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Abstract: The aim was to demonstrate the potential negative effect of the tannic acid on the expression of
connexin 45 in rat kidney damaged by the chronic hyperglycemia, due to a need for critical assessment of the
positive effects of the use of tannic acid in the treatment of many diseases. Twelve male Wistar rats were used
in the trial over a period of twenty weeks. The rats were divided into three groups of four rats. The first group
of rats was receiving a drinking water (control group, C). The second group was receiving 30% w/v sucrose
solution in drinking water (sucrose group, Suc), while the third group received 30% wi/v sucrose solution and
0.1% w/v tannic acid in drinking water for 20 weeks (sucrose +tannic acid group, Suc+TA).
Pathohistologically, we observed damage of the kidneys caused by the hyperglycemia, while damage was
more expressed in the Suc/TA group. Analysis of the microphotographs showed that high sucrose treatment
caused reduced expression of connexin 45 in the proximal tubules of the kidney, and the addition of the tannic
acid made the reduction statistically significant (p <0.05). Based on the results, we concluded that the tannic
acid in combination with the chronic hyperglycemia, in the dosage of 0.1% in drinking water decreases the
expression of the connexin 45 in the proximal tubules of the rat kidney.
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1. INTRODUCTION haemodynamic modifications. It is responsible
for glomerular hyperfiltration and
microalbuminuria, which in turn increase the
expression of the pro-fibrotic transforming
growth factor-beta (TGFB) (Schena and
Gesualdo, 2005, Kanwar et al., 2008).
Hyperglycaemia and the hyperfiltration cause
the damage of the glomeruli and consequent

proteinuria (Triplitt, 2012) (Sampanis, 2008).

Diabetic nephropathy (DN) is one of the most
serious complications of diabetes mellitus
(DM), causing almost half of all cases of end-
stage renal disease in the United States (de Boer
et al., 2011). Kidneys are important for
homeostasis of glucose, cause their role in
gluoconeogenesis, filtration, re-absorption and
secretion of the glucose. Hence, the changes in

the kidney function are involved in development
of hyperglycaemia and type 2 diabetes (DM2).
Direct connection between hyperglycemia and
damage of the renal cells has been established in
many studies (Rai et al., 2015) (Michishita et
al., 2017). Increase in glucose re-absorption as a
consequence of the increased blood glucose and
renal re-absorption is one of the mechanisms in
development of the hyperglycaemia and
consequent microvascular complications
(Triplitt, 2012). Hyperglycaemia causes renal
damage  directly and indirectly, by
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Connexins are trans-membrane proteins that
form gap junctions and hemi-channels called
connexons. Gap junctions enable direct
exchange of the ions and small molecules
between cells, while the connexons are
important for exchange between the cell and the
extracellular space (Sampanis, 2008, Lawrence
et al., 1978, Saez et al., 1989). Between twenty
known isoforms of the connexins, nine was
found in kidney: Cx26, Cx30.3, Cx31, Cx32,
Cx37, Cx40, Cx43, Cx45 and Cx46 and their
roles are still not fully investigated (Hanner et
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al., 2010). Isoforms Cx37, Cx40 and Cx43 are
expressed in renal vasculature, predominantly
between endothelial cells of the afferent
arteriolae (Arensbak et al., 2001). Cx45 was
found in smooth muscle cells of the renal
arterioles and mesangial cells, where it regulates
constriction and dilation, taking a part in rennin
secretion and control of the blood pressure
(Hanner et al., 2010). It was also found in
podocytes and proximal tubular cells (PTCs)
(Hanner et al., 2010). Its expression in distal
tubular cells has been controversial (Butterweck
et al., 1994, Silverstein et al., 2003).

It was observed that DM changes the expression
and regulation of the connexins, which are
important in development and function of many
organs (Hanner et al, 2010). Chronic
hyperglycaemia changes the number of gap
junctions, damaging consequently the blood
vessels and nerves, causing the atherosclerosis
and slowing the wound healing (Zhou et al.,
2015, Hamelin et al., 2009).

Tannic acid (TA) is a hydrophylic polyphenolic
compound present in broad spectrum of
vegetable foods e.g. red vine, cereals, fruits,
legumes, green tea and medicinal herbs (Chu et
al., 2016). TA strongly protects cells from the
oxidative stress, by inhibition of the lipid
peroxidation and development of reactive
oxygen species (Tikoo et al., 2008, Chung et al.,
1998, Zhao et al., 2014, Akiyama et al., 2001,
Yokozawa et al., 1993). Recently, anti-diabetic
effects have been attributed to the TA. It was
observed that TA decreases the post-prandial
rise in blood glucose (Gin et al., 1999),
stimulates glucose transport in the cells and
inhibits differentiation of the adipocytes (Tikoo
et al., 2008). In contrast, certain studies
accentuated prooxidative and cytotoxic effects
of the TA (Cao et al.,, 1997, Teixeira et al.,
2005, Labieniec and Gabryelak, 2003, Gupta et
al., 2002). Anti- or pro-oxidative effects of the
TA depend on different factors, including the
used dosage and the particular tissue and organ
(Masek and Starcevic, 2016, Chung et al.,
1998).

Taking into consideration these investigations,
we aimed to explore potentially negative effects
of the tannic acid treatment on expression of
connexins in kidney of rats damaged by chronic
sucrose treatment, in order to critically consider
benefits and usage of the tannic acid in
treatment and prevention of different diseases,
especially in diabetic patients.
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2. MATERIAL AND METHODS
2.1. Experimental Animals

Study was made on twelve male Wistar rats.
Experimental protocols were approved by the
National Ethics Committee (EP 13/2015) and
Veterinary Directorate, Ministry of Agriculture,
Republic of Croatia. Animals were held in
controlled environmental conditions
(temperature 22+1°C; 12-hr light/dark cycle).
Three groups were formed, on a base the
drinking solutions. The first group of rats was
receiving a drinking water (control group, C).
The second group was receiving 30% wiv
sucrose solution in drinking water (sucrose
group, Suc), while the third group received 30%
w/v sucrose solution and 0.1% w/v tannic acid
in drinking water (sucrose +tannic acid group,
Suc+TA). All rats were fed ad libitum with
rodent feed (containing 18% protein and 5%
fat). A glucometer was used for measuring of
blood glucose. The rats were euthanized under
the general anaesthesia (Narketan®, 80 mg kg—
1 b.m. + Xylapan®, 12 mg kg-1 b.m., i.p.,
Vétoquinol, Bern, Switzerland) 20 weeks after
the beginning of the experiment.

2.2. Tissue Collection and Processing

Kidneys were harvested and immersed in
Zamboni’s fixative (4% paraformaldehyde and
0.20 % picric acid in 0.1 M phosphate-buffered
saline (PBS), pH 7.4). Tissue was washed in
PBS and dehydrated in raising concentrations of
ethanol, cleared in xylene and embedded in
paraffin-wax, by using a standard procedure
(Filipovic et al., 2014). Paraffin blocks were cut
in 5 um thick sections, which were mounted on
histological glass slides. After deparaffinization,
sections were stained by using standard
histological trichrome staining or
immunohistochemistry.

2.3. Trichrome-Mallory Staining

The trichrome-Mallory staining was performed
as described previously (Agnic et al., 2014).
Sections were immersed in hematoxylin and
incubated (for 5 minutes). Differentiation in tap
water followed. Then they were immersed in
acid fuchsin and incubated (for 1 minute). They
were rinsed few times with distilled water, and
then incubated in 1% phosphomolybdic acid
(for 1 minute). After the brief rinsing in distilled
water, they were immersed in aniline blue and
incubated for 15 minutes. Then they were
rinsed in distilled water and incubated in 1%
acetic acid (1-5 minutes), which was followed
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with dehydration in ethanol and xylene and
coverslipping.

2.4. Immunohistochemistry

After deparaffinization, slides were heated in
citrate buffer in purpose of antigen retrival.
After cooling at room temperature and washing
in PBS, slides were incubated overnight in
primary rabbit policlonal Anti-Connexin 45 /
GJAY antibody - C-terminal (ab135474; Abcam,
Cambridge, UK), diluted at 1:100. Next day,
sections were washed in PBS and incubated for
90 minutes in secondary Rhodamine Red TM-
conjugated donkey anti rabbit antibody (711-
295-152; Jackson ImmunoResearch
Laboratories, Inc., Baltimore, PA, SAD), diluted
at 1:300. Slides were then washed in PBS, dried
in air and coverslipped (Immu-Mount, Shandon,
Pittsburgh, PA, SAD). Control staining was
made by omission of the primary antibody from
the described procedure on kidney section and
resulted in no staining in tissue.

2.5.Data Acquisition and Analysis

Microscopy and capturing was made by using
BX61 epiflourescent microscope (Olympus,
Tokyo, Japan) equipped with cooled digital
camera (DP71, Olympus, Tokyo, Japan). Areas
of the cortex containing proximal tubuli were
captured under a 40x objective magnification.
Microphotographs were analyzed by using
Image J softvare (National Institutes of Health,
Bethesda, MD, SAD). We analyzed calibrated
and tresholded 8-bit photographs (Fig. 2).
Analysis was made in 2000um?2 squares covered
at least 80% with proximal tubuli. The mean
percentage area for animal was calculated.

2.6. Statistical Analysis

Softvare program GraphPad Prism 5 (Mcintosh,
CA, SAD) was used for the statistical analysis.
Kruskal-Wallis test, and Dunn post hoc test
were used to compare differences between
groups. p < 0.05 was considered statistically
significant.

3. RESULTS

Obtained results have shown that Suc group had
significantly increased blood glucose in
comparison to C group 20 weeks after the
beginning of the study (p<0,05). However,
concentration of the blood glucose in Suc/TA
group did not significantly differ in comparison
to both, C or Suc group (Fig. 1).

Histological sections of the kidneys of the
experimental animals stained by Mallory
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revealed advanced damage in groups Suc and
Suc/TA. In group Suc, large number of
damaged proximal tubuli is apparent, along with
the damage of the glomeruli. In the kidneys of
the Suc/TA rats, damage was more pronounced,
with visible signs of the sclerosis (Fig. 2).

On histological sections of the kidneys of the
experimental rats, strong immunoreactivity of
the connexin 45 could be observed in PTCs.
Connexin 45 immunoreactivity was not found in
glomeruli and cells of the distal tubuli (Fig. 3).
Connexin 45 expression was the highest in the
control group.

It decreased in Suc group (but not statistically)
and the lowest was in Suc/TA group. Analysis
of the microphotographs revealed significantly
smaller percentage area covered with Cx45
immunofluorescence in Suc/TA, in comparison
to C group (p<0.05; Fig. 4).

4. DISCUSSION

An influence of tannic acid on expression of the
Cx45 in rat kidney damaged by chronic high
sucrose treatment was studied. Increased blood
glucose of the rats in Suc group confirm the
model of DM2 (Fig. 1). Pathohistology of the
kidney sections showed that long-term high
sucrose ingestion caused damage of the PTCs
and glomeruli (Fig. 2). Addition of the tannic
acid resulted in more pronounced damage, with
apparent sclerosis of glomeruli and tubuli (Fig.
2).

Connexins are trans-membrane proteins that
form gap junctions and hemichannels important
for ion and small molecule exchange between
cells (Meda, 1996, Lawrence et al., 1978, Saez
et al., 1989). They are important for the normal
function of many organs. It was already known
that DM changes the regulation and expression
of the connexins (Hanner et al., 2010). Taking
into consideration different (often opposite)
effects of the tannic acid in different
pathological conditions, we aimed to see
whether tannic acid causes changes of connexin
expression in rat kidney, in condition of high
glucose load. Certain homology between
connexins in human, mouse and rat was found
previously; hence mouse and rat could be used
as good experimental models for human
disorders.

In opposite to previous research, we found
strong Cx45 immunoreactivity exclusively in
PTCs. This is not in agreement with studies that
found the presence of Cx45 in renal arterioles
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and in glomerular cells (Kurtz et al., 2009)
(Butterweck et al., 1994). We did not find Cx45
imunoreactivity in glomerular cells, distal
tubular cells nor in the blood vessels of the
kidney. Mentioned differences could be
attributed to different antibody specificity.
Potential differences between species and
strains should be also taken into consideration.

However, we observed the decrease in the Cx45
expression in PTCs, which was statistically
significant in group of rats that received tannic
acid along with the sucrose treatment. In
agreement to our results, many researches
pointed to the decrease of the expression of the
different connexin isoforms in different tissues
during DM. Li and collaborators found that
DM2 resulted in a decrease of Cx40 expression
in myocardium of the left atrium, with
consequent prolongation of the P-wave, while
expression of Cx43 stayed unchanged (Li et al.,
2016). It was also found that decreased
expression of Cx36 in beta cells of the diabetic
mice contributes the pathophysiology of the
DM2 (Short et al., 2014). Yu and collaborators
observed increased Cx43 expression in a cell
culture of the epithelial lung cells after exposure
to the high glucose medium (Yu et al.). The
decreased retinal expression of Cx43 and
Cx30.2, particularly in retinal blood vessels, has
been related to the development of the diabetic
retinopathy (Tien et al., 2016, Durham et al.,
2015, Tien et al., 2014) (Manasson et al., 2013).
Concerning renal pathology, it was found that
43 expression decreased in PTCs of the
Sprague-Dalwey rats due to DM2 (Satriano et
al., 2010).

Figures and Figure Captions
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The above mentioned studies are in agreement
with our results that indicate the decrease in 45
expression in kidney that were damaged by
chronic high sucrose intake, particularly in
animals treated with tannic acid. This decrease
of the Cx45 expression could be explained by
strong damage of the PTCs caused by renal
glucose overload, that could damage the kidney
directly, as well as indirectly, trough the
hemodynamic  modifications (Schena and
Gesualdo, 2005, Kanwar et al., 2008).
Connexins are continuously exposed to
fluctuations in charge, phosphorylation and
oxidative stress and they have very short half-
life and large turnover (Alexander and
Goldberg, 2003, Saffitz et al., 2000, Hanner et
al., 2010). Hence, it could be expected that the
damage of the PTCs, caused by glucose
overload, will cause disturbance in Cx45 cell
trafficking having as a consequence the decrease
in Cx45 expression. The role of the connexins in
PTCs has not been completely enlightened. We
could only assume that the absence of the
intercellular communication due to disturbed
connexin trafficking could cause additional
damage in the PTCs function and contribute to
the development of the diabetic complications.

Although we previously believed that that the
renal damage in DM starts in glomerulus,
recently we became aware that the PCT are
initially damaged, and that their dysfunction is
leading to the glomerular filtration membrane
damage (Gilbert, 2017). Hence, the dynamics of
the connexin expression in PTCs during
different DM treatments could be of the extreme
importance for the pathophysiology and
treatment of the diabetic renal complications.

Suc Suc/TA

Figurel. Blood glucose of rats in all experimental and control groups after 20 weeks of treatment BG — blood
glucose; C — control group; Suc — group of rats that was consuming 30% sucrose; Suc/TA — group of rats that
was consuming 30% sucrose with 0.1% of tannic acid. Data are shown as mean * standard deviation. * -
statistically significant difference in comparison to the control group p<0.05.
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Figure2. Representative figures of the morphological changes in kidneys caused by chronic sucrose
treatment and tannic acid. Histological sections of kidneys stained by trichrome Mallory staining. Objective
magnification 4x; 10x and 40x. C — control group; Suc — group of rats that was consuming 30% sucrose;
Suc/TA — group of rats that was consuming 30% sucrose with 0.1% of tannic acid. Data are shown as mean +
standard deviation.

Suc/TA

Figure3. Representative figures of the connexin 45 (Cx45) expression during chronic sucrose treatment and
tannic acid tretment. Histological sections of kidneys stained by immunofluorescence (a). Objective
magnification 40x. C — control group; Suc — group of rats that was consuming 30% sucrose; Suc/TA — group of
rats that was consuming 30% sucrose with 0.1% of tannic acid. The same microphotographs tresholded for the
analysis by using ImageJ programme (b).
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Figure4. Graphical display of the changes in the connexin 45 (Cx45) expression caused by chronic sucrose
treatment and tannic acid. C — control group; Suc — group of rats that was consuming 30% sucrose; Suc/TA —
group of rats that was consuming 30% sucrose with 0.1% of tannic acid. Results are expressed as percentage of
the analyzed tubular area under the imunofluorescence, Data are shown as mean + standard deviation. * -
statistically significant difference in comparison to the control group p<0.05.
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