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Abstract
Gastrointestinal ischemia may be presented as a complication associated with late shock

detection in patients in critical condition. Prolonged ischemia can cause mucosal integrity

to lose its barrier function, triggering alterations that can induce organ dysfunction and lead

to death. Electrical impedance spectroscopy has been proposed to identify early alteration

in ischemia-induced gastric mucosa in this type of patients. This work analyzed changes in

impedance parameters, and tissue and molecular alterations that allow us to identify the

time of ischemia in which the gastric mucosa still maintains its barrier function. The animals

were randomly distributed in four groups: Control, Ischemia 60, 90, and 120min.

Impedance parameters were measured and predictive values were determined to catego-

rize the degree of injury using a receiver operating characteristic curve. Markers of inflam-

matory process and apoptosis (iNOS, TNFa, COX-2, and Caspase-3) were analyzed. The

largest increase in impedance parameters occurred in the ischemia 90 and 120min groups,

with resistance at low frequencies (RL) and reactance at high frequencies (XH) being the

most related to damage, allowing prediction of the occurrence of reversible and irreversible

tissue damage. Histological analysis and apoptosis assay showed progressive mucosal

deterioration with irreversible damage (p< 0.001) starting from 90min of ischemia. Furthermore, a significant increase in the

expression of iNOS, TNFa, and COX-2 was identified in addition to apoptosis in the gastric mucosa starting from 90min of

ischemia. Tissue damage generated by an ischemia time greater than 60min induces loss of barrier function in the gastric

mucosa.
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dance, biomarkers

Experimental Biology and Medicine 2021; 246: 1968–1980. DOI: 10.1177/15353702211021601

Impact statement
Delay in the diagnosis of shock, as well as

its treatment, can generate alterations that

can lead to death in patients in critical

condition. In this work, thresholds of

impedance parameters are proposed, and

the expression of markers of inflammatory

process and apoptosis is analyzed to

identify the time of ischemia at which the

gastric mucosa loses its barrier function.

Increases in RL and XH (>87 X and >13.5

�jX, respectively) in addition to the

expression of iNOS, TNFa, COX-2, and

apoptotic biomarkers suggest that

damage to the gastric mucosa generated

up to 60min of ischemia may be reversible;

and with proper treatment in this period of

time, the extent of the lesion could be

minimized, or the regeneration process

accelerated after the reperfusion stage,

preserving the barrier function of the gas-

tric mucosa.
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Introduction

Shock refers to a life-threatening circulatory failure caused
by an imbalance between supply and demand of cellular
oxygen. In patients in critical condition, vital signs, clotting
tests, and hematopoietic procedures are monitored to iden-
tify it. However, there are difficulties in diagnosing it since
the physiological changes that occur are subtle.1 This is
because in the body, compensation mechanisms are activat-
ed through which blood is redistributed to vital organs,
generating gastrointestinal ischemia induced by vasocon-
striction in the splanchnic circulation.2

Shock can be difficult to identify accurately, and it may
be hard to treat due to the multitude of options available;3

however, delayed detection of signs associated with hemo-
dynamic engagement in the body, delayed treatment,4 and
the treatment itself, can precipitate the development of an
injury in the gastrointestinal tract.5 As a result, bacteria and
toxic mediators released from the injured mucosa can be
transported through the circulation and mesenteric lymph
nodes, increasing the chance of sepsis,2 and cause multiple
organ dysfunction, which is directly related to morbidity
and mortality in patients in critical condition.6

At the clinical level, the presence of complications that
promote the formation of gastric ulcers has been identified,
specifically in gastric ischemia; medical treatment includes
fluid resuscitation and the placement of a nasogastric aspi-
ration tube.7 To identify early alterations in the gastric
mucosa and microcirculation changes generated by hypo-
perfusion in patients in critical condition, gastric tonometry
and capnometry have been used, with certain limitations.8

Electrical impedance spectroscopy (EIS) is the study of the
passive electrical properties of biological tissue (at the cel-
lular and molecular level) at different frequencies.
Impedance is the total effect of two separate orthogonal
dimensions: electrical resistance (R) that restricts electron
flow and dissipates energy, and electrical reactance (X)
which is the ability of membranes to store and release
energy.9 The EIS offers various clinical applications. It has
been used to detect potentially malignant oral lesions,10 as
well as to determine mucosal integrity in patients with gas-
troesophageal reflux.11 In addition, it allows measuring and
monitoring of fluid accumulation in patients with acute
decompensated heart failure,12 and evaluation hydration
status in dialyzed patients with chronic kidney disease.13

The EIS allows tissues to be characterized and serves to
identify the progression of tissue damage induced by ische-
mic conditions. Under oxygen deprivation conditions, cell
edema is one of the early effects that can be identified by
this technique. If the critical duration is exceeded, which
varies depending on the type of organ or cell, alterations
occur at the membrane level that induce death, so the
degree of injury is determined by the magnitude and dura-
tion of ischemia.14,15 Disturbances in intra and extracellular
volume, as well as alterations in cell membrane integrity,
directly affect R and X, respectively. Recently, EIS has also
been used to identify brain injuries induced by Ischemia/
Reperfusion (I/R)16 and to characterize different types of
cell death.17

Our research group has used EIS to monitor and detect
early alterations in gastric mucosa associated with ischemia
in patients in critical condition and in animal models.9,18 In
addition, we proposed a tissue lesion index (TLI) in the
gastric mucosa, based on the quantification of variables
related to I/R injury19 that can be directly related to
changes in gastric impedance. The variables considered
were the vascular area, glandular lumen area, the number
of damaged cells (edema, apoptosis, or necrosis), and the
depth of epithelial erosion zones, and from these parame-
ters, a characterization was made as to the presence of
tissue damage, based on a score >3.20

Nitric oxide synthase (NOS) is a family of enzymes that
use oxygen and nitrogen (derived from the amino acid argi-
nine) to catalyze nitric oxide (NO) production. Inducible
nitric oxide synthase (iNOS) is a calcium-independent
enzyme, which is expressed during the inflammatory pro-
cess and during hypoxic conditions. The increase in the
production of NO under reperfusion conditions has been
closely linked to an increase in tissue damage in affected
tissues.21,22 Tumor necrosis factor alpha (TNFa) is a cyto-
kine producedmainly bymacrophages. This cytokine plays
a key role in pathological conditions such as infections,
injuries, inflammation, and tumor development. Once
released by macrophages, it activates other immune cells
and mediates the production of other pro-inflammatory
cytokines.23 In addition, it has been reported that the
increase in the expression of hypoxia induced TNFa
increases the permeability of intestinal epithelial cells24

and the respiratory tract in vitro, facilitating the diffusion
of bacterial antigens and toxins that can cause inflamma-
tion.25 Cyclooxygenase-2 (COX-2) is an inducible enzyme
predominantly during inflammation, so it is regulated by
pro-inflammatory agents, including cytokines and endo-
toxins. There is evidence of an increased COX-2 expression
during gastrointestinal I/R conditions.26,27

Due to the gastrointestinal complications associated
with the diagnosis and treatment of shock, it is important
to identify alteration in tissues that may suggest that
damage to the ischemic gastric mucosa is still reversible
and has not lost its barrier function. In this work, changes
in impedance parameters were analyzed, along with tissue
and molecular alterations, that may make it possible to
identify the time of ischemia in which the gastric mucosa
still maintains its barrier function.

Materials and methods

Animal preparation and ethical considerations

Thirty-two male Wistar rats (250–300 g) were used, raised
in the vivarium of the Universidad Autonoma
Metropolitana – Iztapalapa, which remained under a con-
trolled environment (22�C� 2�C; 50%–60% relative humid-
ity and 12 h–12 h light–dark cycles) with access to food and
water ad libitum until the time of surgery. The rats were
randomly distributed in four experimental groups:
Control, Ischemia (Isc) 60, 90 and 120min. The experimen-
tal protocol was approved by the Ethics Committee of the
Centro Nacional de Investigacion en Imagenologia e
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Instrumentacion Medica, under the Official Mexican
Standard (NOM-062-ZOO-1999).

Surgical procedure

The rats were anesthetized with a mixture of xylazine and
ketamine (10–90mg/kg) administered intraperitoneally,
and kept with isoflurane inhaled at 2% until the experi-
ments were completed. Gastric mucosal damage from
ischemia was done by occlusion of the celiac artery.28 The
rats underwent a midline laparotomy, the artery was iden-
tified and occluded with a clamp to block blood flow for the
corresponding time for each of the groups. In the Control
group, the surgical procedure was performed without
inducing ischemia. After the corresponding time, a sagittal
gastrostomy was performed on the major curvature, the
gastric lumen was washed with saline solution and an
impedance spectroscopy probe and nasogastric tube (ISP/
NGT) was introduced to perform impedance measure-
ments; consecutively, biopsies of the glandular portion
were taken. Biopsies for histological analysis were fixed
in a stabilized neutral formalin solution (10%), while
those for molecular analysis were stored at –80�C until
processing. At the end of the experiments, the animals
were euthanized in accordance with NOM-033-ZOO-1995.

Measurements of gastric impedance

Impedance spectra were obtained through an ISP/NGT,
which has four silver electrodes at its distal end. An alternat-
ing electric current of 1mA was injected into the gastric
mucosa through the external electrodes, and several meas-
urements were performed for each animal at 23 frequencies
(215Hz to 1MHz), with software designed specifically for
the spectrometer. The device measured the tissue voltage
and calculated impedance parameters for resistance and
reactance. Gastric mucosa spectra have two dispersion
zones, one at frequencies below 10kHz (Low frequencies)
and the other above 10kHz (High frequencies). The spectra
were processed offline using a mathematical model to calcu-
late the characteristic parameters of the gastric mucosa: cen-
tral resistance at low (RL) and high (RH) frequencies, and
central reactance at low (XL) and high (XH) frequencies.

29

Qualitative and quantitative histological analysis

Biopsies were dehydrated with gradual ethanol, processed,
and embedded in paraffin into a tissue microarray. Nine
cross-sections and nine longitudinal cuts were made 3 mm
thick with a semi-automatic rotation microtome (RM2245,
LEICA), and were then stained with Hematoxylin-Eosin
(H&E). To evaluate mucus production, cross-sections
were made 3 mm thick which were stained with Periodic
acid–Schiff—Alcian blue (PAS-AB). The cuts were scanned
and digitized (Aperio CS2, Leica Biosystems) for qualita-
tive and quantitative analysis through digital pathology.
The manufacturer’s algorithm was used for the analysis
of the expression of each of the markers. Briefly, the algo-
rithms included in the Aperio CS2 equipment provide us
with a series of quantitative measurements, including
intensity, concentration, and percentage of positive

staining. To calculate the degree of injury in gastric
mucosa, a TLI proposed by Pe~na-Mercado et al.20 was
used, which is related to changes in gastric impedance
parameters to identify the maximum sensitivity and specif-
icity value from a curve of the operating characteristics of
the receiver (ROC).

Immunohistochemistry

The section tissues were deparaffinized and subjected to
antigenic recovery in sodium citrate buffer (pH 6).
Endogenous peroxidase blockage was performed with
methanol and hydrogen peroxide (3%) for 30min. The
blocking of non-specific binding was done for 3 h. The sec-
tion tissues were incubated with the primary anti-iNOS
(Rabbit polyclonal, Santa Cruz Biotechnology, SC-649;
1:200), anti-TNFa (Polyclonal Goat, SC-1351, 1:200), and
anti-COX-2 (Polyclonal Rabbit, Novus, NB-100–689) anti-
bodies in a wet chamber at room temperature throughout
the night. For negative control, an isotype control
(CalbiochEM millipore, NI01-100 (rabbit; NI02-100 (goat))
was used. They were then incubated with the secondary
antibody conjugated to horseradish peroxidase (HRP)
(anti-rabbit: MP-7401, anti-goat: MP-7405; Vector
Laboratories) for 30min inside the wet chamber at room
temperature. The antigen–antibody complex was revealed
with an immunodetection kit (Vector Laboratories) and the
counterstain was done with Hematoxylin. The immunos-
taining tissues were scanned and digitized (Aperio CS2,
Leica Biosystems) to quantify the intensity of staining
(Intensity/area).

Western blot

Biopsies were homogenized to extract total proteins with
the T-PER Tissue Protein Extraction Reagent (Thermo
Scientific, #7850) lysis buffer with protease inhibitor
(EDTA-free Protease Inhibitor Cocktail, 11873580001,
Sigma-Aldrich) added. The concentration of proteins was
determined by the direct microvolume method using the
NanoDrop TM Lite (Thermo Scientific TM) spectrometer.
Sixty micrograms of total protein per sample were separat-
ed into a 10% acrylamide gel (SDS/PAGE) and transferred
into a nitrocellulose membrane (Bio-Rad, Hercules). The
membranes were incubated with primary antibody anti-
Caspase-3 (SC-56053; 1:1000) and anti-GAPDH (SC-48167,
1:10,000) in blocking solution overnight at 4�C.
Subsequently, they were rinsed and incubated with second-
ary antibody coupled to HRP (SC-516102) diluted 1:1000 in
blocking solution for 2 h. Immunodetection was done by
chemiluminescence (Super SignalVR West Femto, Thermo
Scientific). Densitometry analysis was performed with
Image J software, version 1.45 (National Institute of
Health).

Apoptosis assay (TUNEL)

Detection of DNA fragmentation was performed using the
TUNEL (Terminal dUTP nick-end labeling) technique with
the In situ cell death detection fluorescein kit (Roche
Diagnostics). Longitudinal slices were made 5 mm thick,
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which were pre-assembled into electrocharged slides
(Superfrost Plus Glass Slides, Electron Microscopy
Sciences). The tissue sections were deparaffinized and sub-
jected to antigenic recovery in sodium citrate buffer (20�
Immuno/DNA Retriever with Citrate) for 40min in a
retriever for antigen unmasking (Retriever 2100, Electron
Microscopy Sciences); they were then incubated with the
mixture of TUNEL reaction conjugated to fluorescein for
60min at room temperature in a wet chamber in complete
darkness. The tissue sections were mounted with
FluoroshieldTM with DAPI (Sigma-Aldrich). The number
of reactive nuclei was quantified in three randomly selected
fields (�400) of the upper portion of the gastric mucosa in
three slices per specimen.

Statistical analysis

The data were analyzed using IBM SPSS 21 (IBM
Corporation) and GraphPad Prism 9 (GraphPad
Software). Parametric data were analyzed with an
ANOVA test followed by a post hoc Tukey test. For non-
parametric data, a Kruskal Wallis test was performed
followed by a post hoc T3 Dunnett test. To determine the
optimal value of impedance parameters (RL, RH, XL, XH) in
which damage to the gastric mucosa can be predicted, an
ROC curve was performed, considering the score of the
TLI> 3 as true positives (tissue injury). To identify which
impedance parameter has the greatest relationship to gas-
tric mucosal damage (TLI), a segmented linear regression
was made by taking as a “breakpoint” the predictive value
(PV) with greater sensitivity and specificity of each

parameter. Data are presented as mean� SEM. The value
of p< 0.01 was considered statistically significant.

Results

Analysis of gastric impedance parameters

To identify the effect of different ischemia times on the gas-
tric mucosa of rodents, impedance spectra (resistance and
reactance) were obtained (Figure 1(a)). A Cole–Cole plot
(resistance vs reactance) was made (Figure 1(b)) and gastric
impedance parameters of experimental groups were calcu-
lated at low and high frequencies. In the impedance spec-
tra, an increase was identified in the RL and XL (frequencies
< 10,000Hz) in the ischemic groups, with group Isc 90min
having the greatest change. Meanwhile, at frequencies
greater than 10,000Hz, no major changes in the RH of
ischemic groups were observed; however, XL and XH in
the groups Isc 90 and Isc 120min had a greater increase
than in the group Isc 60min (Figure 1(a)). The Cole–Cole
plot identified the two dispersion zones at low and high
frequencies and showed a right shift as tissue damage
associated with different ischemia times increases, with
greater changes in the Isc 90 and Isc 120min groups
(Figure 1(b)).

RL, RH, XL, and XH of the Isc 60min, Isc 90min, and Isc
120min groups had a significant increase (p< 0.001) with
respect to the Control group (Figure 1(c) to (f), respective-
ly). The biggest changes between ischemia groups occurred
in reactance. Significant differences in RL, XL, and XH

(p< 0.001) were observed between the Isc 60min vs Isc 90

Figure 1. (a) Gastric impedance spectra (resistance and reactance) of the Control, Isc 60, 90, and 120min groups. (b) Cole–Cole plot (resistance vs reactance). (c to f)

Graphical representation of measurements of impedance parameters of the Control group and experimental groups. (c) Resistance at low frequencies (RL). (d)

Resistance at high frequencies (RH). (e) Reactance at low frequencies (XL). (f) Reactance at high frequencies (XH). Data are expressed as the mean�SEM. ** p< 0.001;

NS: not significant.
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groups. In the Isc 120min group, it was observed that
impedance parameters tend to decrease; however, this
was not significant with respect to the Isc 90min group
(Table 1).

Histopathological analysis of damage in the gastric

mucosa

The epithelium, the area of the lamina propria, and blood
vessels were observed in the histopathological analysis of

the Control group, without apparent data of injury; glan-
dular architecture was found preserved (Figure 2(a) and
(e)). In the Isc 60min group, cells in the process of necrosis
and others with hydropic degeneration were identified, as
well as significant vascular congestion from the upper por-
tion to the fundus of the gastric gland (Figure 2(b) and (f)).
In the Isc 90min group, there was an identification of epi-
thelial cells that detached from the basement membrane
(anoikis) to the gastric lumen, areas of bleeding and

Table 1. Relation of gastric impedance parameters with the score of the tissue lesion index, expression of iNOS, TNFa, COX-2, cleaved Caspase-3, and

the TUNEL apoptosis assay under conditions: Control and Ischemia for 60, 90, and 120min.

Control Isc 60 min Isc 90 min Isc 120 min

RL (X) 52.57� 0.70 82.75� 1.37 93.74� 1.82 91.41� 2.07

RH (X) 34.80� 0.36 45.25� 0.61 47.46� 0.73 47.14� 0.93

XL (-jX) 5.77� 0.27 9.09� 0.26 13.69� 0.62 12.80� 0.71

XH (-jX) 5.17� 0.18 11.88� 0.40 13.57� 0.47 13.32� 0.55

TLI 0.82� 0.15 3.86� 0.10 4.76� 0.07 5.34� 0.12

iNOS (Int/mm2) 722.3� 83.20 1664� 283.4 5642� 608.7 5557� 330.5

TNFa (Int/mm2) 653.3� 38.08 545.9� 112 2492� 463.5 2565� 180.4

COX-2 (Int/mm2) 2452� 285.2 4940� 390.8 6564� 506 5436� 323.8

Cleaved Caspase-3 (AU) 0 0 0.44� 0.07 1.67� 0.28

TUNEL (positive cells) 2.57� 0.53 23.37� 2.19 61.52� 3.81 64.0� 7.08

Data are expressed as the mean�SEM.

RL: resistance at low frequencies; RH: resistance at high frequencies; XL: reactance at low frequencies; XH: reactance at high frequencies; TLI: tissue lesion index; AU:

arbitrary units.

Figure 2. Photomicrography of longitudinal and cross slices of rat gastric mucosa dyed with H&E. Groups: Control (a) and (e), Isc 60min (b) and (f), Isc 90min (c) and

(g), and Isc 120min (d) and (h). PAS-AB. Groups: Control (e, i), Isc 60min (f, j), Isc 90min (g, k), and Isc 120min (h, l). Identifiers: (*) areas of surface exfoliation and

erosion in the gastric mucosa (hollow arrowhead) vascular congestion, (black arrowhead) hemorrhage, (black arrow) cell in apoptosis, (dotted area) surface mucous

cells. (a to d, i to l) Scale bar: 200 mm; (e to h) Scale bar: 100 mm. (m to p) Scale bar: 80 mm. (A color version of this figure is available in the online journal.)
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vascular congestion, as well as flaking of surface epitheli-
um cells and loss of glandular architecture in some areas of
the oxyntic portion of the mucosa (Figure 2(c) and (g)). In
the Isc 120min group, there was widespread detachment of
glandular epithelium cells in the surface portion with major
bleeding, and areas of ulceration were identified (Figure 2
(d) and (h)).

On the other hand, the staining of PAS-AB (Figure 2(i) to
(p)) showed surface mucous cells of the gastric mucosa
with intense alcianophilia (blue color). In addition,
PAS-positive cells (bright magenta color) were identified
in the neck and basal portion of gastric gland pit in the
Control group (Figure 2(i) and (m)), which is maintained
in the Isc 60min group (Figure 2(j) and (n)), while in the Isc
90 (Figure 2(k) and (o)) and Isc 120min groups (Figure 2(l)
and (p)) the staining affinity was lost along the surface epi-
thelium and glandular epithelium of the gastric mucosa
indicating that the production of acidic and neutral glyco-
saminoglycans is lost, respectively.

According to histological analysis carried out with both
stains, morphological alterations associated with irrevers-
ible damage were evident, as well as the decrease in the
production of acidic and neutral glycosaminoglycans,
which compromises the first protective barrier of the epi-
thelium of the gastric mucosa subjected to ischemia times
starting from 90min.

Quantitative analysis of damage in the gastric mucosa

A significant increase (p< 0.001) was observed in the TLI
score in ischemic groups with respect to the Control group.
Isc 60, 90 and 120min groups presented a score >3 and
according to the categorization of the TLI, there is tissue
injury; however, the severity increases in a time-dependent
manner, with the Isc 120min group showing greater
damage. Even so, starting from the 90min of ischemia,
the functional integrity of the gastric mucosa can be com-
promised (Figure 3).

Relationship between gastric impedance parameters
and the TLI

Taken together, the results described in Table 1 showed that
all impedance parameters had an increase that relates to
morphological changes quantified with the TLI, with RL

and XH showing the largest changes between the Control
group and ischemia groups. Moreover, the XL showed an
abrupt increase in the Isc 60min group compared to the Isc
90min group.

ROC curve to categorize the degree of injury

With the data obtained from the analysis of each of the gas-
tric impedance parameters and the TLI score, an ROC curve
was derived to predict the damage to the gastric mucosa
generated by prolonged ischemia. The result of the ROC
curve identified that RL and XH were the parameters with
the highest area under the curve (AUC); however, the AUC
of the XL and the XH are very similar (Table 2). The result of
segmented linear regression was consistent with the AUC,
with RL and XH being the impedance parameters that best
relate (r2¼ 0.72 and r2¼ 0.66, respectively) to gastric muco-
sal damage (TLI) induced by a long-term ischemia model.

According to the ROC curve estimation, the PV for RL

and XH was 79 X and 10.5 �jX, respectively. However, to
identify the time of ischemia in which damage to the gastric
mucosa can still be reversible, other values were selected to
separate the true negatives (TN-no injury) and positives
(TP-with injury). For RL the values for identifying TN and
TPwere 70X and 87X, respectively, while the values for the
XH were 7.7 �jX and 13.5 �jX, respectively (Table 2).
According to these results, values found within the range
of TN and TP may present data of early inflammatory pro-
cess and reversible cell damage, which do not compromise
the barrier function of the gastric mucosa.

Immunostaining of biomarkers of inflammatory
processes and apoptosis

The immunohistochemical analysis of iNOS showed mild
cytoplasmic immunoreactivity in epithelial cells of the gas-
tric mucosa in the Isc 60min group (Figures 4(b) and 5(b)),

Figure 3. Graphical representation of the TLI score of the Control group vs experimental groups. Data are expressed as the mean�SEM. **p< 0.001; NS: not

significant.
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which increased significantly (p< 0.001) in the Isc 90 and
Isc 120min groups (Figures 4(c), (d) and 5(c), (d)), with the
Isc 90min group having the maximum peak of expression
(Figure 6(a)). Immunostaining of TNFa showed no changes
in expression between the Control group and the Isc 60min
group (Figures 4(e), (f) and 5(e), (f)), while in the Isc 90 and
Isc 120min groups (Figures 4(g), (h) and 5(g), (h)) the level
of expression increased significantly (p< 0.001), with the
Isc 90min group having the highest level of expression
(Figure 6(b)).

Immunohistochemical testing for COX-2 detection
showed positive immunoreactivity in some cell types of
the muscularis mucosae (Figure 4(i)) and the lamina pro-
pria (Figure 5(i)) in the Control group. Under ischemic con-
ditions, a significant increase (p < 0.01) in the expression of
COX-2 was observed in endothelial and surface epithelium

cells in the Isc 60 (Figures 4(j) and 5(j)) and Isc 90min
(Figures 4(k) and 5(k)) groups. In the Isc 120min group
(Figures 4(l) and 5(l)), a decrease in the expression of
COX-2 was identified with respect to the Isc 90min group
(Figure 6(c)), probably associated with the degradation of
tissue in the upper portion of the gastric mucosa.

DNA fragmentation of damaged epithelial cells was
analyzed using the apoptosis assay (TUNEL) which iden-
tified some positive TUNEL cells in the surface epithelium
in the Control group (Figure 4(m)). In ischemic groups
(Figure 4(n) to (p)), a significant increase (p< 0.001) was
observed in the number of positive cells and therefore in
the depth of the mucosa, with the groups of 90 and 120min
(Figure 6(d)) of ischemia having the greatest increase. After
120min of ischemia, the depth of the apoptotic area reaches
the oxyntic portion of the mucosa.

Table 2. Analysis of the ROC curve of gastric impedance parameters.

AUC TN Se–Sp PV Se–Sp TP Sp–Se

RL (X) 0.86� 0.022þO& 70 0.90–0.60 79 0.78–0.78 87 0.90–0.60

RH (X) 0.78� 0.028*& 38 0.90–0.43 43 0.71–0.71 48.7 0.90–0.40

XL (�jX) 0.81� 0.023* 5.4 0.90–0.27 9 0.75–0.75 10.5 0.90–0.65

XH (�jX) 0.82� 0.025*þ 7.7 0.90–0.52 10.5 0.74–0.74 13.5 0.90–0.50

*p <0.001; RL vs RH, XL, XH;
þp <0.001; RH vs RL, XL, XH;

Op <0.001; XL vs RL, RH, XH;
&p <0.001; XH vs RL, RH, XL.

ROC: receiver operating characteristic curve; RL: resistance at low frequencies; RH: resistance at high frequencies; XL: reactance at low frequencies; XH: reactance at

high frequencies; AUC: area under the curve; TN: true negatives; TP: true positives; PV: predictive value; Se: sensitivity; Sp: specificity.

Figure 4. Representative photomicrography of immunostaining of iNOS: (a) Control, (b) Isc 60min, (c) Isc 90min, and (d) Isc 120min. Immunostaining of TNFa: (e)
Control, (f) Isc 60min, (g) Isc 90min, and (h) Isc 120min. Immunostaining of COX-2: (i) Control, (j) Isc 60min, (k) Isc 90min, and (l) Isc 120min. Identifiers: (dotted area)

area of the highest expression. Scale bar: 200 mm. Detection of DNA fragmentation by TUNEL apoptosis assay (Terminal dUTP Nick-End Labeling) in experimental

groups: (m) Control, (n) Isc 60min, (o) Isc 90min and (p) Isc 120min. Scale bar: 100 mm. (A color version of this figure is available in the online journal.)
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The immunodetection analysis of Caspase-3 by Western
blot (Figure 6(e) and (f)) showed a gradual increase in the
expression of active caspase-3 starting from the Isc 90min
group, with the Isc 120min group being the one with the
highest level of expression (p< 0.01), while in the Control

group and Isc 60min group, cleaved Caspase-3 was not
identified.

Finally, with the results obtained, a scatter plot was
made to compare the expression of iNOS, TNFa, COX-2
vs the thresholds of the impedance parameters vs the TLI

Figure 5. Representative photomicrography of immunostaining of iNOS: (a) Control, (b) Isc 60min, (c) Isc 90min, and (d) Isc 120min. Immunostaining of TNFa: (e)
Control, (f) Isc 60min, (g) Isc 90min, and (h) Isc 120min. Immunostaining of COX-2: (i) Control, (j) Isc 60min, (k) Isc 90min, and (l) Isc 120min. Scale bar: 80 mm. (A color

version of this figure is available in the online journal.)

Figure 6. Graphical representation of the expression of iNOS (a), TNFa (b), COX-2 (c), and TUNEL apoptosis assay (d). Immunodetection and quantitative

analysis of cleaved caspase-3 (e) and (f). The experiments were performed in triplicate and the data are expressed as the mean�SEM. *p< 0.01, **p< 0.001; NS: not

significant.
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score (Figure 7(a) to (f)). The graph showed that the expres-
sion of iNOS in the subjects of the Control group and Isc
60min group (87.5%) is found below a score of 3 of the TLI
and TP-with injury of impedance parameters, while Isc 90
and 120min groups are distributed in the zone of inflam-
matory process (TN-TP) and irreversible damage (TP-with
injury) (Figure 7(a) and (b)). The expression of TNFa in the
subjects of the Control group and Isc 60min group showed
behavior similar to those of iNOS; meanwhile in the Isc 90
group, 62.5% of subjects are above TLI score 3 and in the
zone of inflammatory process and irreversible damage of
impedance parameters (Figure 7(c) and (d)). In the Isc
120min group, 100% of subjects are in the zone of inflam-
matory process and irreversible damage. Moreover, the
expression of COX-2 in all subjects of the Isc 90 and
120min groups is in the TLI injury zone and distributed
in the zone of inflammatory process and irreversible
damage (Figure 7(e) and (f)).

Together, these results show that, starting from 90min of
ischemia, cells in the epithelium in the gastric mucosa sig-
nificantly expressed iNOS, TNFa, and COX-2, biomarkers
of the inflammatory process, and have apoptotic cell death
in the superficial epithelium which can compromise the
integrity of the epithelial barrier.

Discussion

Shock is a pathological condition closely associated with
patients with burns, acute heart failure, and brain trauma,
among others. Reduced blood flow and late identification
of injury in the gastrointestinal region leads to several com-
plications associated with loss of mucosal integrity that can
increase mortality in patients in critical condition.30 In this
work, thresholds of gastric impedance parameters are pro-
posed to identify the time of ischemia at which the gastric
mucosa is viable and maintains its barrier function. The
results were confirmed with the expression analysis of
iNOS, TNFa, COX-2, and Caspase-3, in addition to the
TUNEL apoptosis assay.

The EIS allows monitoring and detection in real time of
the early morphological changes that occur under condi-
tions of oxygen deprivation.31 In patients in critical condi-
tion, it is of great importance to identify early the degree of
gastric mucosa injury caused by ischemia. The presence of
erosions in the mucosa and dysfunction in mucus produc-
tion has been identified by endoscopy by which the barrier
of protection of the gastric mucosa is lost within the first
24 h of the patient’s admission into intensive care. In addi-
tion, the risk of inducing splanchnic ischemia increases

Figure 7. Comparison of gastric impedance parameters vs the expression of iNOS, TNFa, and COX-2 vs TLI. (a, c, e) Resistance at low frequencies (RL); (b, d, f)

Reactance at high frequencies (XH). Black symbols correspond to the expression values of iNOS, TNFa, and COX-2. The hollow symbols correspond to the values of

the TLI.
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with supportive interventions such as mechanical ventila-
tion for more than 24 h and the use of vasopressors.32

In this work, early tissue changes associated with ische-
mia damage were detected, with an increase in low-
frequency impedance parameters (RL and XL); in addition,
a larger increase (RL, XL and XH) was found in the Isc 90 and
Isc120min groups. The increase in RL is related to edema and
decreased intercellular space in narrowed joints as a result of
anaerobicmetabolismduring ischemia.When the stimulus is
much prolonged, acute adenosine triphosphate deficiency
can lead to irreversible cellular damage that eventually
leads to membrane destruction and cell death,33,34 changes
that are related to increases in reactance (XL and XH).

Some papers have sought to identify tissue alterations
that suggest reversible and irreversible ischemic damage
and relate them to variations in impedance measurements
in cardiac tissue33,34 and liver.35 The integrity of bowel
mucosa36 and intestinal viability in ischemia have been
evaluated from electrical impedance measurements.30,37

Cui et al.35 reported a gradual increase at low frequencies
at 60min of ischemia with a tendency to form a plateau
after 120min of ischemia. For their part, Strand-
Amundsen et al.,38 reported a rapid increase in RL and XH

that are maintained during the first 3 h of ischemia before
decreasing, identifying the biggest changes in XH.
Moreover, RL has been used by Al-Surkhi and Naser39 to
characterize ischemic liver tissue in rabbits.

In gastric mucosa, Beltran et al.,18 reported that XL is the
parameter best related to early damage to the gastric
mucosa in patients in critical condition, in addition to
proposing the XL threshold>26 �jX for patients with the
greatest complications and mortality, and XL <13 �jX for
patients without complications.

In the results of this work, the impedance parameters
that best relate to damage to the gastric mucosa generated
under prolonged ischemia conditions are RL and XH as
reported by Strand-Amundsen et al.38 However, XL is a reli-
able indicator that allows tissue alterations to be identified
early under hypoperfusion conditions.18 In addition, the
thresholds obtained to identify the reversibility of
damage and the integrity of the gastric mucosa in the
murine model are different from those proposed by
Beltran et al.18 in humans. The differences could be due to
the species used in the experimental models. On the other
hand, impedance values are specific to each organ, with
considerable variations reported between samples of differ-
ent tissues and between the same organ in different species.
These variations can be caused by cytology (size, shape,
and arrangement of the tissue organization of the organ),
different fundamental substances and extracellular matrix
(amounts of water, fat, or types of connective tissue) that
essentially influence impedance at low frequencies.40

The histological results of this work show an increase in
mucosal damage in a time-dependent manner. Oxygen
deprivation for 60min caused cellular lesions associated
with reversible cellular damage, while starting from the
Isc 90min group, loss of intercellular and basal junctions
of some epithelial cells (anoikis), in addition to increased
vascular permeability (hemorrhage) was identified, culmi-
nating in the formation of ulceration zones at 120min of

ischemia, causing the gastric mucosa to lose its barrier func-
tion. When epithelial cells are in the process of apoptosis or
necrosis, substances found in the lumen may pass into the
submucosa as barrier function is lost.30 In the small intes-
tine it has been identified that the epithelial lining begins to
degrade after 45min of ischemia and by increasing the
duration of ischemic periods, restoration of damage
induced by 120min of reperfusion is not achieved; this
results in prolonged exposure of lamina propria immune
cells to molecular patterns associated with damage and
pathogens.41

Magalh~aes et al.,42 performed a viability analysis in
rabbit stomach finding necrosis and hemorrhagic ulcera-
tion up to the muscularis propria after 3 h of ischemia.
Consistent with histopathological data obtained with
H&E, staining with PAS-AB showed loss of mucin secretion
in the Isc 90 and Isc 120min groups. Disruption of the
mucus layer and the suppression of production can lead
to an increase in epithelial permeability.43 This mucus
secretion coats the epithelium of the gastric mucosa protect-
ing it from self-digestion by pepsin and acid. It has been
reported that 75% of patients in critical condition present
evidence of changes in mucus production within 24 h of
admission to the intensive care unit.44 Decreased mucin
synthesis makes the gastric mucosa more susceptible to
injury induced by various aggressor factors, including I/
R injuries.45–47 Grootjans et al.,46 reported that the loss of the
mucus barrier induced by colon ischemia for 60min allows
bacteria to penetrate and adhere to epithelial cells at both
the surface and base of the crypts; therefore, early identifi-
cation of ischemia in the gastrointestinal tract is critical to
minimize morbidity and mortality in patients in critical
condition.48iNOS is an enzyme related to the inflammatory
process, which is expressed under conditions of hypoxia,
and is also linked to the loss of epithelial integrity in gastric
I/R models.49,50 The kinetics of iNOS expression under
prolonged ischemia conditions have not been reported in
gastric mucosa, so it becomes important to detect the mod-
ulation of its expression in the early stages of ischemia to
intervene therapeutically in order to significantly minimize
the damage resulting from reperfusion. In this work, a
gradual increase in the expression of iNOS in gastric epi-
thelial cells was identified in a time-dependent manner. In
in vitro models, Xu et al.,51 induced the expression of iNOS
by oxygen and glucose deprivation, showing an increase
starting from 2h with a maximum expression at 6 h. In
addition, they identified cell death by apoptosis with an
increase corresponding to the duration of deprivation. For
their part, Serman et al.,52 induced the expression of iNOS
at different times of hypoxia identifying an increase after
4 h and reaching a plateau at 8 h of hypoxia. Several studies
have shown that hypoxia induces the expression of iNOS,
leading to rapid production of NO. In turn, NO is combined
with superoxide anion to generate peroxynitrite, which
causes lipoperoxidation, activation of Caspase-3 and
apoptosis.53

TNFa is a pro-inflammatory cytokine that is induced by
hypoxia and is related to increased epithelial permeabili-
ty.25 In this study, the expression of TNFa was identified in
epithelial cells of the gastric mucosa at 90min of ischemia

Eduardo et al. Bioelectric, tissue and molecular characteristics of gastric mucosa 1977
...............................................................................................................................................................



and descending slightly at 120min, probably due to the
degree of injury existing in the mucosa. Previous reports
have identified in cardiac54 and renal55 cells an increase in
TNFa levels in a time-dependent manner during oxygen
deprivation. Apoptosis induced by TNFa alters barrier
function, due to the detachment of epithelial cells which
produces microerosions that cannot be sealed by redistrib-
uting proteins from narrow joints. It has been shown that
epithelia can trigger extrusion after intrinsic or extrinsic
apoptotic stimuli and that these extrusion pathways are
partially dependent on external mitochondrial membrane
permeabilization and Caspase activation.56

Since increased TNFa expression in plasma has been
reported under conditions of gastric I/R (30min/
90min),49 in this work, iNOS and TNFa expressions were
evaluated as tissue biomarkers of the inflammatory process
in gastric mucosa. The increase of NO is related to the
induction of iNOS in macrophages, neutrophils, and in
affected tissues, so its elevated expression at the plasma
level is more related to the inflammatory process at the
systemic level and organ dysfunction.57

COX-2 is an inducible enzyme involved in inflammation
and is responsible for the production of prostaglandins
involved in the recovery of gastric ulcers.58,59 The expres-
sion of COX-2 may be induced in response to pro-
inflammatory factors (IL-1a, IL-1b, TNFa, INFc), with the
consequent expression of COX-2 in the areas of injury,
increasing the intensity of the immunohistochemical
signal with the severity of tissue damage.26 The results
obtained in the immunohistochemical analysis are consis-
tent with those reported, where COX-2 expression has been
identified in glandular epithelium cells, surface mucous
cells, mononuclear cells, fibroblasts, and endothelium in
areas of injury.58

Caspase-3 immunodetection and TUNEL apoptosis
assay identified the activation of Caspase-3 and the largest
increase in the number of apoptotic cells in ischemic groups
of 90 and 120min, indicating the existence of irreversible
biochemical processes that compromise the integrity of the
gastric mucosa. Histological data and tissue damage pat-
terns similar to those found in this work have been reported
in a model of intestinal ischemia, with detachment of glan-
dular epithelium cells after 90min of ischemia associated
with cell death by apoptosis.60 Consequently, after 90min
of ischemia, apoptotic and necrotic epithelial cells could
generate ulceration zones that could compromise the bar-
rier function of the gastric mucosa.

The expression of inflammatory mediators under ische-
mia and I/R conditions has been studied in both males and
females. It has been shown that the expression of bio-
markers of the inflammatory process and apoptosis present
sexual dimorphism. Female hormones affect the activation
of enzymes involved in vasoregulation, including COX and
iNOS, decrease TNFa release after intestinal ischemia, and
reduce neutrophil invasion in cerebral and myocardial I/R.
In addition, they exert potent antioxidant action and inhibit
apoptotic pathways.61,62 In an intestinal I/R model it was
shown that despite transient gender-related differences in
microcirculatory dysfunction, the intestinal barrier

degradation that ultimately develops after I/R is not influ-
enced by gender.61

In conclusion, the results of this work showed morpho-
logical alterations, changes in gastric impedance and
expression of markers of inflammatory process and cell
death caused the gastric mucosa to lose its barrier function
starting from 90min of ischemia. It was shown that iNOS,
TNFa, and COX-2 can be good biomarkers of damage
induced by gastric ischemia. The proposed model is a
good model of ischemia, which will allow future study of
the therapeutic methods to reverse the damage generated
at 60min of ischemia.
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