also called the IRE [3, 4].
The duration of a single EP is ultra-short; hence, the heat generated during the IRE process can be quickly diffused
or absorbed. Therefore, the cumulative temperature of the tissue is negligible when the IRE is achieved, while no
thermal damage to the tissue is caused [5]. EP can inactivate malignant cells in situ rapidly while sparing tissue
scaffolds such as the extracellular matrix, vascular wall, and nerve fibre as a result. Meanwhile, EP is not affected
by the heat sink effect, so the blood vessel adjacent to the ablation area will not be a contraindication [6]. These
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advantages of IRE prominently expanded the application of tissue ablation techniques, especially for heatsensitive structures, which are usually out-of-bound areas for tissue ablation.
Typically, heat energy is not easy to control for thermal-basis tissue ablation, which may lead to serious side
effects when applied to heat-sensitive structures [7]. On one hand, perforation or irreversible thermal damage may
occur with a high intensity of heat energy. However, lower intensity may lead to residual tumour formation and
decrease treatment efficacy [8]. Based on the non-thermal features of EP, several studies have found that EP is a
potential ablation method for cavity organs such as the digestive tract. The safety and efficacy of IRE for the bile
duct [9, 10], heart [11], and urinary tract [12] have been demonstrated in animal studies. In our previous study, the
safety and efficacy of EP for gastric tissue ablation was investigated in an animal model [8]. However, there is a
lack of basic research on the biological effects and outcomes of EP on the physiology and histopathology of the
normal healthy stomach. Therefore, the aim of this study was to investigate the biological effects and outcomes
of EP on changes in digestive function, serum marker levels, and gastric tissue structure in a rat model.

Methods

Animal care and ethics
Ninety male Sprague Dawley rats (180–280 g) were purchased and kept at the Experimental Animal Center of
Xi'an Jiaotong University. The animals were maintained in standard day and night cycle (12 h light to 12 h dark)
and environment temperature (25 ± 2 °C) with free access to food and water. All the animals were kept in a same
condition. The study protocols were approved by the Institutional Animal Care and Use Committee of Xi'an
Jiaotong University (No. XJTU2018-463).

Experimental protocol
The animals were randomly divided into eight groups according to their time of sacrifice: 0 h, 4 h, 1 d, 3 d, 7 d, 14
d, and 28 d post-EP and control groups. Random numbers were generated using a computer based random order
generator. Among them, the 0 h group contained 6 rats for histopathological analysis only, while the other groups
contained 12 rats for both physiological (n = 6) and histopathological analysis (n = 6).
All animals were fasted for 24 h before operation. Inhalation anaesthesia was maintained with isoflurane (RWD,
Shenzhen, China). The oxygen flow rate was regulated to 0.6 L/min while the isoflurane flow rate was regulated to
2 L/min. The stomach was exposed with a 2–3 cm incision along the midline under the xiphoid. A forceps
electrode was used to clamp the middle of the gland stomach near the cardia. After that, a single burst of EP
(500 V, 99 pluses, 1 Hz, 100 µs) was delivered to the stomachs of rats in the experimental groups. As for the
control groups, the same procedure was employed without delivering EP. After the operation, the activity status
and feeding of animals were observed daily. The animals were sacrificed at each indicated time point by
intraperitoneal injection of 3% sodium pentobarbital (800 mg/kg, Sigma Aldrich, St. Louis, MO, USA).

Digestive function measurement
Gastric emptying and small intestinal transit were measured by intragastric administration of the phenol red–
methylcellulose (PR-HPMC) method as previously reported [13]. PR-HPMC food was prepared by dissolving 50 mg
of phenolic red (Sangon Biotech, Shanghai, China) in 100 mL of 1.5% hydroxypropyl methyl cellulose water
solution (Sangon Biotech). The stomach/small intestine specimens and gastric contents were harvested at 0.5 h
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after gavage. The supernatant of the gastric content was analysed with a microplate reader (Varioskan Flash,
Thermo Fisher Scientific, Waltham, MA, USA) at 560 nm to determine the OD values. Then, the gastric emptying
rate was calculated as percent emptying, which was calculated as follows: 1 – absorbance of the test
sample/absorbance of the standard. The OD values of gastric contents from rats euthanized immediately after
PR-HPMC gavage served as a standard. The furthest point of phenol red migration in the small intestine was
verified, and the distance between this point and the initial intestinal segment was recorded as D. The overall
length of small intestine specimens was determined as L. Thus, the small intestine transit was calculated as D/L.
Gastric secretion was evaluated using pyloric ligation. The stomach was ligated between the pylorus and
duodenum, followed by fasting for 4 h. Then, the gastric specimens and contents were collected, and the volume
of the gastric contents was measured as gastric juice (mL).

Serum marker determination
Blood samples were collected before euthanasia. The serum levels of prostacyclin I2 (PG I2), prostaglandin E2
(PG E2) (Cusabio Biotechnology, Wuhan, China), nitric oxide (NO) (Jiancheng Bioengineering, Nanjing, China),
ghrelin (USCN Kit, Wuhan, China), tumour necrosis factor alpha (TNF-α) (Thermo Fisher Scientific), interleukin 1β
(IL-1β), interleukin-6 (IL-6), and interleukin-10 (IL-10) (Multi Sciences Biotech, Hangzhou, China) were determined
using commercially available ELISA kits following the manufacturer’ s instructions.

Histopathological analysis
Stomach specimens were dissected along the greater curvature. After washing with phosphate buffer saline,
specimens were fixed in paraformaldehyde, embedded in paraffin, and cut into 4 µm sections. Each sample was
stained with haematoxylin–eosin (H&E) (Servicebio, Wuhan, China) and Masson trichrome (Servicebio, Wuhan,
China) according to the manufacturer’ s instructions. Moreover, terminal deoxynucleotidyl transferase-mediated
nick end labelling (TUNEL) (Roche, Switzerland) and the expression of E-cadherin (1:200), β-Catenin (1:200),
CD117 (1:2000), PGP9.5 (1:100), and proliferating cell nuclear antigen (PCNA) (1:100) (Servicebio) were detected
by immunofluorescence following the manufacturer’ s instructions. Histopathological analysis was performed by
two experienced pathologists without aware of the group allocation.

Statistical analysis
All statistical analyses were performed using GraphPad Prism 8.0 for Windows (GraphPad Software Inc., La Jolla,
CA, USA). Quantitative variables were expressed as means ± SD and analysed by Student’ s t-test or ANOVA. All
statistical tests were bilateral, and the results were considered statistically significant at P < 0.05.

Results

Digestive function
The changes in digestive function post-EP are summarised in Table 1 and Fig. 1. Compared with the control
group, there was no significant difference among the groups in gastric emptying levels. The small intestine transit
decreased from 67.71 ± 6.18% to 33.25 ± 10.49% (P < 0.001) at 4 h post-EP, while it rapidly recovered to 55.67 ±
13.58% at 1 d post-EP. As for gastric secretion, the volume was slightly decreased after EP, but without statistical
difference.
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Table 1
Changes in digestive function post-electroporation pulse
Post-electroporation pulse
time

Gastric emptying
(%)

Small intestine transit
(%)

Gastric acid secretion
(mL)

Control

79.82 ± 8.26

67.71 ± 6.18

5.29 ± 2.06

4h

65.43 ± 13.59

33.25 ± 10.49

3.12 ± 1.70

1d

60.62 ± 15.54

55.67 ± 13.58

2.72 ± 1.32

3d

69.26 ± 9.99

59.12 ± 4.84

4.38 ± 1.34

7d

66.75 ± 10.65

63.17 ± 10.93

3.00 ± 2.89

14 d

71.65 ± 6.32

54.85 ± 8.98

3.30 ± 0.90

28 d

59.13 ± 23.52

52.73 ± 14.53

2.96 ± 1.67

Serum marker analysis
The changes observed in several serum markers after EP are summarised in Table 2 and Fig. 2. Serum TNF-α and
IL-1β were higher in the post-EP group than in the control, but without statistically significant. IL-10 levels
decreased from 22.30 ± 12.08 pg/mL to 8.47 ± 6.70 pg/mL (P < 0.05) at 4 h post-EP and further decreased to 4.71
± 8.97 pg/mL (P < 0.01) on day 1 post-EP (P < 0.001), while it recovered to 21.57 ± 15.02 pg/mL at 3 d post-EP. The
serum IL-6 level reached a peak (131.7 ± 104.2 pg/mL vs. 10.28 ± 29.23 pg/mL, P < 0.001) at 3 days post-EP, while
there was no significant difference among other groups. The levels of serum PG I2 and PG E2 increased and
reached a peak at 14 days (P < 0.001) The level of serum ghrelin decreased within 7 days post-EP and reached
statistical significance (10136 ± 2484 pg/mL vs. 5268 ± 1781 pg/mL, P < 0.001) at day 7 and gradually recovered
to normal within 14 days. NO was significantly increased to 1.543 ± 0.2082 µmol/L at 3 d post-EP, while it returned
to normal within 14 days post-EP.
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Table 2
Changes in serum marker levels post-electroporation pulse
Postelectroporation
pulse time

TNF-α
(pg/mL)

IL-1β
(pg/mL)

IL-10
(pg/mL)

IL-6
(pg/mL)

PG I2
(ng/mL)

PG E2
(pg/mL)

NO
(µmol/L)

Ghrelin
(pg/mL)

Control

0.35 ±
0.87

35.98 ±
48.16

22.30 ±
12.08

10.28 ±
29.23

0.51 ±
0.15

1.31 ±
0.46

1.01 ±
0.17

10136
± 2484

4h

2.10 ±
2.50

94.17 ±
85.63

8.47 ±
6.70

3.25 ±
5.18

0.58 ±
0.21

1.65 ±
0.55

0.99 ±
0.15

11590
± 2828

1d

1.92 ±
2.73

91.91 ±
77.72

4.71 ±
8.94

19.44 ±
37.99

0.62 ±
0.10

1.45 ±
0.38

0.98 ±
0.21

9184 ±
3001

3d

1.11 ±
2.06

63.81 ±
83.63

21.57 ±
15.02

131.70
±
104.20

0.76 ±
0.50

1.49 ±
0.67

1.54 ±
0.21

7534 ±
965

7d

3.10 ±
4.05

76.68 ±
87.24

23.68 ±
12.01

11.23 ±
29.34

0.85 ±
0.50

1.72 ±
0.94

1.34 ±
0.26

5268 ±
1781

14 d

3.02 ±
3.70

112.00
±
114.60

13.88 ±
10.71

4.50 ±
9.64

1.44 ±
1.28

2.97 ±
2.04

1.00 ±
0.55

7589 ±
3155

28 d

3.38 ±
3.31

38.39 ±
57.63

12.55 ±
10.98

8.04 ±
16.64

0.37 ±
0.11

1.01 ±
0.47

0.95 ±
0.28

7989 ±
3185

Gross pathology
Images of the gross pathology are shown in Fig. 3a–c. Clearly demarcated lesions with congestion were observed
on the treated mucosa immediately post-EP. The shape and size of the lesions were broadly consistent with the
electrode. On day 1 post-EP, the mucosa had sloughed off and the lesions turned into ulceration. The lesions
started to recover from day 3 to day 7 post-EP. At day 28 post-EP, the mucosal face of the lesions was recovered
and showed insignificant difference compared to the surrounding normal tissue. On the serosal face of the
stomach, the ablation region turned darker after EP without bleeding or perforation. The serosal lesions became
smaller in size and lighter in colour and completely repaired within 28 days post-EP.

Histopathology
H&E staining is shown in Fig. 3c. The gastric wall showed a well-circumscribed ablation area immediately post-EP.
Multiple erythrocytes, a decrease of nucleated cells, and epithelial cell necrosis can be seen in the ablation area.
At 4 h post-EP, the mucosa layer showed oedema with hyperaemia and massive inflammatory cell infiltration.
Even so, the muscular propria remained intact with local hyperaemia or haemorrhage. At 1 d post-EP, complete
mucosal necrosis was observed, accompanied by diffusive inflammatory cells and red blood cells, indicating
complete IRE on the full thickness of the gastric wall. The necrotic mucosa then fell off, resulting in ulceration on
the gastric wall at 3 d post-EP. Meanwhile, the migration of the immature epithelium from the lateral normal tissue
to the centre lesion was observed from 3 d post-EP, leading to a decrease in the lesion area until complete
recovery took place within 14–28 days post-EP.
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Masson’s trichrome staining indicated that the gastric wall scaffold in the lesion remained intact after EP
(Fig. 3d). In the 3-d sample, Masson trichrome staining showed that the muscularis mucosa, submucosa, and
muscularis propria were replaced by collagen, suggesting that the muscular layer repair is mainly caused by
fibrosis. Meanwhile, no significant change was observed in the thickness of the gastric wall within 14–28 days
post-EP.
For TUNEL, a massive number of positive cells were observed in the mucosa and muscularis propria immediately
post-EP (Fig. 4a–c). Viable epithelium decreased at 4 h post-EP, and the transition of TUNEL-positive cells from
the mucous epithelium to the muscularis mucosa increased. Complete ablation of the mucosa and muscularis
propria were observed within 12–24 h. The expression of E-cadherin and β-catenin in the ablated area was lower
than that in normal tissue immediately and 4 h post-EP and rarely occurred in the 24 h samples, indicating that
the epithelium intercellular junction was severely damaged by EP (Fig. 4d–e).
At the edge of the ablation region, PCNA staining showed an increase in the number of positive cells in the gastric
fundus gland, suggesting that mucosal cells began the proliferation and repair process on day 3 post-EP
(Fig. 5a–d). By day 7, PCNA showed increased expression in the fundus gland, suggesting active stem cell
proliferation. Along with migration of the immature epithelium, mucosal regeneration and repair were completed
by day 14 post-EP. Moreover, EP successfully induced a reduction of CD117 and PGP9.5 positive cells by day 1 in
the muscularis propria, indicating the injury of Cajal cells and neurones by EP. At 14 d post-EP, no CD117- and
PGP9.5-positive cells were observed in the regenerated muscularis propria (Fig. 5e–h).

Discussion
In this study, EP was performed on the stomachs of healthy rats to evaluate the effect of EP on digestive function,
serum marker level, and gastric structure over 28 days. The safety and efficacy of EP for both physiology and
histopathology have been confirmed in a rat model. The digestive function and serum markers changed
temporarily in the acute term but soon returned to normal within 28 days. The gastric wall remained intact without
bleeding or perforation after EP.
The stomach is a vital organ for digestion and secretion. Gastric emptying, small intestinal transit, and gastric
secretion are evaluation indices of digestive function [14, 15]. After EP, no significant change was observed for
gastric emptying or secretion. The small intestine transit decreased immediately at 4 h post-EP, whereas it
recovered to normal at 1d later. This study confirmed that EP has limited impact on digestive functions in a rat
model; thus, EP is safe for digestive function when used as an ablation method.
Serum markers were observed to be dynamic in the rat model. Post-EP, inflammation factors may be regulated by
multiple factors. By and large, anti-inflammatory factors tended to be reduced in the acute phase and recover
later, while proinflammatory factors show the opposite effect. Angiogenesis is an important component of gastric
erosion and ulcer healing. Prostaglandins, iNOS, and ghrelin are important for gastric mucosal protection and
play a role in angiogenesis [16]. Prostaglandin can protect the gastric mucosa by inhibiting acid secretion,
promoting mucus generation, and increasing mucosal blood flow [17]. The prostaglandin level in the treatment
group tended to rise and reached a peak at 14 days post-EP. In addition, the concentration of serum NO, which can
improve microcirculation and reconstruction of mucosa, reached a peak at day 3, then returned to normal on day
14, which is consistent with the histopathology of mucosal regeneration. Ghrelin increased from day 7 to day 14
post-EP, during which the mucosa regenerated rapidly.
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The thermal-basis ablation technique could generate coagulation necrosis instantly after application as well as a
peripheral transition zone around the ablation region due to the temperature gradient [18]. All these changes can
be determined by gross observation. However, a non-thermal ablated lesion was caused without evident
coagulation necrosis on gross inspection [19, 20]. The cell viability, gross pathology, and histopathology show
dynamic change post-EP, which varies in different tissues [21]. In general, the tissue damage process caused by
EP ends within 24 h, then the repair procedure begins on days 3 to 7 post-EP and is completed within 28 days.
Ensuring the integrity of the gastric wall is important for evaluating the safety of EP. Phillips et al. studied the
influence of IRE on the small intestine structure of rats and demonstrated that the small intestine can be ablated
completely by IRE without obvious gastrointestinal side effects [22]. The epithelium starts repairing 3 days after
surgery. In this study, EP was applied to the stomach, and the change in gastric structure within 24 h was
evaluated. The demarcated lesions with congestion on both gastric mucosa and serosa were caused by EP, which
may be related to the vascular lock-in effect of EP [6]. Histopathology showed immediate death of cells
contacting the electrode after EP, and complete ablation of the mucous layer at 24 h. The 0 h and 4 h samples
also revealed massive numbers of positive cells in the TUNEL assay, indicating that cell apoptosis started as early
as 0 h and reached a peak at 24 h post-EP in the ablated area. The E-cadherin and β-catenin complex are vital for
the tight junction between epithelial cells, which is crucial for the formation of the gastric mucosal barrier that
protects the mucosa from gastric acid [23, 24]. This study revealed that the expression of E-cadherin and βcatenin decreased in mucosal epithelial cells immediately post-EP, suggesting a tight junction break and
destruction of the mucosal barrier, which promotes corrosion and necrosis of the gastric mucosa.
There were several limitations to this study. First, normal gastric tissue differs from tumour tissue; hence, the
efficacy of EP for tumour ablation has not been sufficiently elucidated. Second, since digestive function is closely
related to nerve distribution, more research is needed in more treatment locations. Third, given the disparity
between humans and rats, the practical treatment process cannot be fully evaluated in this study and requires
further investigation in large animal models and/or humans.

Conclusions
This study demonstrated the safety and efficacy of EP on the physiology and histopathology of rat stomachs.
Digestive function was slightly changed but soon returned to normal. The gastric wall remains intact, and the
mucosa can be ablated using EP without perforation or bleeding. This study confirmed that EP is an attractive
candidate for gastric tissue ablation and has laid the foundation for wider use of this technique in the future.
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Figures

Figure 1
Changes in the digestive function of rats following electroporation pulse treatment. (a) Gastric emptying; (b)
small intestine propulsion rate; (c) gastric acid secretion. Compared with control group; ***, P < 0.001; n = 6.

Figure 2
Changes in serum marker factor levels within 28 days following electroporation pulse application. (a) TNF-α; (b)
IL-1β; (c) IL-10; (d) IL-6; (e) prostacyclin I2; (f) prostaglandin E2; (g) ghrelin; (h) NO. Compared with control group; *,
P < 0.05; **, P < 0.01; ***, P < 0.001; n = 12.
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Figure 3
Gross appearance and histopathology of the rat gastric wall post-treatment with electroporation pulses. (a)
mucosal surface; (b) serosal surface; (c) H&E staining (4×); (d) Masson trichrome staining (4×).
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Figure 4
Histopathology analysis of TUNEL (40×), E-cadherin, and β-catenin (20×) in gastric mucosa post-electroporation
pulse (EP), as determined by immunofluorescent. (a) TUNEL immediately post-EP; (b) TUNEL at 4 h post-EP; (c)
TUNEL at 24 h post-EP; (d) E-cadherin and β-catenin levels in control group; (e) E-cadherin and β-catenin
immediately post-EP; (f) E-cadherin and β-catenin at 4 h post-EP.

Figure 5
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Histopathology analysis of PCNA in gastric mucosa and PGP9.5 and CD117 in gastric serosa following
application of electroporation pulses, as determined by immunofluorescent (40×). (a) PCNA at 1 d. (b) PCNA at 3
d. (c) PCNA at 7 d. (d) PCNA at 14 d. E. PGP9.5 and CD117 levels in the control group. (f) PGP9.5 and CD117 at 4
h. (g) PGP9.5 and CD117 at 1 d. (h) PGP9.5 and CD117 at 14 d.
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