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Stress-induced gastric adenocarcinoma: fluorescent and
electrical measurements
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We studied gender differences in gastric tumor in rats using original model of gastric adenocarcinoma and photodiagnostics
with delta-aminolevulinic acid, and impedance measurements of the stomach, liver and red blood cells in rats of both
genders. Highly heterogeneous gastric adenocarcinoma in rats of both genders was induced by means of a prolonged
exposure to social and chemical stresses. Exogenous fluorescence mapping using 5-aminolevulinic acid / protoporphyrin IX
was performed on the developed tumors, and the suspicious areas were investigated and compared with the surrounding
intact tissues by electrical bio-impedancemetry techniques. The histological data revealed significant gender differences in
as the number of male rats with neoplasia was higher by a factor of 1.5. Exogenous fluorescence maps were detected in
gastric cancerous areas, but no gender correlation was observed. Significant gender differences were revealed when
bioelectrical impedance and polarization coefficients patterns were measured. In some cases, photodiagnosis yielded a
false-positive exogenous fluorescence due to dye accumulation in benign and inflammatory mucosal areas and the
application of additional methods, such as impedance measurement of gastric tissues and red blood cells might prove to be

a promising way of improving the diagnostic efficiency of photodiagnosis, including gender-related aspects.
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1. Introduction

According to the data provided by the International
Agency for Research on Cancer (IARC) [1], the incidence
rate of cancer pathologies is growing at an alarming rate.
As stated in GLOBOCAN 2012 (http://globocan.iarc.fr —
IARC online database), gastric cancer (GC) is the fifth
most common malignant tumor in the world. The highest
incidence rates of GC are observed in Japan and the
developing regions of China, in the Middle East, Central
America and South America. [2] Moreover, gender
differences exist in the prevalence of this disease: the
incidence of gastric cancer is twice as high in men as in
women, and the mortality rate among men is also 1.5 times
higher than in women. [3-5]

Various assumptions have been put forward regarding
the reasons for gender differences in gastric cancer
development, including differences in dietary patterns,
distinct characteristics of microelement composition, and
diversity in nitrite food usage, smoking, consumption of
excess salt, fried and smoked products, excess weight,
infection with Helicobacter pylori [6-9], etc. Obviously,
in-depth studies are needed of the interaction between
synergistic risk factors that lead to male population’s
increased morbidity and high mortality due to
gastrointestinal cancer.

Lately, photodynamic diagnostics (PDD) has been
applied more frequently in the clinical practice to evaluate

the state of the stomach. [10, 11] For this purpose, delta
aminolevulinic acid (5-ALA) is used, which by itself is not
a fluorophore compound, but a precursor of
protoporphyrin IX, which accumulates specifically in
tumour cells and emits fluorescence, when the tumour is
irradiated with appropriate excitation light.

However, the major problem of gastric cancer PDD is
its low specificity arising from the false-positive
fluorescence  signal of  exogenous  fluorophores
accumulated in benign and inflammatory mucosal areas.
[12, 13] This fact suggests that PDD alone is not sufficient
for correct diagnosis of gastric neoplasia; thus, the
application of additional methods for early detection of
cancerous changes in the stomach could significantly
increase the diagnostic accuracy of the gastric cancer PDD
technique.

One of the possible ways of improving the PDD
diagnostic efficiency is adding electrical impedance
parameters measurements of the blood and evaluating the
stomach tissues’ polarization coefficients. Based on the
tissue impedance measurements (from a patient biopsy
taken for diagnosis, or from the red blood cell mass), it is
possible to infer the presence of malignant tumors and
necrotic changes in the tissues, while a reduction in the
polarization coefficient is a telling evidence concerning
the viability of body tissues and the time of death. [14, 15]

It has been established that the electrical properties of
biological tissues depend on their morpho-functional state.
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[16]. The total electrical resistance (impedance) of tissues,
measured at high frequencies, allows one to evaluate the
intracellular changes, while in the low-frequency range it
is correlated with the size of the intercellular spaces, the
level of blood filling and tissue hydration. In practice,
relative impedance indices are analyzed, comparing the
healthy tissues’ impedance (the physiological norm) with
the impedance of an affected tissue site.

In this way, the usage of PDD is appropriate to a
higher degree in the detection and visualization of tumors
boundaries, while the impedance method could evaluate
more precisely the state of the tumor and the depth of
tissue damage.

The development of technologies for early detection
of gastric cancer has been impeded by the lack of suitable
animal models. Currently, a large number of models of
carcinogenesis induction have been proposed, but none of
them can be unambiguously transferred to the
development of tumor processes in humans. [17-22]. Thus,
new models are required for a more in-depth study of the
processes of carcinogenesis and the investigation of
changes occurring in the initial stages.

In our preliminary studies, we showed that prolonged
(nine-month) combination of  chronic  stress
(overpopulation) and daily diet with nitrite in water and
aromatic amine in food is accompanied by formation of
metastatic adenocarcinoma in rats. [23]

Using our novel rat model of highly heterogeneous
adenocarcinoma, we investigated the effectiveness of PDD
for early detection of gastric cancer with the help of 5-
ALA/PpIX, and measured the impedance in the stomach,
liver and red blood cells. The gender differences in rat
tissue’ electrical parameters were also observed and
estimated.

2. Materials and methods

The study was carried out on 100 outbred white
female and male rats weighing 220-250 g in accordance
with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996), the protocols
were approved by the Institutional Review Boards of the
Saratov State University (Protocol No. 7, 07.02.2017). The
rats were housed at 25+2C, 55% relative humidity, and
12:12 h light - dark cycle. Food and water were given ad
libitum.

The animals were divided into four groups: 1) and 2)
were the control groups included healthy female rats
(n=10) and male rats (n=10) living under standard
conditions; 3) and 4) were the experimental groups
included female rats (n=40) and male rats (n=40), which
were subjected to chronic stress and daily diet with nitrites
and aromatic amine.

To induce gastric cancer in rats, we used our original
model of gastric highly heterogeneous adenocarcinoma
[23], namely, chronic stress (overpopulation during nine
months) and diet including the daily use of toluidine (25
mg/kg) in food, and water with nitrites (2 g/l). This model
is close to the real natural factors such as stress and

nutrition, which during long time (in our model during
nine months) provoke development of cancer in
gastrointestinal tract in humans. [24-26] Our model allows
to study the formation of adenocarcinoma from pre-
cancerous stages till cancer with spread of metastases in
lungs and in liver that are also similar clinical signs of
gastric tumor in humans. [27]

The histological studies were carried out according to
the standard methods with the manufacture of paraffin
blocks and staining of thin sections (3-5 pwm thickness)
with hematoxylin and eosin.

The tissue samples and areas of the normal and
abnormal gastrointestinal tissues were evaluated using
fluorescent techniques.

Delta-aminolevulinic acid (5-ALA) in a dose of 20
mg/kg (ALASENS, Niopik Inc., Russia) was applied 2
hours before the spectroscopic observation and evaluation
of gastric and liver tissues. The organs were investigated
in vivo — for initial addressing and ex vivo, after
decapitation of the animals, using excitation at 405 nm
(AFS-405 LED light source, FWHM = 20 nm, Popt=25
mwW,  Polironik  Ltd., Russia), a  USB4000
microspectrometer (OceanOptics Inc., Dunedin, USA) for
the 1-D measurements, and a DinoL.ite digital microscope
(model AM 4013 T-FWV, IDCP B.V., The Netherlands)
for 2-D images of the samples. The suspicious areas (with
exogenous fluorescence observed) were placed in the
groups of “cancerous mucosa” and “metastasis”
respectively, for the stomach and liver. The absence of
exogenous fluorescent signal from delta-aminolevulinic
acid/ protoporphyrin IX was an indicator for healthy tissue
areas in both organs. All tissue areas addressed spectrally
were histologically verified in posteriori as well.
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Fig. 1. Block-scheme of the electric bio-impedance

measurements unit, consisting of SG-signal generator,

PS — power supply, DV- digital voltmeter, A - cuvette

with a platinum electrode for a liquid media, and B -

needle-shaped electrodes for solid media measurements
of a submerged type fixed on a common base

The electric bio-impedance measurements were
carried out on ex vivo tissue samples of the stomach and
liver and on washed red blood cells, washed twice with
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NaCl (9 g/l), by means of a multi-frequency analyzer
consisting of a G6-27 signal generator, a B7-27 A/1 digital
voltmeter, a K762 power supply unit, and a cuvette, see
Fig. 1.

The device is designed to measure the magnitude of
the impedance in the 1 Hz - 1 MHz frequency range. Our
electrical resistance measurements were conducted at six
discrete frequencies from 50 Hz to 100 KHz using a 2-ml
cuvette with a platinum electrode for a liquid medium and
needle-shaped electrodes of a submerged type fixed on a
common base. The length of the immersed part was 2 mm,
with a 15-mm distance between the needles. Then, we
calculated the polarization, or dispersion, coefficient, Cp,
namely, the ratio of the impedances at two fixed
frequencies (100 Hz and 100 kHz).

The statistical analysis of the data was performed
using the Mann-Whitney test, with the differences
considered significant for p < 0.05. The data obtained are
presented as mean + standard mean error.

3. Results

3.1. Histological data

Using our original model of gastric cancer in rats, we
clearly demonstrated the development of gastric tumors in

animals having lived for nine months under a combination
of chronic stress (overpopulation) and a diet with

nitrites+toluidine. The histological data revealed the signs
of a highly-differentiated adenocarcinoma in 56% of rats
(45 of 80) (Fig. 2d). Among these rats, 28 were males (70
%, 28 of 40) and 17 females (42%, 17 of 40), i.e. the
number of males with gastric cancer was higher by a factor
of 1.6 than that of females. Further, 35 % of the rats (14
females (35 %) and 12 males (30 %)) have exhibited
atrophic gastritis and dysplasia of the glands in the
stomach, which are precancerous indicators (Fig. 2b and
2¢). Metastases to the liver and lungs were observed in 70
% of the rats with adenocarcinoma of the stomach
independently of the animals’ gender (Fig. 2e & 2f).
Metastatic nodes were represented by clusters of atypical
cells with large hyperchromatic nuclei. Moreover, 23 % of
female rats (9 of 40) developed peptic ulcers without
precancerous or cancerous changes in the stomach. Figure
2a shows normal gastric tissues.

3.2. Photodiagnosis of gastric cancer in rats

The spectra of normal and precancerous stomach
mucosa are presented on Fig. 3a; the fluorescent signals of
normal and metastatic liver areas are presented on Fig. 3b.

To assess not only the appearance of cancerous areas,
but also the boundaries of such lesions, 2-D images in a
fluorescent mode were also acquired. Examples of such
observations are presented in figure 3C and figure 3D,
respectively, for the stomach and the liver.

Fig. 2. Histological analysis of various organs of rats: (a) normal gastric mucosa; (b) dysplasia of the glands in the stomach;
(c) atrophic gastritis; (d) highly differentiated adenocarcinoma of the stomach; (e) metastases in the liver; (f) metastases in the
lung. Hematoxylin & Eosin staining. Bars represent 10 pm (246.4X) (color online)

The red spots observed correspond to exogenous
fluorescence of 5-ALA/PpIX, while the blue signal is
associated with endogenous fluorescence of healthy
mucous membrane and corresponds to the signal from
elastin, collagen and NADH and flavins coenzymes, which
are emitting in the blue-green spectral region. [12, 28]

One can clearly distinguish the different accumulation
of 5-ALA/PpIX in the abnormal areas, with a well-

pronounced fluorescence in the 630 - 710 nm region and
the PplX-specific maxima at 635 nm and 704 nm, Figs. 3a
and 3b. The integral intensity of the autofluorescence of
normal gastric mucosa is higher in the visible spectral
range; therefore, in Fig. 3c, presenting the fluorescent
image of the stomach ex vivo, the bright light-blue signal
is emitted by the normal mucosa, as opposed to the red
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fluorescence that originates from the cancerous areas of
the stomach.

The intermediate areas with pinky fluorescence
observed (lower left-hand side of the image in Fig. 3c) are
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Fig. 3. Photodiagnosis of gastric cancer in rats with highly heterogeneous adenocarcinoma using 5-ALA/PpIX: (a) Comparison
of the fluorescence spectra of normal, inflammatory and cancerous stomach mucosa; (b) Comparison of the fluorescence
spectra of normal and metastatic liver tissues; (c) Image in fluorescent mode of stomach mucosa with cancerous (red) and
normal (blue) mucosa; (d) Image in fluorescent mode of liver tissue with metastatic area (red spots) observed (color online)

Thus, false-positive fluorescence of exogenous
fluorophores 5-ALA/PpIX is observed; this could give rise
to problems in the case of applying 5-ALA/PpIX as a
contrast agent for evaluation of gastrointestinal tumors
[29] due to its accumulation in inflammatory areas as well.
However, the intensity of the fluorescence in the 630 - 700
nm range originating from such areas is much lower than
that from the cancerous sites, which allows one to
discriminate between them using a 1-D spectroscopic
measurement technique.

Fig. 3b presents a comparison of a normal and a
metastatic liver, where the accumulation of 5-ALA/PpIX
in the damaged tissues was also detected and the
exogenous emission was used as an indicator of
pathological alterations in the liver tissue.

The blue-violet fluorescence is addressed to the
normal liver tissue, while the dissipative red fluorescent
spots correspond to the metastases observed in the organ.

We should emphasize the lack of gender differences
in the fluorescent signals detected during the examination
of gastric tissues using the photodynamic diagnostics
approach.

3.3. Impedance measurements

The fluorescent data obtained were validated by
impedance measurements conducted ex vivo on the
stomach and liver samples in normal and neoplastic state
of the tissues (Table 1). The analysis of the electrical
parameters of erythrocyte mass of animals of both genders
revealed a significant decrease in the polarization
coefficient with respect to the control groups in both males
and females.
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Table 1. Indicators of impedance and Cp of erythrocyte

mass, gastric mucosa and liver tissues at two fixed

frequencies in the control and experimental group for
male (3) and female (¢) animals

Z,kOm Z, kOm Cp
(F=100 Hz) (F=100
kHz)
. 3 | Control group | 1,42+0,06+ 0,98+0,127 1,29+0,09F
S Experimental 0,55+0,18* 0,51+0,03*f 1,07+0,03*
§ ﬁ group
§ €| @ | Control group 1,87+0,03} 1,21+0,06+ 1,54%0,06+
] Experimental 1,59+0,12*} 1,10+0,09*f 1,45+0,06*t
group
o © & | Control group 2,06+0,15+ 0,92+0,09+ 2,220,127+
% § Experimental 1,23+0,30*f 0,82+0,127 1,26+0,15%f
< S group
OE Q | Control group 2,34+0,121 0,93+0,031 2,51+0,151
Experimental 1,88+0,21*+ 1,16+0,06*+ 1,62+0,21*
group
& | Control group | 4,25+0,03+ 0,910,067 4,62+0,361
Experimental 2,31+0,12*f 1,00+0,03*f | 2,31+0,06*+
) group
§ Experimental 1,48+0,03*+ 1,10+0,06*f | 1,34+0,09*}
= animals with
5 revealed
= metastases
- Q | Control group | 4,61+0,36+ 1,210,241 | 3,810,331
Experimental 3,00+0,45*F 1,370,181 2,17+0,39*}
group

(p <0.05): * — vs. the control group; T- between females and males.

Electrical impedance measurements of the gastric
mucosa have been successfully used to diagnose forms of
gastritis and benign and malignant tumors. Thus,
according to the literature data, Cp has a characteristic
interval for malignant tumors, namely, a reduction in the
15 - 40 % range, compared with healthy mucous
membranes. [30, 31]

The data obtained in our experiments indicated a
decrease in the Cp of the gastric mucosa by 43 % in males
and 36 % in females, which might indicate a development
of a pathological process in these tissues.

Our studies also revealed a significant difference
between the impedance values of normal and pathological
liver tissues in both males and females, namely, the Cp
values decreased by 50% and 43%, respectively.

In the low-frequency range of measurements, the
absolute resistance index of a liver where tumor
metastases were diagnosed was lower by 67 % than the
control values in a normal liver tissue, while the Cp values
were reduced by 70%.

We assume that the values registered of the liver
tissues’ electrical characteristics may be the result of the
prolonged exposure to toxicants by way of disrupting the
membrane barrier function and the ion balance and
altering the trans-membrane potential. The systematic
application of toxic substances (nitrites and amines) causes
a compensatory re-organization of the metabolism and
leads to the development of a pathological type of
metabolic processes, which is reflected in the nature of the
impedance frequency dependence.

4. Discussion

We studied the development of gastric cancer in
female and male rats using our original model of stress-

induced metastatic adenocarcinoma. Our  results
demonstrate that long-term (during nine months)
combination of such factors as social stress and food
provoke development of gastric adenocarcinoma in rats
that confirms hypothesis about an important carcinogenic
nature of stress and nitrosamines in humans. [24-26]

It could be noticed that most inbred strains of animals
have resistance to gastric carcinogenesis. Helicobacter
infection and carcinogen treatment have been used to
establish rodent models that exhibit phenotypes similar to
those of human gastric cancer. [17, 30]

A large number of transgenic and knockout mouse
models of gastric cancer have been developed using
genetic engineering. However, these models cannot
reproduce real scenarios of human gastric cancer, which
include not only genetic mechanisms, but mostly
influences of ecological and stressful factors. A
combination of carcinogens and gene manipulation has
been applied to facilitate development of advanced gastric
cancer; as well, there is no animal models of gastric cancer
that reproduce metastatic aggressiveness of gastric cancer
that is typical for human.

Our data show that model of stress-induced gastric
adenocarcinoma is associated with pre-cancerous stage
and cancerous processes with spread of metastasis in lungs
and in liver that is similar to the clinical signs of
aggressiveness of gastric tumor in humans. [27]

Thus, our model of stress-induced gastric
adenocarcinoma is useful for the study of formation and
progression of gastric cancer that is important tool for
development and improving of photodynamic diagnostic
methods.

Our results also clearly demonstrate significant gender
differences in the resistance to stress-induced gastric
cancer. Indeed, the number of males with adenocarcinoma
was 1.6-fold higher than females (70% of males and 42%
females). Only among females we observed animals (23
%) resistant to stress and showing no cancerous changes in
the stomach. Thus, the rat adenocarcinoma model chosen
provided an informative platform for further analysis of
gender differences in impedance measurements.

Fluorescence spectra showed no gender differences, in
contrast with the results of the impedance measurements.
However, the spectral observations could be used for
preliminary addressing for the further electric
measurements, giving information about the suspicious
tissue alterations and their boundaries. As it is known, the
accumulation of a photosensitizer in the cells depends on
the state of the tissue: normal, inflammation /
precancerous condition, and tumor, but does not depend on
the animal’ gender. Therefore, the fluorescent method is
useful for preliminary mapping of the tissue. [12, 28, 29],
while measuring the impedance allows a more accurate
determination of the tissue’ physiological state. [14]

Limitations of impedance measurement in the
diagnosis of tumors lie in the fact that this method alone
does not allow determining the localizations of the tumour
in the body and requires prior mapping of the tissue
investigated.



Stress-induced gastric adenocarcinoma: fluorescent and electrical measurements 321

However, impedance measurements usage allows us
to estimate the degree of tissue damage in the course of the
pathological process. Electrical impedance detection could
be used as a non-invasive method in the case of the
electrical parameters of erythrocyte mass measurements. It
is preferable to estimate the Cp, since it is relative value,
does not require a comparison with the healthy tissue
impedance and allows assessing the degree of the
destructive pathological alterations. This indicator is also
convenient for observing the dynamics of the pathological
process development or to estimate the efficacy of
therapies applied.

Moreover, during surgical interventions, measurement
of tissue impedance at one frequency could be applied,
which allows to assess the physiological state of the tissue
during excision procedure. [31]

Analyzing the electrical parameters of tissues studied,
we found that a greater decrease in the impedance and
polarization coefficient (up to 65% in animals with
diagnosed tumors) was typical for males, while for
females this indicator did not exceed 45% (Table 1). This
fact points to a more intensive course of development of
pathological processes in males, as compared with
females, when the stress conditions being kept the same.
In particular, in males we determined a stronger tissue
damage of the stomach and a decrease in the resistance of
the erythrocyte mass and liver tissue, in agreement with
[7]1. We, therefore, believe that the rate of the
inflammation process and neoplasm growth under the
same conditions is higher in males than in females, so that
using impedance measurements one could make gender-
specific prognoses.

Our results are consistent with the data of clinical
studies; for example, a study of more than a thousand
Moroccan gastric biopsies showed that the most virulent
vacA alleles (s1, i1 and m1) of Helicobacter pylori were
found in specimens of men, rather than of women. [32]
The authors explain these gender differences with the
different activity of the immune system. They showed
higher pro-inflammatory reactions in women compared
with men, with significantly higher concentration values of
inflammatory factors, such as TNF-o and IL-6 in plasma.
[33] A correlation between the overexpression of the
HER2 onco-gene (human epidermal growth factor receptor
2) in the male gender and diffuse-type tumors was found
in the study of the Malaysia population. [34, 35].

The diagnostic significance of the analysis of tissue
bio-impedance is associated with the high information
content of its frequency dependencies; this is why we
estimated Cp, defined as the ratio of the impedances at two
fixed frequencies, low and high. It characterizes the
general state of structural organization of a tissue. With the
destruction of the structure, the resistances at these
frequencies tend to one another and the Cp value
approaches unity. Therefore, it is possible to estimate the
viability of a tissue in accordance with its bio-impedance
indices. [16, 31]. In in vivo studies, a preliminary mapping
of the suspicious areas must be applied in view of focusing
more accurately the impedance measurements. Such
mapping could be conducted by using spectroscopic

techniques, such as fluorescence detection of tumors with
or without exogenous markers applied. [12, 36]

The impedance measurement is an express method for
tissue analysis [37] and can be wused as a tool
complementary to the exogenous fluorescence
observations with regard to increasing the diagnostic
accuracy and discriminating between malignant and
benign gastric changes. We found a decrease in the
absolute impedance values at low frequencies in
metastases and foci of hepatocellular carcinoma. These
data obtained on experimental animal model correlate well
with the results obtained earlier on humans with liver
pathologies. [38, 39]

The alterations of tissue’ electrical parameters
correlated with the complex of factors that determine the
preferred development of gastric cancer in males.
Therefore, the impedance measurement technique can be
used as a simple method of monitoring the dynamics of
development of malignant neoplasms and, thus, of making
gender-specific predictions about changes in a patient’s
condition.

In our studies 5-ALA was applied as a precursor of
exogenous fluorescent marker — PplX, as an approved
drug for clinical applications, which is highly selective to
the neoplastic lesions in gastrointestinal tract due to the
specific metabolism of cancer cells, [12, 23, 28]
Protoporphyrin 1X has bright fluorescence in the red
spectral region, far from the endogenous fluorescence of
proteins and co-enzymes, typical fluorophores of the
gastrointestinal mucosa, which is situated at the blue-green
spectral range. [12, 28] In this way, a good contrast could
be achieved between normal and neoplastic mucosa and
the lesions areas and borders would be clearly observed
and addressed for the following electrical measurements of
the impedance properties of the cancerous and normal
tissue sites.

5. Conclusions

Diagnosing gastric cancer in its early stages is still a
very difficult clinical task. The search for new detection
modalities or combined techniques that will improve the
gastrointestinal tumors identification and evaluation of
their relations with the patients’ biochemical,
physiological, genetic or other fingerprints is a challenging
task, as many parameters are to be investigated.

In our study, we found that the combination of long-
term social and chemical stresses brings forth the
development  of  highly  heterogeneous  gastric
adenocarcinoma in more male rats vs. female rats
(incidence rate higher by about a factor of 1.5). The
photodynamic diagnostics of the gastric cancer revealed
precancerous and cancerous areas in the rat stomach, but
no sex differences in the fluorescent mapping of the
gastric tissues. Finding gender correlations was only
possible by using impedance measurements of the
stomach, liver and red blood cells. It is worth noting that,
although exogenous fluorescence spectroscopy has
recently become an advanced tool for endoscopic
observation of gastrointestinal  neoplasia, it s
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characterized by a high sensitivity but a moderate
specificity of diagnosis. In certain cases, PDD provides a
false-positive fluorescence of exogenous fluorophores due
to the latter accumulation in benign and inflammatory
mucosal areas. This fact suggests that PDD alone is not
sufficient for correct diagnosis of gastric cancer,
particularly when a gender-specific approach is needed.
Therefore, the application of additional methods, such as
measuring the impedance of gastric tissues and red blood
cells, could prove to be a novel way of improving the
diagnostic efficiency of PDD, including when a gender-
related aspect is sought for.
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