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Abstract

The objective of this study was to evaluate the relof tonicity-responsive Enhancer Binding
Protein (TonEBP) modulation on biochemical parametes in a rat model. Hypertonicity is
traumatic to the cells of all organisms. Cells suiive in a hypertonic environment by increas-
ing the transcription of genes whose products catgte cellular accumulation of compatible
osmolytes. Inhibition of this crucial protein and ts transduction process can result in delete-
rious effects on physiology. Hypertonicity in animé was achieved by treating animals with
lithium orally, which lead to a condition known asdiabetes insipidus with marked hyper-
tonicity. Doxorubicin was used as a tool for the inibition of TonEBP and related transduc-
tion pathway following which the various tests wergerformed to see the deleterious effects
in vivo. On analysis, mean arterial pressure did not changexcept in the group where
doxorubicin was used for inhibiting the TonEBP in Ithium treated rats. Aldose reductase
enzyme activity, which is one of the markers of hygrtonicity was found to be increased in
rats treated with lithium. Groups receiving combindion therapy showed a decrease in en-
zyme activity. Serum amino acids analysis revealesh increase in levels of taurine, glycine
and serine in lithium treated group and decrease ithe groups with combination therapy. In
combination group of lithium and doxorubicin, serum creatinine was significantly higher.
There were changes as well in the levels of blooteetrolytes like sodium, chloride and po-
tassium. Histopathological studies on the kidney slwed only mild degeneration in the
group treated with lithium along with doxorubicin. Lithium administration develops a hy-
pertonic state, which is evident with the increase the rate-limiting biosynthetic enzymes—
aldose reductase (AR) for sorbitol and also causesverexpression of some amino acids,

which are osmoprotective in nature. When the expreson of TonEBP was inhibited with
doxorubicin in a dose dependent manner it resultedn alterations in the biochemical pa-

rameters.
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Introduction

Water homeostasis and concentration of urine throug
urinary tubular water reabsorption are vital fuocs of
kidney [1]. Acquired nephrogenic diabetes insipidus
and associated polyuria in patients, resulting fiiha
ium treatmentjs the most significant effect on sodium
excretion. Lithium induced natriuresis lasts fopabl-

2 days and is followed by sodium retention, whigét$
for a longer time and then returns to sodium baanc
[2,3]. During the sodium retention statjeere is a state
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of hypertonicity to which long-term adaptation is
achieved by cellular accumulation of organic osredy
(also called compatible osmolytes) that leads ® th
lowering of intracellular ionic strength via osnwtie-
placement [4]. During hypertonic conditions, cediul
buildup of compatible osmolytes dampens the activa-
tion of caspases and apoptosis. In contrast, sfghbc-
ess is inhibited, in hypertonic culture conditicsell
death occurs and in a hypertonic kidney medulla it
causes deadly acute renal atrophy [5]. Regulatidheo
transcription factor; tonicity-responsive enhanbgrd-
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ing protein (TonEBP), leads to the accumulatioro®f
molytes. TonEBP stimulates geneshich codes for
transporters and enzymes that catalyze cellularmage
lation of organic osmolytes such as, the so-
dium/myoinositol cotransporter (SMIT) [6], the so-
dium/chloride/betaine cotransporter (BGT1) [7], and
aldose reductase (AR) [8]. In hypertonic medulla th
abundance of TonEBP and mRNA of SMIT, BGT, and
AR is comparatively higher than the renal cortex an
other tissues [9]. TonEBP is ubiquitously expressed
even in tissues that are not exposed to hyperemi¢
ronment, such as the brain, heart, and skeletatlmus
[10]. Recent studies have demonstrated that disrupt
of TonEBP gene results in late gestational lethalitd
that surviving TonEBP_/_ mice develop a remarkable
atrophy of kidney medulla [11]. Infiltration of Mex
phages in the skin of rodents after a high salt-digg-
gests that they may regulate the electrolyte hotaeiss

of this compartment. It has been shown that thffebu
ing mechanism depends on a transcription factoicto
ity enhancer binding protein (TonEBP), which disect
vascular endothelial growth factor C (VEGF-C) drive
hyperplasia of the lymph capillary network and latoc
ing of which could result in electrolyte accumudatiin

the skin and an increase in blood pressure [12].

Several other studies indicate the role of differen
amino acids like taurine [13], glycine [14] and iaige
[15] as volume regulatory osmolytes in mammalian
cells. Hypokalemia causes a significant decreaghean
tonicity of the renal medullary interstitium assaed
with reduced expression of sodium transportershen t
distal tubule [16].In vitro studies in mice inner me-
dullary collecting duct cells showed increase imos
lality from 300 to 500 mosmol/kg by adding NacCl,
which increases TonEBP mRNA [17]. Mature cardiac
myocytes have a restricted proliferative potentidart
failure can result from accumulation of dead cardio
myocytes, which is induced by hypoxia, differerndsg

of stress and cardiotoxic drugs. Among them Doxerub
cin (Dox) an anti-tumor drug is well known to cause
cardiotoxicity [18,19]. Dox induced cardiotoxicity
could be induced by various possible mechanism such
as, production of reactive oxygen species, pertiota
of calcium handling, and selective inhibition ofdiac
muscle-specific gene expression [18,20,21]. Sorre re
cent studies indicate that Dox activates proteasome
mediated proteolysis of transcriptional property of
TonEBP that results in the disorder of cardiac gexe
pression in cultured cardiomyocytes and may affect
cardiac parameters [22,23]. Hence, in this studih w
the help of lithium, a hypertonic state was created
rats that would eventually increase the transacnipati
factor, TonEBP expression and its related trangoluct
products like enzymes and amino acids. The ante&ranc
drug doxorubicin was used as a tool to study thectf

on TonEBP and the overall effects on cardiovascular
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function and on the biochemical parameters in diffe
groups of animals.

Materials and Methods

Animals

Healthy, male albino Wistar rats each weighing 250-
300 g were used for this study. The rats were hbuse
polypropylene cages and maintained under standard
conditions (12 h light and dark cycles, at 25+3%@ a
35-60% humidity). Standard pelletized feed and tap
water were providedad libitum The study was ap-
proved by the Institutional Animal Ethical Comméte
of Christian Medical College, Vellore, India, rewgised
under CPCSEA, India (Registration No.
88/1999/CPCSEA). All the procedures were conducted
in accordance with the “Guide for the Care and bfse
Laboratory Animals.

Drugs and chemicals

The drugs, which were used in the study, were nbrma
saline (0.9%), doxorubicin hydrochloride, heparin o
tained from the Hospital Pharmacy of the Christian
Medical College and Hospital, Vellore, India. Other
drugs like lithium chloride, kit for electrolyte tadwation
and chemicals of analytical grade were obtainethfro
Sigma Aldrich India, Fisher Scientific India and [#dit
India Limited.

Study Design

Animals were divided into 6 groups with 6 animais i
each group (n=6). Group 1 served as controls, which
were given 1g/Kg/day of saline. Group 2 was treated
with 3 meq lithium/Kg every alternative day oraftyr

14 days. Groups 3 and 4 received graded doses of
doxorubicin hydrochloride i.e a total dose of 3mg/K
and 6mg/Kg i.p in equally divided doses every aker
tive day for a period of 2 weeks respectively, wahic
were lower than the cardiotoxic [24] and nephratoxi
doses [25,26]. Rats in Groups 5 and 6 received comb
nation of lithium and two different graded doses of
doxorubicin hydrochloride respectively in the same
above-mentioned regimen for a similar period ofetim
Experiments were continued for 14 days and on &ay 1
mean arterial pressures were analysed followinghwhi
blood was collected for estimation of other biockweh
parameters and kidneys were removed for histopa-
thological analysis.

In vivo experiments

Rats were anesthetized with either thiopentone (40
mg/kg) or ketamine (75-100 mg/kg) given intraperi-
toneally. The carotid artery was cannulated and the
animal was heparinized with 0.25 ml of 1000 IU/ml o

Heparin [27]. The cannula was then connected to a
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three-way stopcock, which was finally connectethi®
pressure transducer and a syringe filled with
heparinized saline. Heparinized saline was useabto

ply a positive pressure and maintain it at the lhase
value. The three-way stopcock worked as a passage
connecting the pressure transducer and carotiduéann
With the help of data acquisition system the made+a

rial pressure recordings were noted. After theriatte
pressure studies were over the blood of the rate we
collected for biochemical analyses.

Biochemical Methods

Electrolyte analysis

Immediately after cannulation, 0.25 ml of blood was
withdrawn from the carotid artery and kept aside fo
reinfusion later. Another 0.25 ml was withdrawn and
injected into the cartridge (iISTAT, EC8+ cartridgd-
bott, USA) for immediate electrolyte (KaK" and C1)
analysis with the help of automated analyzer [28].

Analysis of amino acidsin Plasma

Plasma samples were deproteinized with equal vadume
of 5% TCA for 1 hour at Z& and centrifuged at 450g
for 10 minutes. The deproteinized supernatants were
diluted 5-fold with 67mM sodium citrate buffer pH22
filtered through 0.22um Millipore filters. Amino ias

like taurine, glycine and arginine were analyzedGpl

of the filtrate by High Performance Liquid Chromgto
raphy by adsorption to a strong cation exchanger an
elution done according to their isoelectric pH othe

pH range 3.2 to 10.0. The HPLC system used was
Shimadzu LC-20AD [29].

Aldose reductase enzyme estimation

Blood was drawn from the rats into anticoagulabet
after that Red blood cell (RBC) were separateddyy c
trifugation, washed thrice with saline, and stocedil
further analysis. A 10% erythrocyte suspension was
made by adding 50 mM sodium phosphate buffer, pH
7.4, containing 150 mM NaCl. The suspension was
lysed by repeated freezing and thawing (three sycle
and centrifuged to remove insoluble material, ify.an
Aldose reductase activity was measured spectropho-
tometrically using an appropriately diluted hemalgs
[30] using T60 LAB INDIA UV-VIS spectrophotome-
ter. The assay mixture in 1 ml containedud@ol potas-
sium phosphate buffer pH 6.2, 0.4 mmol lithium sul-
fate, 5 umol 2-mercapto ethanol, 1Qumol DL-
glyceraldehyde, 0.imol NADPH andenzyme prepara-
tion. The assay mixture was incubated at 37 °C and
initiated by the addition of NADPH at 37 °C. The
change in the absorbance at 340 nm due to NADPH
oxidation was recorded.
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Serum creatinine estimation

The UV-VIS Spectrophotometry method of serum es-
timation by Jaffe’s reaction involves preparatioh o
calibration curve using standard creatinine sotutio
water. Aliquots in the range of 2-10 ppm were prefda
to which 2.5ml of the alkaline picrate solutionntain-

ing 1% picric acid and 10% sodium hydroxide was
added and the final dilutions were made with destil
water. Absorbance of the resulting solutions waasne
ured at 496 nm [31].

Histopathological examination

The kidneys were sectioned longitudinally in two
halves and were kept in 10% neutral formalin sofuti
[32]. Both kidneys were processed and embedded in
paraffin wax and sections were taken using a micro-
tome. The sections were stained with hematoxylich an
eosin and examined under Olympus BX43 light micro-
scope. Digital pictures were taken with the help of
DP21 camera.

Statistical analysis

The data obtained was analyzed using one-way
ANOVA followed by Tukey HSD for multiple com-
parison tests. P < 0.05 was considered signifi&iPES
statistics (version 17.0) was used for statisticellysis.

Results

Arterial Pressure evaluation

The results of comparison between the groups &engi

in Table 1.Animals in groups receiving lithium, Dox
3mg/Kg and Dox 6mg/Kg, at the end of 14 days,
showed that there was no change in the mean arteria
pressure when compared to control animals. Only in
group 6 animals, receiving 6mg/Kg along with litimiuy
showed significant increase (p<0.05) in mean adteri
pressure when compared to lithium treated animals
alone.

Electrolytes and amino acid estimation

In lithium treated animals when compared to control
animals (P<0.05) there was an increase in the sodiu
levels but it seemed to be in the normal range. Com
pared to lithium, group 5 and 6 did not have any
changes. Similarly in chloride levels, animals shdw
increase (p<0.05) only on lithium treatment whemeo
pared to control. Combination treatment of lithiamd
doxorubicin did not show any difference when com-
pared to lithium. A significant reduction in potasa
level was noticed only in the group receiving Dox
6mg/Kg along with lithium shown in Table 2. Levels

all the three amino acids; taurine, glycine andrémg
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Figure 1: Histopathological section of Control group Figure 2: Histopathological study of Lithium group
showing normal morphology of kidney stained with  showing normal morphology of kidney stained with
hematoxylin and eosin magnified using a 20x objecti hematoxylin and eosin magnified using a 20x ohjecti

Hemolysis

Epithelial
Desgquamation

Glomerular Neerosis

Figure 3: Histopathological study of Doxorubicin 6mg/Kg + hiitm group showing abnormal morphology of kidney
stained with hematoxylin and eosin magnified usirx objective.

were significantly higher in lithium treated animal Dox 6mg/Kg along with lithium it was significantly
(p<0.05) when compared to normal group, Table 1. Aigher (p<0.05) compared to lithium the positivatcol.
significant reduction in the level of all the thraenino

acids was also seen in group 6. A significant desdn  Aldose reductase enzyme activity

the levels of glycine was found only in group 5. Aldose reductase enzyme activity was significahttjher
(p<0.05) only in the lithium treated group compated
Serum creatinine estimation controls. Both the doses of doxorubicin i.e. 3nmgyéhd

There were no changes as described in Table 1 found 6mg/Kg along with lithium caused a significant retion
serum creatinine levels in groups 2, 3 and 4 whan-c in the enzyme activity compared to Lithium as degaidn
pared to control animals but in combination therapy Table 1.
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Histopathological examination 1) whereas in group 6 it was found to cause onlg mi
All the groups, except in doxorubicin 6mg/Kg trehte glomerular, peritubular and vascular congestionctvhi
along with lithium group, rats’ kidneyshowed normal resulted in the presence of inflammatory cells innky
glomerular and tubular histology (Refer Table 3Jjufé  sections as shown in Table 3 and Figure 3.

Table 1. Effect of Doxorubicin on Mean Arterial Pressuredabiochemical parameters in the control and Lithium
treated rats

Dox Dox Dox Dox Statistics
Control Lithium 3mg/Kg+ 6mg/Kg+
Parameters 3mg/Kg 6mg/Kg o L Oneway
(MeantSE) (MeanzSE) Lithium Lithium
(Mean+SE) (MeantSE) (Mean+SE) (Mean+SE) ANOVA
Mean F=1.354*
1 *
Arterial 95.9+3.4 92.4+3.1 95.4+1.7 100.1#2.1 100.30.5 1135 P>0.05
Pressure F=19.6#
(mmHg) P<0.001#
F=28.06*
H *
Taurine 216.3#6.4  285.1+11.6* 203.8#4.6  201+4.8 2525+7.9  24.3+9.0 P<0.001
(UM) F=9.8#
P<0.05#
F= 56.19*
Glycine * # + P<0.001*
e 130.645.3  202.1+4.6* 119453 123.3¢5.5 1746452 161.8+4.8 Fo17 454
P<0.05#
F=8.694*
Arginine * P<0.05*
(VD) 51.8+11.6  100.5+9.4* 453458 54.645.8 69.6410.3  .168.7 Fo4 gos
P<0.05#
F=2.107*
Serum P>0.05*
Creatinine 0.39+0.01  0.4820.04  0.41+0.02  0.43+0.02 0.56£0.02 .71£0.0% Fg 400
(mg/di) P<0.05#
Aldose F=67.13*
*
Reductase 0.42+40.013  1.48+0.129* 0.41+0.022  0.40+0.005 1.003¢  0ssx00ed ~-0.001
Enzyme F=12.822#
(Units/min/ml) P<0.05#

Data are expressed as Mean £ SE (n=6).
*Significant difference from the control P<0.0%Bignificant difference from positive control grofiyithium) P<0.05.
tSignificant difference P<0.001.

Table 2. Evaluation of the effects of Doxorubicin on bl@belctrolyte levels in control and Lithium treateds

Control Lithium Dox Dox Dox Dox Statistics

Electrolytes  (Meant (Mean+SE) 3mg/Kg 6mg/Kg 3mg/Kg+Lithium  6mg/Kg+Lithium One way
SE) - (Mean+SE) (Mean+SE) (MeanSE) (Mean£SE) ANOVA

Blood 143.4+1.8  156.25+1.4* 148.2+2.5 148.6+2.22 152.1%2. 154.8+2.45 F=3.9*
Sodium P<0.05*
(mEqg/L) F=1.02#
P>0.05#

Blood 6.3+0.33 5.8+0.15 6.0+0.37 6.4+0.27 5.5+0.18 5.150. F=0.665*
Potassium P>0.05*
(mEqg/L) F=4.6#
P<0.05#

Blood 105.1+1.2 112.8+0.99* 107.9+1.17 108.5+0.79 118.5+3.4 116.3%1 F=7.393*
Chloride 7 P<0.05*

(mEqg/L) F=1.688#
P>0.05#

Data are expressed as Mean + SE (n=6).*Signifiadifference from the control P<0.05.
#Significant difference from positive control grofiithium) P<0.05.
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Table 3: Influence of Doxorubicin on the histopathologicabdifications in the kidneys of control and Lithidreated

rats
Histopathological Control rats Lithium rats Dox Dox Dox Dox
Features 3mg/Kg 6mg/Kg 3mg/Kg+Lithium 6mg/Kg+Lithium
Necrosis - - - - - +
Hemolysis - - - - - +

Inflammatory cells - - -
Glomerular congestion - - -
Epithelial desquamations - - -

++
+
- - +

Discussion

This study shows that lithium-induced polyuria irape a
hyperosmolar state in the body, which could betdube
changes happening in the levels of different ebéyties
such as sodium and potassium. In response tohiis ts
upregulation of TonEBP that has already been stieggdes
in previous studies [33]. TonEBP leads to incraasthe
transcription of various organic osmolytes and D@
zymes, e.g., AR, which ultimately synthesizes dotpan
organic osmolyte, from glucose and is osmoprotediiv
nature [34]. Various studies have also suggestdtiere
is an upregulation of taurine transporters in ¢eilhich
leads to accumulation of taurine in tissues. Taudan-
tributes in many physiological functions, such asdoia-
tion of ion movement, regulation of intracellulasnoo-
lality, conjugation with bile acids, detoxificatioand
membrane stabilization [35, 36]. Taurine has alsenb
reported to prevent cell injury induced by stimidas,
such as hypoxia [37]. Taurine comprises 50% ofctire
diac free amino acid pool and is present in theqaydial
tissues in the concentration of 11-gBl/g [38]. It plays
an important role in the regulation of ion flow agpwith
cardiac contractility and regulation of membraneitex
ability [39]. There are evidences that not onlyritael but
other amino acids, such as arginine and glycine sug-
port their accumulation during hyperosmolality agamic
osmolytes [13,14,15]. Our study also supports tteory
by showing a significant increase in the levelABf and
amino acids taurine, arginine and glycine in rasspia of
lithium treated animals. This indicates that duringer-
tonic state the body tries to blunt the osmotiessirby not
only increasing the transporters in cells but éfsoblood
levels of amino acids, which with the help of traoiters
gets accumulated into the tissues and provideysafan
osmotic stress. The inhibition of production of lsuede-

tion with taurine. The mechanism by which Dox affec
the heart remains to be fully elucidated but oxidat
stress from Dox metabolites may be an importanseau
[40]. It has been reported that treatment withaheneo-
plastic drug Dox, decreases the expression of el T
gene in cultured cardiomyocytes isolated from n&na
rat heart. The protein level of TonEBP was reduiogd
Dox treatment. In addition, the reduction in TonE@®B-
tein content was suppressed by proteasome intsbitor
Thus the Dox-enhanced degradation of TonEBP results
reduced TauT expression in the cardiomyocytes hence
signifying a role in the cardiovascular system.

On the other hand there was a significant incréagbe
serum creatinine levels as per our results, whscni in-
dicator of renal function. During lithium treatmehere is
an osmotic overload on kidneys which is managethby
osmolytes produced by transcriptional factor TonEBP
group 2 did not show any degenerative changes €Tabl
and Figure 2) but when the same process was iatliby
higher dose doxorubicin in lithium treated animale
could find mild morphological changes in rat retisgue.
This finding supports the role of TonEBP in the elep-
ment and maintenance of kidney morphology andrihe i
hibition of transcriptional response to hypertosicess
could lead to renal atrophy [41].

Electrolyte imbalance due to lithium therapy cobé&lthe
reason for hypertonicity as per our results demicthe
increase in the levels of sodium and chloride. lewé
potassium did not change with increase in the hgpar
ity but it could also play a role in the developrehhy-
pertonicity. A moderate hypokalemia was noticedhe
animals that were exposed to doxorubicin along Vitith
ium therapy (group 6) suggesting that there is ssibte
correlation between the levels of potassium ion ard

ments during osmotic overload could be dangerouss. APression of TonEBP. Previous studies have also demo

we have shown in our research; in animals whereexhe
pression of TonEBP was inhibited by doxorubicine th
levels of these enzymes and amino acids were aitetu
Treatment with doxorubicin 6mg/Kg in polyuric aniiha
resulted in changes in mean arterial pressure mhoph-
thology which showed an increase in the blood piress
and mild nephrotoxic effect respectively. The chemg
happening in group 6 also suggests the possibée abl
TonEBP in cardiotoxicity of doxorubicin and its as®-
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strated that the abundance of TonEBP decreaseii-sign
cantly in the outer and inner medullas of hypokaterats

42].
Conclusion

The results of thiin vivo study shows that TonEBP plays
an important role in the proper functioning and mie
nance of cardiovascular and renal functions and ttiea
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modulation of this transcription factor can leadatalis-
turbance in homeostasis, in rat model. Most of ghb-

lished works establishing the role TonEBP has e 11

either on cultured cells or is limited to the effeon ani-
mal kidneys only. Therefore, this lithium treatediraal
model could be beneficial for studying the roleosmotic

stress and related signal transductiorivo, most impor- 12.

tantly, where we can study the effects on the §pées-

sues as well as on various biochemical processihwh 13

not possible with the help of cell culture studies. :
14.
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