Zhang et al. BMC Gastroenterol (2021) 21:351
https://doi.org/10.1186/512876-021-01924-0

BMC Gastroenterology

RESEARCH ARTICLE Open Access

Physiological and histopathological effects

®

Check for
updates

of electroporation pulse on stomach of rats

Yuchi Zhang'?#?3, Xuan Han'?, Zhuoqun Li'?, Yu Zhang', Lihong Liang', Xiaoying Ma', Haonan Liu', Yihui Gao',
Qingshan Li'? Xue Chen'?, Yi Lv'?" and Fenggang Ren'?"

Abstract

ablation region remained intact post-EP.

Background: Irreversible electroporation (IRE) is an emerging tissue ablation technique with widespread potential,
especially for cancer treatment. Although the safety and efficacy of IRE for gastric tissue ablation have been demon-
strated, there is a gap of knowledge regarding the effect of electroporation pulse (EP) on the physiology and histopa-
thology of the stomach. This study applied EP to the stomach of healthy rats and investigated the digestive function,
serum marker levels, and gastric tissue structure of EP-treated rats.

Methods: Ninety male rats were divided into nine groups and examined up to 28 days post-treatment. A single
burst of electroporation pulse (500V, 99 pluses, 1Hz, 100 us) was delivered to the stomachs of rats using a tweezer-
style round electrode. Gastric emptying, small intestinal transit, and gastric secretion were measured to evaluate the
digestive function. Serum marker levels were determined using ELISA. Haematoxylin—eosin, Masson trichrome, and
immunofluorescence were performed for histopathological analysis.

Results: No significant effect on gastric emptying or secretion was found post-EP, whereas the small intestinal transit
decreased at 4 h and rapidly recovered to normal on 1-day post-EP. Further, serum TNF-a and IL-1(3 levels temporar-

ily changed during the acute phase but returned to baseline within 28 days. Moreover, histopathological analysis
revealed that cell death occurred immediately post-EP in the ablation area, whereas the gastric wall scaffold in the

Conclusions: This study demonstrates the safety and efficacy of EP on the physiology and histopathology of the
stomach and lays a foundation for more comprehensive applications of this technique.
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Background

Irreversible electroporation (IRE) is a tissue ablation
technique that allows delivering a burst of microsecond
electric field pulses with specific characteristics, which
yields the disruptions of cell membrane [1]. Usually, IRE
deploys a square wave with a pulse width on the order
of tens to hundreds of microseconds, while the electric
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field intensity in the ablation area is approximately 700—
1000 V/cm, which was also called electroporation pulse
(EP) [2]. The cell transmembrane potential changes under
the effect of EP, destroying the stability of the cell mem-
brane and local environmental homeostasis, ultimately
leading to cell death. Therefore, EP has been recognised
as an emerging tissue ablation technique and applied to
treat pancreas, prostate, and liver cancer in clinical prac-
tice [3, 4].

The duration of a single EP is ultra-short; hence, the
heat generated during the IRE process quickly diffuses
or is absorbed. Therefore, the cumulative temperature
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of the tissue is negligible when IRE is achieved, while no
thermal damage to the tissue is caused [5]. EP can inac-
tivate malignant cells in situ rapidly while sparing tissue
scaffolds such as the extracellular matrix, vascular wall,
and nerve fibre. Furthermore, EP is not affected by the
heat sink effect, so the blood vessel adjacent to the abla-
tion area will be unaffected [6]. These advantages of IRE
prominently expanded the application of tissue abla-
tion techniques, especially for heat-sensitive structures,
which are usually out-of-reach for tissue ablation.

Typically, heat energy is not easy to control for ther-
mal-basis tissue ablation, potentially leading to serious
side effects when applied to heat-sensitive structures
[7]. On the one hand, perforation or irreversible ther-
mal damage may occur with a high intensity of heat
energy. However, a lower intensity may lead to residual
tumour formation and decrease treatment efficacy [8].
Based on the non-thermal features of EP, several stud-
ies reported EP as a potential ablation method for cav-
ity 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. Lee et al. have investigated the characterisation
of IRE on the stomach in a rat model and demonstrated
that IRE could potentially be used as a minimally inva-
sive treatment for early gastric cancer. In our previous
studies, we have designed endoscopic catheter-based
ablation electrodes and investigated the safety and effi-
cacy of endoscopic IRE for gastric tissue ablation in ani-
mal models [8, 13]. However, in the stomach, due to the
unique anatomy and function of this digestive organ,
there is a lack of basic research on the biological effects
and outcomes of EP on the physiology and histopathol-
ogy of the healthy stomach. Therefore, this study aimed
to investigate the biological effects and outcomes of EP
in terms of digestive function, serum marker levels, and
gastric tissue structure in a rat model.
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Methods

Animal care and ethics

Ninety male Sprague Dawley rats (180-280g) were pur-
chased and kept at the Experimental Animal Center of
Xi’an Jiaotong University. The animals were maintained
in standard day and night cycle (12h light to 12h dark)
and environment temperature (25 =+ 2°C) with free access
to food and water. All the animals were kept in the 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 sacrifice time: Oh, 4h, 1 day, 3 days, 7
days, 14 days, and 28 days post-EP and control groups.
Random numbers were generated using a computer-
based random order generator. The Oh group contained
6 rats for histopathological analysis, while the other
groups contained 12 rats for physiological (n=6) and
histopathological analysis (n=6). No treatment was per-
formed on the control group, which was used for collect-
ing physiological and histopathological reference data.
All animals fasted for 24 h before the operation. Inha-
lational anaesthesia was maintained with isoflurane
(RWD, Shenzhen, China). The oxygen and isoflurane
flow rates were set to 0.6 L/min and 2 L/min, respec-
tively. The stomach was exposed with a 2—3 cm incision
along the midline under the xiphoid. A Tweezer-style
round electrode (BTX Platinum Tweezertrode, 5mm in
Diameter, Model: 45-0489, Harvard Bioscience, Hollis-
ton, MA, USA) was used to clamp the full thickness from
the anterior to the posterior wall in the middle of the
gland stomach near the cardia, maintaining the gastric
wall structurally intact without punctures. The spacing
between the pair of electrodes was about 2-3mm. The
schema for the operation procedure is shown in Fig. 1.

T

c The serosal face of anterior wall of the stomach after EP

Fig. 1 The experimental procedure of EP on the stomach of rats. a The serosal face of posterior wall of stomach before EP; b A Tweezer-style
electrode was used to clamp the full thickness from the anterior to the posterior wall in the middle of the gland stomach near the cardia during EP;
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After that, a single burst of EP was delivered to the
stomach of rats in the experimental groups using a com-
mercial electroporation system (BTX ECMB830 square
wave, Harvard Bioscience, Holliston, MA, USA). The EP
parameters were set to 500V pulse voltage, 100 us pulse
width, 1 Hz pulse frequency, and 99 pulse number. These
parameters were set based on numerical analysis for elec-
trical and thermal damage from our previous work [5],
which reportedly causes significant electrical damage on
the gastric wall without thermal damage. After the opera-
tion, the behaviour and feeding of animals were observed
daily.

Digestive function measurement

Gastric emptying and small intestinal transit were meas-
ured by intragastric administration of the phenol red-
methylcellulose (PR-HPMC) method, as previously
reported [14]. PR-HPMC food was prepared by dissolving
50mg of phenolic red (A100882, Sangon Biotech, Shang-
hai, China) in 100 mL of 1.5% hydroxypropyl methylcellu-
lose water solution (A600529, Sangon Biotech, Shanghai,
China). The stomach/small intestine specimens and gas-
tric contents were harvested at 0.5h after gavage. The
supernatant of the gastric content was analysed with a
microplate reader (Varioskan Flash, Thermo Fisher Sci-
entific, Waltham, MA, USA) at 560nm to determine the
OD values. Then, the gastric emptying rate was calcu-
lated as percent emptying, which was calculated as fol-
lows: 1—absorbance of the test sample/absorbance of
the standard. The OD values of gastric contents from rats
euthanised immediately after PR-HPMC gavage served
as a standard. The furthest point of phenol red migra-
tion 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 speci-
mens was determined as L. Thus, the small intestine tran-
sit 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 4h.
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 from inferior vena cava
by open surgery under inhalational anaesthesia at each
indicated time point, as described before, after which
the rats were sacrificed due to massive blood loss, and
tissue samples were collected. The serum levels of pros-
tacyclin 12 (PG I,) (Rat Prostaglandin E2 ELISA Kit,
Cusabio, Wuhan, China), prostaglandin E2 (PG E,) (Rat
Prostacycline ELISA Kit, Cusabio, Wuhan, China), nitric
oxide (NO) (Nitric Oxide Kit, Jiancheng Bioengineering,
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Nanjing, China), ghrelin (ELISA Kit For Ghrelin, USCN
Kit, Wuhan, China), tumour necrosis factor-alpha (TNF-
o) (Rat TNF-a ELISA Kit, Thermo Fisher Scientific),
interleukin 1B (IL-1p) (Rat IL-1B ELISA Kit, Multi Sci-
ences Biotech, Hangzhou, China), interleukin-6 (IL-6)
(Rat IL-6 ELISA Kit, Multi Sciences Biotech, Hangzhou,
China), and interleukin-10 (IL-10) (Rat IL-10 ELISA Kit,
Multi Sciences Biotech, Hangzhou, China) were deter-
mined 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 sliced into 4 pm sections. Each sample was
stained with haematoxylin—eosin (H&E) (G1005, Service-
bio, Wuhan, China) and Masson trichrome (G1006, Ser-
vicebio, Wuhan, China) according to the manufacturer s
instructions. Moreover, terminal deoxynucleotidyl trans-
ferase-mediated nick end labelling (TUNEL) (In Situ Cell
Death Detection Kit, Roche, Basel, Switzerland) and the
expression of E-cadherin (1:200) (GB12082, Servicebio,
Wuhan, China), f-Catenin (1:200) (G12015, Servicebio,
Wuhan, China), CD117 (1:2000) (GB11073-2, Servicebio,
Wuhan, China), PGP9.5 (1:100) (GB11159-1, Servicebio,
Wuhan, China), and proliferating cell nuclear antigen
(PCNA) (1:100) (GB11010, Servicebio, Wuhan, China)
were detected by immunofluorescence following the
manufacturer’s instructions. Histopathological analysis
was performed by two experienced pathologists unaware
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 one-
way 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 sum-
marised in Table 1. Compared with the control group,
there was no significant difference among the groups
in gastric emptying levels. The small intestine tran-
sit decreased from 67.71+6.18% to 33.25+10.49%
(P<0.001) 4h post-EP, but it rapidly recovered to
55.67 13.58% at 1 days post-EP. There was no signifi-
cant difference in small intestine transit among groups
from 1 to 28 days post-EP, while the data fluctuates
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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+£6.18 529+£2.06
4h 6543+13.59 33.254£1049 312%+1.70
1 day 60.62+15.54 5567+£13.58 2724132
3 days 69.26+9.99 59.12+4.84 438+£134
7 days 66.751+10.65 63.17+£1093 3004289
14 days 7165£6.32 54.85£8.98 3.30£0.90
28 days 59.134+2352 52.73+14.53 2964167
***P<0.001. Compared with control group

during these times. As for gastric secretion, the vol-  Gross pathology

ume slightly decreased after EP; however, the differ-
ence was not statistically significant.

Serum marker analysis

The changes observed in several serum markers after
EP are summarised in Table 2. Serum TNF-a and
IL-1p were higher in the post-EP group than in the
control, but the difference was not statistically sig-
nificant. IL-10 levels decreased from 22.30412.08
to 8.47+6.70pg/mL (P<0.05) 4h post-EP, further
decreased to 4.71+8.97pg/mL (P<0.01) on day 1
post-EP (P<0.001), and recovered to 21.57 +15.02 pg/
mL 3 days post-EP. The serum IL-6 level reached a
peak (131.7+104.2pg/mL vs. 10.28 £29.23pg/mL,
P<0.001) 3days post-EP, while no statistically sig-
nificant difference was observed among other groups.
Serum PGI, and PGE, levels increased and reached
a peak at 14days (P<0.001). The serum ghrelin level
decreased within 7 days post-EP, reaching statistical
significance (10,136 42484 pg/mL vs. 5268 1781 pg/
mL, P<0.001) 7 days post-EP and gradually recovered
to baseline within 14 days. NO significantly increased
to 1.543 +0.2082 pmol/L 3 days post-EP, but returned
to normal within 14 days post-EP.

Table 2 Changes in serum marker levels post-electroporation pulse

Images of the gross pathology are shown in Fig. 2. Clearly
demarcated lesions with congestion were observed on
the treated mucosa immediately post-EP (Fig. 2a). 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 ulcerations. The
lesions started to recover from day 3 to day 7 post-EP.
On day 28 post-EP, the mucosal face of the lesions was
recovered and showed a statistically not significant differ-
ence compared to the surrounding normal tissue. On the
serosal face of the stomach (Fig. 2b), the ablation region
turned darker after EP without bleeding or perforation.
The serosal lesions became smaller, lighter in colour, and
completely healed within 28 days post-EP.

Histopathology

Figure 3 shows the H&E staining of the gastric wall
28days post-EP. A well-circumscribed ablation area was
immediately produced within 4h post-EP. The glandular
epithelial structure disappeared with massive inflamma-
tory cell infiltration in the mucosal layer, while the mus-
cular propria remained intact with local hyperaemia or
haemorrhage (Fig. 3c). Necrosis on the entire gastric wall
was observed at 1 day post-EP. The glandular epithelial
cells and smooth muscle cells disappeared, accompanied

Post- TNF-a (pg/mL)  IL-1B (pg/mL) IL-10 (pg/mL)  IL-6 (pg/mL) PGl,(ng/mL)  PGE,(pg/mL)  NO (umol/L)  Ghrelin (pg/mL)
electroporation

pulse time

Control 03540.87 359844816 2230+£12.08 10.28+£29.23 0514015 131+£046 1.01£0.17 10,136 £2484
4h 2.10£250 94.17 +£85.63 847+6.70% 325+£5.18 0.58+0.21 1.65£0.55 0.99+£0.15 11,590+ 2828

1 day 1924273 919147772 471 £8.94** 19.44+£37.99 0.6240.10 1454038 0.98+0.21 918443001

3 days 1.114+2.06 63.81+83.63 215741502 131.70£104.20%**  0.76+£0.50 1494067 1.54+£021** 75344965

7 days 3.104+4.05 76.68+87.24 236811201 11.23£29.34 0.8540.50 1.72+£0.94 1.3440.26 5268+ 1781**
14 days 3.02+£3.70 112.00£11460 13.88£10.71 450+£9.64 144 £1.28%* 2.97 £ 2.04*** 1.00£0.55 7589+£3155
28 days 3.38+£331 383945763 12.55+£10.98 8.04+16.64 037011 1.01+£047 095+0.28 798943185

*P<0.05; **P<0.01; ***P<0.001. Compared with control group
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a Control

Fig. 2 Gross appearance of the rat gastric wall post-treatment with electroporation. a mucosal surface; b serosal surface

by substantial inflammatory cell infiltration, forming
an inflammatory response zone (Fig. 3d). The necrotic
mucosa then fell off, resulting in ulceration on the gas-
tric wall 3 days post-EP (Fig. 3e). Meanwhile, cells around
the ablated area proliferated and gradually grew into the
necrotic area starting on day 3 post-EP, and a complete
repair of the gastric wall occurred within 14—-28days
post-EP (Fig. 3f-h).

Masson’s trichrome staining indicated that the gas-
tric wall scaffold in the lesion remained intact after EP
(Fig. 3i-n). In the 3-days sample, Masson trichrome
staining showed that the muscularis mucosa, submucosa,
and muscularis propria were replaced by collagen, sug-
gesting that the muscular layer repair is mainly caused by
fibrosis. Meanwhile, no significant change was observed
in the gastric wall thickness within 14—28 days post-EP.

For TUNEL, a massive number of positive cells were
observed in the mucosa and muscularis propria imme-
diately post-EP (Fig. 4b). Viable epithelium decreased
4h post-EP, and the transition of TUNEL-positive cells
from the mucous epithelium to the muscularis mucosa
increased (Fig. 4c). Complete ablation of the mucosa
and muscularis propria was observed within 12-24h
(Fig. 4d).

The expression of E-cadherin and B-catenin in the
ablated area was lower than that in normal tissue imme-
diately and 4h post-EP, but rarely occurred in the 24h
samples, indicating that the epithelium intercellular junc-
tion was severely damaged by EP (Fig. 5a—c).

At the edge of the ablation area, 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 3 days post-EP (Fig. 5d).
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 reduc-
tion of CD117 and PGP9.5 positive cells by day 1 in the
muscularis propria, indicating the injury of Cajal cells
and neurons by EP. At 14 days post-EP, no CD117- and
PGP9.5-positive cells were observed in the regenerated
muscularis propria (Fig. 5e).

Discussion

EP-based treatment is an attractive candidate for tumour
ablation, especially for those located in heat-sensitive
areas, such as blood vessels, nerves, the bile duct, and the
gastrointestinal tract. Although the safety and efficacy
of EP for gastric tissue ablation have been demonstrated
using endoscopy in our previous work, the basic research
on the physiological and histopathological changes of
the stomach post-EP is limited. In this study, EP was
performed on the stomach of healthy rats to evaluate
the effect of EP on the digestive function, serum marker
levels, and gastric structure over 28 days. The safety and
efficacy of EP in terms of both physiology and histopa-
thology have been confirmed in a rat model. The diges-
tive function and serum markers changed temporarily
in the acute phase but soon returned to normal within
28days. The gastric wall remained intact without bleed-
ing or perforation after EP. This study confirmed the fea-
sibility and safety of EP-based therapy for the stomach
in a rat model, which provides evidence for future use in
clinical practice.

The stomach is a vital organ for digestion and secretion.
Gastric emptying, small intestinal transit, and gastric
secretion are essential indicators of digestive function
[15, 16]. After EP, no significant change was observed
in terms of gastric emptying or secretion. The small
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Fig. 3 Histopathology of the rat gastric wall post-treatment with electroporation. a Normal; b Normal; c~h H&E staining from 4
post-EP; i-n Masson trichrome staining from 4 h to 28 days post-EP. Scale bar: 500 pm

0

h to 28 days
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Fig. 4 Histopathology analysis of TUNEL in gastric mucosa post-electroporation (EP), as determined by immunofluorescence (from left to right:
DAPI, TUNEL, and Merge). a Control; b 0h post-EP; ¢ 4 h post-EP; d 1 days post-EP. Scale bar: 100 um

intestine transit decreased 4h post-EP, whereas it recov-
ered to normal 1 day later and remained normal through-
out the 28days of observation. This study confirmed
that EP has a limited impact on digestive functions in a
rat model; thus, EP is a safe ablation method regarding
digestive function.

Serum markers are reportedly dynamic in rat models.
Post-EP, inflammation factors may be regulated by mul-
tiple factors. By and large, anti-inflammatory factors

(IL-10) tended to be reduced within 1 days and recovered
later, while proinflammatory factors (TNF-a, IL-1p, IL-6)
showed an opposite trend, consistent with the gastric
mucosa gastric mucosa by inhibiting acid secretion, pro-
moting mucus generation, and increasing mucosal blood
flow [17]. The prostaglandin level in the treatment group
tended to rise and reached a peak 14days post-EP. In
addition, serum NO level, which can improve microcir-
culation and mucosal reconstruction, reached a peak on
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Fig. 5 Histopathology analysis of E-cadherin (green), B-catenin (red) (@a—c), and PCNA (green) (d) in the gastric mucosa, and PGP9.5 (green),
CD117 (red) (e) in gastric serosa following electroporation pulse, as determined by immunofluorescence. Scale bar: 100 um

day 3, and then returned to normal on day 14, consistent
with the histopathology of mucosal regeneration. Ghrelin
increased from day 7 to day 14 post-EP, during which the
mucosa regenerated rapidly.

The thermal-basis ablation technique could generate
coagulation necrosis instantly after ablation, includ-
ing in a peripheral transition zone around the abla-
tion 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 inspec-
tion [19, 20]. The cell viability, gross pathology, and his-
topathology show dynamic changes post-EP, which vary
in different tissues [21]. This study comprehensively
analysed the gross changes of the mucosal and serosal
surface of the stomach post-EP. The ablated mucosa fell
off within 3 days post-EP; thus, an artificial ulcer was
formed on the gastric wall. Afterward, the regeneration
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process began, and the gastric wall was repaired within
14-28 days.

Ensuring the integrity of the gastric wall is vital 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 could be
ablated completely by IRE without noticeable gastro-
intestinal side effects [22]. The epithelium starts repair-
ing 3days 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 conges-
tion 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 24h. The Oh and 4h samples also
revealed massive numbers of positive cells in the TUNEL
assay, indicating that cell apoptosis started as early as Oh
and reached a peak at 24h post-EP in the ablated area.
The E-cadherin and B-catenin complex are vital for the
tight junction between epithelial cells, which is crucial
for the formation of the gastric mucosal barrier that pro-
tects the mucosa from gastric acid [23, 24]. This study
revealed that the expression of E-cadherin and B-catenin
decreased in mucosal epithelial cells immediately post-
EP, suggesting a tight junction break and destruction of
the mucosal barrier, ultimately promoting mucosal dam-
age due to gastric acids.

There were several limitations to this study. First, nor-
mal gastric tissue differs from tumour tissue; hence, the
efficacy of EP for tumour ablation has not been suffi-
ciently elucidated. Second, since the digestive function
is closely related to nerve distribution, future studies are
needed, including additional treatment locations. Third,
given the disparity between humans and rats, the practi-
cal treatment process cannot be thoroughly evaluated in
this study and requires further investigation in large ani-
mal models and/or humans.

Conclusions

This study demonstrated the safety and efficacy of EP
on the physiology and histopathology of rat stomachs.
The digestive function was slightly affected 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 foun-
dation for the broader use of this technique in the future.

Abbreviations

IRE: Irreversible electroporation; EP: Electroporation pulse; TNF-a: Tumour
necrosis factor-alpha; IL-13: Interleukin 1(3; IL-10: Interleukin-10; IL-6: Interleu-
kin-6; PG |,: Prostacyclin |,; PG E2: Prostaglandin E2; NO: Nitric oxide.

Page 9 of 10

Acknowledgements
We would like to thank Dr. Nana Zhang PhD for the support of histopathologi-
cal analysis.

Authors’ contributions

The study was designed by FGR, YL; material preparation and animal experi-
ment were performed by YCZ, XH, ZQL, YZ, LHL, XYM, HNL, and YHG; data
collection, analysis, and interpretation were performed by YCZ, XH, QSL, and
XC; the manuscript was drafted by YCZ, XH and ZQL; FGR and YL revised the
manuscript. All authors read and approved the final manuscript.

Funding

This work was supported by: (1) National Key R&D Project of China (Grant No.:
2018YFC0115300 and 2018YFC0115305); (2) National Natural Science Founda-
tion of China (Grant No.: 81727802); (3) The Fundamental Research Funds for
the Central Universities (Grant No.: XJH012019060 and XJH012020022); (4) The
Scientific Development Funding of the First Affiliated Hospital of Xi'an Jiao-
tong University (Grant No.: 2020QN-08); (5) The Basic Natural Science Research
Project of Shaanxi Province (Grant No.: 2021JQ-401). The funders had no role in
the design of the study and collection, analysis, and interpretation of data and
in writing the manuscript.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

The study protocols were approved by the Institutional Animal Care and Use
Committee of Xi'an Jiaotong University (No. XJTU2018-463). All procedures
performed in studies involving animals were in accordance with the ethical
standards of the institution or practice at which the studies were conducted.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

"National Local Joint Engineering Research Center for Precision Surgery

and Regenerative Medicine, First Affiliated Hospital of Xi'an Jiaotong Univer-
sity, No. 277, West Yanta Road, Yanta District, Xi'an 710061, China. 2Department
of Hepatobiliary Surgery, First Affiliated Hospital of Xi'an Jiaotong University,
No.277, West Yanta Road, Xi'an 710061, China. *Electrical Science and Tech-
nology Research Institute, School of Electrical Engineering, Xi'an Jiaotong
University, No.28, West Xianning Road, Xi'an 710049, China.

Received: 13 October 2020 Accepted: 14 September 2021
Published online: 23 September 2021

References

1. Davalos RV, Mir LM, Rubinsky B. Tissue ablation with irreversible elec-
troporation. Ann Biomed Eng. 2005;33(2):223-31.

2. KotnikT, Frey W, Sack M, Haberl Megli¢ S, Peterka M, Miklav¢ic D.
Electroporation-based applications in biotechnology. Trends Biotechnol.
2015;33(8):480-8.

3. Weaver JC, Smith KC, Esser AT, Son RS, Gowrishankar TR. A brief overview
of electroporation pulse strength-duration space: a region where
additional intracellular effects are expected. Bioelectrochemistry.
2012,87:236-43. https://doi.org/10.1016/j.bioelechem.2012.02.007.

4. Rubinsky B, Onik G, Mikus P. Irreversible electroporation: a new
ablation modality—clinical implications. Technol Cancer Res Treat.
2007,6(1):37-48.

5. RenF LiQ Gao X, Zhu K, Zhang J, Chen X, et al. Electrical and thermal
analyses of catheter-based irreversible electroporation of digestive tract.


https://doi.org/10.1016/j.bioelechem.2012.02.007

Zhang et al. BMC Gastroenterol

(2021) 21:351

Int J Hyperth. 2019;36(1):854-67. https://doi.org/10.1080/02656736.2019.

1646928.

Geboers B, Scheffer HJ, Graybill PM, Ruarus AH, Nieuwenhuizen S, Puijk
RS, et al. High-voltage electrical pulses in oncology: Irreversible elec-
troporation, electrochemotherapy, gene electrotransfer, electrofusion,
and electroimmunotherapy. Radiology. 2020;295(2):254-72. https://doi.
0rg/10.1148/radiol.2020192190.

Chu KF, Dupuy DE. Thermal ablation of tumours: Biological mechanisms

and advances in therapy. Nat Rev Cancer. 2014;14(3):199-208. https://doi.

0rg/10.1038/nrc3672.

RenF, Li Q, Hu L, Yan X, Gao Z, Zhang J, et al. Safety and efficacy of mag-
netic anchoring electrode-assisted irreversible electroporation for gastric
tissue ablation. Surg Endosc. 2020;34(2):580-9. https://doi.org/10.1007/
500464-019-06800-3.

LiQ Ren F, Zhang Y, Chang P, Wang Y, Ma T, et al. Acute and subacute
effects of irreversible electroporation on normal common bile ducts in a
rabbit model. J Hepatobiliary Pancreat Sci. 2020;27(10):776-84. https://
doi.org/10.1002/jhbp.807.

Ueshima E, Schattner M, Mendelsohn R, Gerdes H, Monette S, Takaki H,
et al. Transmural ablation of the normal porcine common bile duct with
catheter-directed irreversible electroporation is feasible and does not
affect duct patency. Gastrointest Endosc. 2018;87(1):300.e1-300. https://
doi.org/10.1016/j.gie.2017.05.004.

. Wittkampf FHM, van Es R, Neven K. Electroporation and its relevance for

cardiac catheter ablation. JACC Clin Electrophysiol. 2018;4(8).977-86.
Srimathveeravalli G, Cornelis F, Wimmer T, Monette S, Kimm SY, May-
body M, et al. Normal porcine ureter retains lumen wall integrity but
not patency following catheter-directed irreversible electroporation:
imaging and histologic assessment over 28 days. J Vasc Interv Radiol.
2017;28(6):913-9. https://doi.org/10.1016/},jvir.2017.02.032.

LiQ Gao X, Zhang Y, Han X, Li Z, Zhang Y, et al. Magnetic anchoring and
guidance-assisted endoscopic irreversible electroporation for gastric
mucosal ablation: a preclinical study in canine model. Surg Endosc.
2021;91(6):AB257.

Rtibi K, Selmi S, Saidani K, Grami D, Amri M, Sebai H, et al. Reverse effect
of Opuntia ficus-indica L. juice and seeds aqueous extract on gastric
emptying and small-bowel motility in rat. J Food Sci. 2018;83(1):205-11.

20.

AR

22.

23.

24.

Page 10 of 10

. Kong Y, Sun N-N, Dong A-Q, Yang G-T, Zhao H-Y. Study of the effects

of nesfatin-1 on gastric function in obese rats. World J Gastroenterol.
2017;23(16):2940.

. Shifrin Y, Fajardo AF, Belik J, Sobchak C, Pan J. Gastric and pyloric

sphincter muscle function and the developmental-dependent regula-
tion of gastric content emptying in the rat. Am J Physiol Liver Physiol.
2016;310(11):G1169-75.

. Sgambato D, Capuano A, Giuseppa Sullo M, Miranda A, Federico A,

Romano M. Gut-brain axis in gastric mucosal damage and protection.
Curr Neuropharmacol. 2016;14(8):959-66.

. Cornelis FH, Durack JC, Kimm SY, Wimmer T, Coleman JA, Solomon SB,

et al. A comparative study of ablation boundary sharpness after percuta-
neous radiofrequency, cryo-, microwave, and irreversible electroporation
ablation in normal swine liver and kidneys. Cardiovasc Intervent Radiol.
2017;40(10):1600-8. https://doi.org/10.1007/500270-017-1692-3.

. Lyu C, Lopez-Ichikawa M, Rubinsky B, Chang TT. Normal and fibrotic liver

parenchyma respond differently to irreversible electroporation. Hpb.
2019. https://doi.org/10.1016/jhpb.2019.01.019.

Lee JM, Choi HS, Kim ES, Keum B, Seo YS, Jeen YT, et al. Characterization
of irreversible electroporation on the stomach: a feasibility study in rats.
Sci Rep. 2019;9(1):9094.

Mercadal B, Beitel-White N, Aycock KN, Castellvi Q, Davalos RV, Ivorra A.
Dynamics of cell death after conventional IRE and H-FIRE treatments. Ann
Biomed Eng. 2020. https://doi.org/10.1007/510439-020-02462-8.
Phillips MA, Narayan R, Padath T, Rubinsky B. Irreversible electroporation
on the small intestine. Br J Cancer. 2012;106(3):490-5.

Cemazar M. Effects of electroporation of mammalian cells on cytoskel-
eton and intercellular connections. In: Miklavcic D, editor. Handbook of
Electroporation. Cham: Springer; 2017. p. 307-21. https://doi.org/10.
1007/978-3-319-32886-7_18.

Van Roy F, Berx G. The cell-cell adhesion molecule E-cadherin. Cell Mol
Life Sci. 2008;65(23):3756-88.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1080/02656736.2019.1646928
https://doi.org/10.1080/02656736.2019.1646928
https://doi.org/10.1148/radiol.2020192190
https://doi.org/10.1148/radiol.2020192190
https://doi.org/10.1038/nrc3672
https://doi.org/10.1038/nrc3672
https://doi.org/10.1007/s00464-019-06800-3
https://doi.org/10.1007/s00464-019-06800-3
https://doi.org/10.1002/jhbp.807
https://doi.org/10.1002/jhbp.807
https://doi.org/10.1016/j.gie.2017.05.004
https://doi.org/10.1016/j.gie.2017.05.004
https://doi.org/10.1016/j.jvir.2017.02.032
https://doi.org/10.1007/s00270-017-1692-3
https://doi.org/10.1016/j.hpb.2019.01.019
https://doi.org/10.1007/s10439-020-02462-8
https://doi.org/10.1007/978-3-319-32886-7_18
https://doi.org/10.1007/978-3-319-32886-7_18

	Physiological and histopathological effects of electroporation pulse on stomach of rats
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animal care and ethics
	Experimental protocol
	Digestive function measurement
	Serum marker determination
	Histopathological analysis
	Statistical analysis

	Results
	Digestive function
	Serum marker analysis
	Gross pathology
	Histopathology

	Discussion
	Conclusions
	Acknowledgements
	References


