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Abstract

Project Code : RSA5780029

Project Title : The effects of statins on cardiac and renal functions in streptozotocin-induced
diabetic rats: drug transporter focusing

Investigator : Assist. Prof. Dr. Anusorn Lungkaphin Chiang Mai University

E-mail Address : onanusorn@yahoo.com

Project Period : 3 years

Hyperglycemia-induced oxidative stress is usually found in diabetic condition. 3-
hydroxy-3-methylglutaryl coenzyme-A (HMG-CoA) reductase inhibitors, statins, are widely used
as cholesterol-lowering medication with several “pleiotropic” effects in diabetic patients. This
study aims to evaluate whether the protective effects of atorvastatin and insulin on renal
function and renal organic anion transporter 3 (Oat3) function and cardiac Oat function involve
the modulation of oxidative stress and pancreatic function in type 1 diabetic rats. Type 1
diabetes was induced by intraperitoneal injection of streptozotocin (50 mg/kg BW). Atorvastatin
and insulin as single or combined treatment were given for 4 weeks after diabetic condition had
been confirmed. Diabetic rats demonstrated renal function and renal Oat3 and cardiac Oat
function impairment with an increased MDA level and decreased SOD protein expression
concomitant with stimulation of renal Nrf2 and HO-1 protein expression. Insulin plus
atorvastatin (combined) treatment effectively restored renal function as well as renal Oat3 and
cardiac Oat function which correlated with the decrease in hyperglycemia and oxidative stress.
Moreover, pancreatic inflammation and apoptosis in diabetic rats were ameliorated by the
combined drugs treatment. The results obtained from this study indicate that combined
atorvastatin and low dose insulin treatment exhibit renoprotective effects and lead to the
reversal of pancreatic B-cell function in streptozotocin-induced diabetes in rats. These
improvements occurred via the modulation of oxidative stress, pancreatic inflammation and
apoptotic pathways. Moreover, the reduced insulin injection dosage could prevent the adverse
effect of insulin in prolonged treatment especially in Type 1 diabetes. Since the use of
atorvastatin and insulin showed great potential benefits in the preservation of renal cardiac and
pancreatic function in rats with diabetes type 1, further study is recommended to investigate
whether these benefits could also be conferred in humans.

Keywords : Diabetes Mellitus; Renal Oat3; Cardiac Oat; Atorvastatin; Oxidative stress



Introduction

Type 1 diabetes (T1D) is an autoimmune disease characterized by low plasma insulin
due to a destruction of the pancreatic B-cells which synthesize insulin1 leading to the
development of hyperglycemia. Diabetic nephropathy (DN) is a devastating complication of type
1 diabetes, which is the leading cause of end-stage renal disease (ESRD) and a major cause of
morbidity and mortality in T1D patientsz. Although the pathogenesis of DN is still not fully
understood it has been suggested that long-term hyperglycemia activates reactive oxygen
species (ROS) production by increasing advanced glycation end products (AGE). Subsequently,
AGE activates the polyol pathway resulting in the activation of Nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase causing cell damage and dysfunctions's. These conditions can
lead to diabetic nephropathy and diabetic-induced complications in several organs including the
pancreas. DN is characterized by various ultrastructural changes of nephrons including
basement membrane thickening, glomerular and tubular hypertrophy, glomerulosclerosis and
tubulointerstitial fibrosiss. This pathology markedly affects the secretory and excretory capacities

of transporters in renal proximal tubules.

The organic anion transporter 3 (Oat3) is an important renal transporter which is
localized in the basolateral membrane of the renal proximal tubule. It plays an essential role in
renal excretion of a variety of drug metabolites, endogenous substances, and environmental
toxins. Our previous study has demonstrated that a decrease in function and expression of
renal Oat3 and cardiac Oat in diabetic rats were associated with an increased oxidative stress
level from hyperglycemia7. Moreover, we found that an impairment of renal Oat3 transport

7,8
function and expression in diabetic rats was restored by insulin treatment .

Atorvastatin, an 3-hydroxy-3-methylglutaryl coenzyme-A (HMG-CoA) reductase inhibitor,
is widely used to treat hypercholesterolemia and dyslipidemia in diabetic patients. A recent
study demonstrated the pleiotropic effects of statins in attenuating oxidative stress, inflammation,
apoptosis and thrombosisg. In addition, cardioprotective effects of statins in an angiotensin Il
(Ang Il)-induced cardiac hypertrophy and fibrosis mice model10 and the renoprotective effects of
statins in gentamicin-induced nephropathy in rats through the attenuation of oxidative stress

1"
leading to improving renal Oat3 and renal function have been reported by our team. We also



demonstrated that renal inflammation, endoplasmic reticulum (ES) stress and apoptosis were
ameliorated by atorvastatin in gentamicin-induced nephrotoxicity in rats12. In contrast-induced
nephropathy, rosuvastatin was found to modulate nitric oxide synthesis, inflammation, oxidative
stress and apoptosis in diabetic male rats13. Taken together, either insulin or atorvastatin can
improve renal function and cardiac Oat function in diabetic rats but their combined effect has not
been investigated. In addition, we were very interested in the effect of the combined treatment
on pancreatic function and whether it was effective in the modulation of insulin secretion in
diabetic condition. Therefore, in this study we have evaluated the renoprotective and
cardioprotective effects of atorvastatin plus low dose insulin treatment on renal function and the
function of the important renal transport protein, renal Oat3, and cardiac Oat function in
modulation of the oxidative stress pathway, and its effect on the inflammation and apoptosis of

the pancreas in streptozotocin (STZ)-induced diabetic rats.



Materials and methods
Animals.

Male Wistar rats (200-250 g) were obtained from the National Animal Center, Salaya
Campus, Mahidol University, Thailand. The animal facilities and protocols involved in the study
were approved by the Laboratory Animal Care and Use Committees at the Faculty of Medicine,
Chiang Mai University, Chiang Mai, Thailand (Permit No: 12/2557). All methods were performed
in accordance with the relevant guidelines and regulations. All experimental rats were housed
under controlled temperatures of 25+1°C and lighting in a 12 h-light/dark cycle with food and
water ad libitum. After seven days of acclimatization, thirty-six rats were randomly divided into
control (12 rats) and diabetic (24 rats) groups. The control group was divided into 2 groups,
control (C), and control plus atorvastatin (CS) (six rats per group). Rats in the diabetic group
were intraperitoneally (i.p.) injected with 50 mg/kg BW of streptozotocin in 10 mM citrate buffer
pH 4.5 while the control rats received the equivalent dose of citrate buffer solution as a vehicle.
After 7 days, rats with fasting blood glucose 2 250 mg/dl were included in the diabetic group
and assigned into four sub-groups (six rats per group): diabetic (DM), diabetic plus insulin (DMI),
diabetic plus atorvastatin (DMS), and diabetic plus insulin and atorvastatin (DMIS). Insulin (4
units/day) was injected subcutaneously while 10 mg/kg/day of atorvastatin dissolved in saline
was administered orally for 4 weeks. All rats had free access to water and food and body
weight was recorded daily. At the end of the experimental period, a 24-hr urine sample was
collected using a metabolic cage. Rats were killed after being anesthetized using isoflurane
inhalation. Blood samples were collected. Plasma and serum were separated and then stored
at -20°C until use. The kidneys were removed immediately, decapsulated and weighed to
facilitate further use for the determination of renal Oat3 transporter function, malondialdehyde
(MDA) concentration, hematoxylin and eosin (H&E) staining, and western blot analysis.

Pancreatic tissue was collected and kept at -80°C for further western blot analysis.

Biochemical parameters.

The plasma glucose, triglyceride, cholesterol and urine glucose levels were determined
by the enzymatic colorimetric method using a commercial kit (ErbaLachemas.r.o., Brno, CZ).

Plasma insulin concentration was evaluated by the Sandwich ELIZA method using a commercial



kit (Rat/Mouse Insulin ELISA kit, Merck Millipore, MA, USA). Renal function was estimated by
the determination of serum and urine creatinine, serum blood urea nitrogen (BUN) levels and
estimated glomerular filtration rate (eGFR). Serum and urine creatinine and serum blood urea
nitrogen (BUN) levels were measured using an automatic biochemical analyzer at the Clinical
Laboratory, Maharaj Nakorn Chiang Mai Hospital, Chiang Mai, Thailand. eGFR was calculated

using the following equation :-

eGFR = (urine creatinine x urine flow rate) / serum creatinine (1)
Determination of renal and cardiac Oat function.

The decapsulated kidneys or cardiac tissues were placed into freshly-oxygenated ice-
cold modified Cross and Taggart saline buffer (contain: 95 mM NaCl, 80 mM mannitol, 5 mM
KCI, 0.74 mM CacCl,, and 9.5 mM Na,HPO,, pH 7.4). Thin renal cortical slices or cardiac
tissues (S 0.5 mm; 5-15 mg, wet weight) were cut using a Stadie-Riggs microtome and
incubated in 1 ml of buffer containing 50 nM [3H] estrone sulfate (ES), a prototypical organic
anion that is preferentially transported by Oat335’36, to enable an uptake study for 30 mins at
room temperature. At the end of the uptake period, the slices were washed in 0.1 M MgCl,,
blotted on filter paper, weighed and dissolved in 0.4 ml of 1 M NaOH, and neutralized with 0.6
ml of 1 N HCI. Five renal cortical slices were used for each rat (5-6 rats per group). The
radioactivity was measured using a liquid scintillation analyzer (Perkin Elmer, MA, USA). The

transport of ES was calculated as tissue to medium (T/M) ratio.
T/M ratio= dpm/g tissue + dpm/ml medium (2)

Determination of renal oxidative stress and pancreatic apoptosis.

Determination of MDA in renal cortical tissue

The renal cortical tissue was cut and suspended in Cell Lytic MT mammalian tissue
lysis/extraction reagent (Sigma Aldrich, MO, USA) containing a 1% complete protease inhibitor
cocktail (Roche Applied Science, IN, USA). After being homogenized and centrifuged at 1,600 g
for 10 min at 4°C, the supernatants were collected. The MDA concentration as an indicator of
renal oxidative stress condition was determined by using a commercial thiobarbituric acid
reactive substance (TBARS) assay kit from Cayman Chemical (Ann Arbor, MI, USA) in line with

the manufacturer’s protocol.



Western blot Analysis

The renal cortical or pancreatic tissues were homogenized in Cell Lytic MT mammalian
tissue lysis/extraction reagent (Sigma Aldrich, MO, USA) containing a 1% complete protease
inhibitor cocktail (Roche Applied Science, IN, USA) and centrifuged at 5,000 g for 10 minutes.
The supernatant was collected and served as the whole cell lysate fraction and the pellet served
as the nuclear fraction. The remaining supernatant was centrifuged at 100,000 g for 2 hrs, then
the collected pellet served as the membrane fraction. Protein concentration was measured
using a colorimetric Bradford protein assay commercially available kit (Bio-Rad, PA, USA). Total
cell lysates, nuclear and membrane fractions from the renal cortex were subjected to 10% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred onto PVDF
membrane (Millipore, MA, USA) and were allowed to react with primary antibodies overnight at 4
°C. Antibodies against Nrf-2, IL-6, IFN-Y and PKC-O were obtained from Santa-cruz
Biotechnology (CA, USA). Antibodies against GCLC and HO-1 were obtained from
Abcambiochemicals (MA, USA). Antibodies against SOD2, Bcl-2, B-actin and Lamin B were
obtained from Cell signaling Technology (MA, USA). Antibodies against Oat3 were obtained
from Cosmo Bio Co. Ltd., (Tokyo, Japan) and antibodies against Bax, cleaved caspase-3, Na'-
K -ATPase from Merck Millipore (MA, USA). Membranes were developed using an ECL
enhanced chemiluminescence agent (BioRad Laboratory Ltd., HemelHemstead, UK) and
exposed using the ChemiDocWI Touch Imaging system (BioRad Laboratory Ltd.,
HemelHemstead, UK). Relative molecular mass of the labeled protein bands was estimated
using a Page Ruler Prestained Protein Ladder (Fermentas, MA, USA), and the density was
determined by the software ImagedJ (National Institutes of Health, Bethesda, MD, USA). Density

of the protein bands was expressed in arbitrary units relative to the respective B-actin.
Histopathological study

To determine the changes in kidney morphology, kidneys were cut along the transverse
axis then fixed in 10% neutral buffered formalin and embedded in paraffin. Paraffin-embedded
specimens were cut into 2 ym-thick sections, mounted on glass slides and stained with
hematoxylin and eosin (H&E) for histological assessment. The samples were observed by an
observer blinded to animal treatment groups to determine the presence of glomerular and

tubular changes or damage. Five slices of kidney section from each group of experiments were



examined and scored under light microscope (Olympus Co., Tokyo, Japan) and evaluated the
severity of renal injury score (0-4) by estimating the percentage of tubules in cortex or outer
medullar and glomerulus that exhibited increases capsular space of glomerular capsule,
peritubular leukocyte infiltration, tubular dilatation, and interstitial fibrosis. The histopathological

evaluation was performed as follows: 0-none; 1-<5%; 2-5-25%; 3-25-75% and 4->75%37’38

Statistical analysis

All data were expressed as mean + standard error (SEM). A one-way ANOVA was used
to compare the data from the various treatments followed by Fisher’s Least significant difference

test (LSD). A p value of less than 0.05 was considered to be statistically significant.



Results

Effects of pharmacological intervention on metabolic parameters in STZ-induced diabetic

rats

As shown in Table 1, type 1 diabetic rats showed a significant decrease in body weight
and plasma insulin level when compared with those of the control and control plus atorvastatin
rats (p<0.05). Plasma glucose, cholesterol, triglyceride, urine glucose and urine volume were
significantly increased in diabetic rats when compared with control or control plus atorvastatin-
treated rats (p<0.05). Treatment with insulin as a single entity or combined with atorvastatin
correlated with significantly increased body weight compared with diabetic rats (p<0.05).
Similarly, the rats that received the combined drug treatment (atorvastatin plus insulin) had
significantly higher body weight than those receiving only a single treatment of either insulin or
atorvastatin-treated rats (p<0.05). Rats on insulin or atorvastatin treatment alone and combined
drugs treatment showed significantly decreased fasting blood glucose levels when compared
with those of diabetic rats (p<0.05). However, the fasting blood glucose in the combined drug
treatment was lowest and significantly different from that of insulin or atorvastatin-treated rats
(p<0.05). Co-administration of insulin and atorvastatin had a marked effect on the restoration of
plasma insulin which nearly returned to normal levels and was significantly different when
compared to that of diabetic, insulin or atorvastatin-treated rats (p<0.05). Also, rats having the
combined drug treatment showed a significantly lower plasma cholesterol level when compared
to diabetic and atorvastatin-treated rats (p<0.05). In addition, rats receiving insulin or
atorvastatin alone or the combined therapy showed significantly lowered urine glucose
concentration when compared to that of diabetic rats (p<0.05). Rats having insulin as a single
or combined treatment with atorvastatin showed a significantly decreased 24-hr urine volume in
comparison with that of diabetic rats (p<0.05). Surprisingly, atorvastatin treatment significantly
increased 24-hr urine volume with respect to diabetic, insulin-treated and combined-treated rats

(p<0.05).



Table 1 Effects of pharmacological interventions on metabolic parameters

Control

DM

DMI

DMS

DMIS

Cs

Body weight (g)

396.67+17.21

245+14.50*

302.5+17.69*"

219+6.11*

344171417

400£12.18™

Fasting blood

467.04+40.30*"

422.94+31.92*

254.92+32 .82+

131.085.45™"

glucose 154.85+13.93 565.57+37.03*

(mg/dl)

Plasma insulin W o
2.47+0.43 0.5740.24* 0.85+0.19* 0.65+0.20* 2.20+0.71 3.23+0.48

(U/ml)

Plasma

cholesterol 74.71+£3.99 102.924+5.97* 91.88+1.55* 95.01+4.89* 81.13+1.67" 70.87+4.62™

(mg/dl)

Plasma

triglyceride 75.27+6.98 166.65+28.62* 163.18+16.23* 154.62+26.57* 122.22+12.35 78.518.09™"

(mg/dl)

Urine glucose + ; + .
115.8415.84 8834.1+375.5* 6350.6+831.9* 6136.9+802.7* 6056.9+426.5* 110.41+£3.08

(mg/dl)

Urine volume " ; " o
18.83+0.83 216.33£14.70* 133.67+15.75* 251.67+6.60* 135.504+8.43* 18.67+1.61

(ml/24h.)

Data presented are means + SEM. n=6 rats per group. C - control group; DM - diabetic group;

DMI - diabetic plus insulin group; DMS - diabetic plus atorvastatin group; DMIS - diabetic and

insulin plus atorvastatin group; CS - control plus atorvastatin group. *p < 0.05 vs. control and

control plus atorvastatin groups, 7‘p < 0.05 vs. diabetic group, Ip < 0.05 vs. diabetic plus insulin

group, #p <0.05 vs. diabetic plus atorvastatin group




Effects of pharmacological intervention on kidney weight, kidney weight to body weight

ratio, and renal function in STZ-induced diabetic rats

Type 1 diabetic rats showed significant increases in kidney weight (KW) and kidney
weight to body weight (KW/BW) ratio compared with the control and control plus atorvastatin rats
(p<0.05) (Table 2). Although, the KW/BW ratio of both insulin and combined drug treatment rats
(p<0.05) was significantly lower than that of diabetic rats. The greater reduction in KW/BW ratio

was observed in the combined drug treatment (insulin plus atorvastatin) group (p<0.05).

Significant increases in serum blood urea nitrogen (BUN) and creatinine levels, along
with a decrease in urine creatinine level and estimated glomerular filtration rate (eGFR) in
diabetic rats, compared with that of the control or control plus atorvastatin rats (p<0.05) were
observed which indicated an impairment in renal function in rats with the diabetic condition
(Table 2). The greatest reduction in BUN was found in the combined drug treatment group. Of
note, the decreased serum BUN and creatinine levels, in this group showed a strong correlation
with an improved eGFR. The results suggested that combined drug treatment produced the

greatest effect in improving kidney function in the diabetic rats.
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Table 2 Effects of pharmacological interventions on renal functions

Control DM DMI DMS DMIS CS
Kidney weight (g) 1.10+£0.02 1.34+0.06* 1.38+0.06* 1.25+0.03* 1.29+0.04* 1.0520.03™"
Kidney weight /
2.7940.01 5.55+0.38" 4.66+0.36*™ 5.81+0.28* 3.790.21*™ 2.64+0.10"*
Body weight ratio
(10%)
BUN . L . 1 T
0.05+0.01 0.22+0.03 0.10+0.01 0.19+0.01 0.06+0.01 0.05+0.01
(mg/dl/g BW)
Creatinine + i H#
3 1.15+0.04 2.13+0.15* 1.82+0.22* 1.74+0.12* 1.08+0.06 0.99+0.07
(10 mg/dl/g BW)
Urine creatinine ” o
56.64+7.42 6.37+0.92* 14.45+3.95* 5.88+0.57* 29.36+9.61* 54.57+7.59
(mg/dl)
eGFR . L . ST 1
100+1.29 52.69+4.43 67.11+2.67 50.58+1.41 75.77+3.30 92.31+2.81
(% of control)

Data presented are means + SEM. n=6 rats per group. C - control group; DM - diabetic group;
DMI - diabetic plus insulin group; DMS - diabetic plus atorvastatin group; DMIS - diabetic and

insulin plus atorvastatin group; CS - control plus atorvastatin group. eGFR, estimated glomerular
filtration rate calculated as follow :- eGFR= (urine creatinine x urine flow rate) / serum creatinine.
*p < 0.05 vs. control and control plus atorvastatin groups,fp < 0.05 vs. diabetic group, ip <0.05

vs. diabetic plus insulin group, #p <0.05 vs. diabetic plus atorvastatin group
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Effects of atorvastatin on kidney histological change in STZ-induced diabetic rats

As shown in Figure 1A, moderate glomerular lesions were found in diabetic rats when
compared with control and control plus atorvastatin rats. Glomerular capillaries were attached to
the Bowman’s capsule, their wide and irregular morphology leading to increased capsule space
in the diabetic group. In the kidneys from the diabetic rats, tubulointerstitial damage was found
with epithelial cell atrophy. Furthermore, a small amount of focal interstitial fibrosis with
neutrophil accumulation was observed. These results were supported by the significant increase
in renal injury score when compared with control (p<0.05) (Figure 1B). Atorvastatin plus insulin
(combined) treatment led to a decrease in these morphological changes as indicated by a
significant improve in renal injury score when compared with diabetic group (p<0.05). Moreover,
the combined treatment found to have a significant different in renal injury score when compared

to insulin or atorvastatin treatment alone (p<0.05).
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Figure 1. A. Photomicrographs of histological sections of kidney stained with
hematoxylin and eosin (H&E) (x40); images of glomeruli and renal tubules from control, diabetic
(DM), diabetic plus insulin (DMI), diabetic plus atorvastatin (DMS), diabetic and insulin plus
atorvastatin (DMIS) groups, and control plus atorvastatin (&S) are indicated. ( ) shows
dilatation of renal tubular; (arrow) represents interstitial fibrosis; (white arrow) represents
capsular space of the glomerular capsule; (black arrow) represents neutrophil accumulation;

(yellow arrow) represents tubular atrophy. B. Quantitative analysis of diabetic injury kidney was
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determined by semi-quantitative kidney injury scoring (0-4); Bar graphs presented show mean *
SEM. n=5 rats per group. C - control group; DM - diabetic group; DMI - diabetic plus insulin
group; DMIS - diabetic and insulin plus atorvastatin group; DMS - diabetic plus atorvastatin
group; CS - control plus atorvastatin. *p < 0.05 vs. control group and control plus atorvastatin
groups, 7‘p < 0.05 vs. diabetic group, Ip < 0.05 vs. diabetic plus insulin group, and #p <0.05 vs.

diabetic plus atorvastatin group.
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Effects of pharmacological intervention on renal Oat3 function and expression in STZ-

induced diabetic rats

An impairment in renal Oat3 function in diabetic rats was indicated by a significant
decrease in [3H]estrone sulfate (ES) uptake when compared with the control or control plus
atorvastatin rats (p<0.05) (Figure 2A). Insulin as a single or combined treatment with
atorvastatin led to significantly elevated [3H]ES uptake in comparison with diabetic rats (p<0.05).
Although, atorvastatin treatment led to a tendency to increase [3H]ES uptake it was sitill
significantly lower than that of the control group. As presented in Figure 2B and 2C, the
expression of renal Oat3 in the whole cell lysate of cortical tissues was comparable among the
experimental groups while renal Oat3 expression in the membrane fraction was significantly
decreased in diabetic rats (p<0.05). All drug treatment groups indicated a tendency to increase
[3H]ES uptake. However, a significant increase in renal Oat3 expression in the membrane
fraction was only observed in the combined drug treatment rats (p<0.05) but there was an
increasing trend noted in insulin-treated rats. These findings indicated that the decreased Oat3
function associated with the down-regulation of Oat3 in the membrane of renal tubular cells in

cases of diabetes mellitus may well be improved by insulin or insulin plus atorvastatin treatment.
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Figure 2. Effects of pharmacological intervention on renal cortical Oat3 function and
expression. [3H]ES uptake calculated from tissue/medium ratio (A). Western blot analysis of
Oat3 expression in whole cell lysate fraction normalized by B-actin (B) and in membrane lysate
fraction (cropped blots) normalized by B-actin (C). Na'-K' ATPase was used as a marker for
the membrane fraction. Bar graphs presented show mean + SEM. n=6 rats per group. C -
control group; DM - diabetic group; DMI - diabetic plus insulin group; DMIS - diabetic and insulin
plus atorvastatin group; DMS - diabetic plus atorvastatin group; CS - control plus atorvastatin.
*p < 0.05 vs. control group and control plus atorvastatin groups, Tp < 0.05 vs. diabetic group, ip

< 0.05 vs. diabetic plus insulin group, and #p <0.05 vs. diabetic plus atorvastatin group.
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Effects of pharmacological intervention on oxidative stress status in STZ-induced diabetic

rats

As shown in Figure 3, significant increases in malondialdehyde (MDA) level and protein
kinase C alpha (PKC-Q) expression along with an apparent decrease in superoxide dismutase
(SOD) expression were observed in the renal cortical tissues of diabetic rats compared with that
of the control rats (p<0.05) reflecting an increase in oxidative stress in diabetes. Insulin as a
single or combined treatment with atorvastatin led to a significantly decreased renal cortical MDA
level when compared with diabetic rats (p<0.05) and this value was approaching the control
level. The atorvastatin treatment alone seemed to have no effect on cortical MDA. Interestingly,
diabetic rats on the combined drug treatment showed a significant increase in the expression of
SOD (p<0.05) with compared to diabetic rats and the ones with insulin or atorvastatin treatment
alone. Moreover, rats on the combined drug treatment showed a significant decrease in the
expression of PKC-O when compared with the diabetic rats (p<0.05). The results from this
study suggested that atorvastatin plus insulin treatment could markedly decrease oxidative stress

in the diabetic condition.
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Figure 3. Effects of pharmacological intervention on renal cortical MDA level (A), renal
cortical expression of SOD (B) and PKC-U (C). Western blot analysis of SOD and PKC-O
expression in the whole cell lysate fraction of renal cortical tissues (cropped blots) normalized by
ﬁ-actin. Bar graphs presented show mean + SEM. n=6 rats per group. C - control group; DM
- diabetic group; DMI - diabetic plus insulin group; DMIS - diabetic plus insulin and atorvastatin
group; DMS - diabetic plus atorvastatin group; CS - control plus atorvastatin.*p < 0.05 vs. control
group and control plus atorvastatin groups, Tp < 0.05 vs. diabetic group, Ip < 0.05 vs. diabetic

plus insulin group, and #p <0.05 vs. diabetic plus atorvastatin group.



18

Effects of pharmacological intervention on the oxidative stress pathway in STZ-induced

diabetic rats

To further study the mechanism by which combined drug treatment led to decreased
hyperglycemia-induced oxidative stress, the expression of proteins involved in the oxidative
stress pathway, including nuclear factor erythroid 2-related factor 2 (Nrf2), glutamate-cysteine
ligase catalytic subunit (GCLC), and heme oxygenase-1 (HO-1) were investigated in the renal
cortical tissues. Diabetic rats showed a significant increase in the expression of Nrf2 in both the
nuclear and whole cell lysate fractions of renal cortical tissues compared with the control and
control plus atorvastatin rats (p<0.05) (Figure 4). These results indicated, not only was there an
increase in Nfr2 protein synthesis in the cell, but there was also increased translocation of Nrf2
from the cytoplasm to nucleus occurring in the diabetic rats. Interestingly, the combined drug
treatment significantly reversed the expression of Nrf2 in both the whole cell lysate and the
nuclear fraction when compared with that of diabetic rats (p<0.05). Rats on atorvastatin alone
had significantly attenuated Nrf2 expression in whole cell lysate fractions but there was no
significant effect on Nrf2 in the nuclear fraction compared with diabetic rats (p<0.05). Of note,
Nrf2 induced a significant increase in antioxidant enzyme HO-1 in diabetic rats compared to that
of control or control plus atorvastatin rats (p<0.05) whereas there was no change of GCLC
expression among the experimental groups. All types of drug treatment showed a significant
lowering of the expression of HO-1 in comparison with that of the diabetic rats (p<0.05). The
results indicated that combined drug treatment inactivated Nrf2 translocation to nucleus which

was related to the reduced HO-1 expression.
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Figure 4. Effects of pharmacological intervention on the renal cortical expression of Nrf-
2, GCLC and HO-1. Western blot analysis of Nrf2 expression in nuclear (A), Nrf2 in whole cell
lysate fractions (B), GCLC (C), and HO-1 (D) of renal cortical tissues (whole cell lysate fraction)
(cropped blots) normalized to B-actin. Lamin B1 was used as a marker for the nuclear fraction.
Bar graphs presented show mean £+ SEM. n=6 rats per group. C - control group; DM - diabetic
group; DMI - diabetic plus insulin group; DMIS - diabetic and insulin plus atorvastatin group;
DMS - diabetic plus atorvastatin group; CS - control plus atorvastatin. *p < 0.05 vs. control
group and control plus atorvastatin groups, Tp < 0.05 vs. diabetic group, Jtp < 0.05 vs. diabetic

plus insulin group, and #p <0.05 vs. diabetic plus atorvastatin group.
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Effects of pharmacological intervention on the pancreatic apoptotic pathway in STZ-

induced diabetic rats

Atorvastatin has been shown to inhibit the apoptosis of myocardial cells in cases of heart
failure following myocardial infarction in ratsM. As plasma insulin levels were found to decrease
in diabetic type 1 rats and the combined drug treatment led to the restoration of these levels to
within normal limits, it is likely that pancreas function recovered after the treatment. To verify
this hypothesis the expression of apoptotic proteins in pancreatic tissue was investigated. As
shown in Figure 5, diabetic rats showed a significant increase in B-cell lymphoma 2 (Bcl-2)
associated X (Bax) protein and cleaved caspase-3 expression, and marked reduction of Bcl-2
expression in pancreatic tissue when compared with that of the control or control plus
atorvastatin rats (p<0.05). The combined drug treatment led to a significant reduction of Bax
and cleaved caspase-3 expression and apparently enhanced the expression of Bcl-2 in
comparison with diabetic rats (p<0.05) whereas insulin or atorvastatin treatment alone had no
effects on these parameters. These results suggested that combined drug treatment protected
against pancreatic apoptosis which helps preserve the pancreas tissue and function in diabetic

rats.
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Figure 5. Effects of pharmacological intervention on the expression of Bax, Bcl-2, and
cleaved caspase-3 in pancreatic tissues. Western blot analysis showing the expressions of Bax
(A), Bcl-2 (B), and cleaved caspase-3 (C) in pancreatic tissues (cropped blots) normalized to ﬁ-
actin. Bar graphs presented show mean + SEM. n=6 rats per group. C - control group; DM -
diabetic group; DMI - diabetic plus insulin group; DMIS - diabetic and insulin plus atorvastatin
group; DMS - diabetic plus atorvastatin group; CS - control plus atorvastatin.*p < 0.05 vs. control
group and control plus atorvastatin groups, Tp < 0.05 vs. diabetic group, Ip < 0.05 vs. diabetic

plus insulin group, and #p <0.05 vs. diabetic plus atorvastatin group.
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Effects of pharmacological intervention on pancreatic inflammation pathways in STZ-

induced diabetic rats

It has been reported that chronic hyperglycemia can cause B-cell degranulation and
reduction15. It has been shown that statins have anti-inflammatory effects in asymmetrical
dimethylarginine-induced inflammatory endothelial cellsm. We, therefore, went on to investigate
the effect of atorvastatin treatment on the inflammation of pancreatic tissues. As shown in
Figure 6, there was significantly increased interferon gamma (IFN-Y) and interleukin-6 (IL-6)
protein expression in diabetic rats when compared with that of the control and control plus
atorvastatin rats (p<0.05). The single treatment with either insulin or atorvastatin tended to lower
levels of inflammatory proteins but the significant difference in IFN-Y was only observed in
insulin-treated rats (p<0.05) whereas the combined drug treatment led to the significant
decreases seen in both IFN-Y and IL-6 protein expression when compared with diabetic rats

(p<0.05).
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Figure 6. Effects of pharmacological intervention on the expression of IL-6, and IFN-Y
in pancreatic tissues. Western blot analysis showing the expression of IL-6 (A), and IFN-Y (B)
in pancreatic tissues (cropped blots) normalized to B-actin. Bar graphs presented show mean *
SEM. n=6 rats per group. C - control group; DM - diabetic group; DMI - diabetic plus insulin
group; DMIS - diabetic and insulin plus atorvastatin group; DMS - diabetic plus atorvastatin
group; CS - control plus atorvastatin. *p < 0.05 vs. control group and control plus atorvastatin
groups, 7‘p < 0.05 vs. diabetic group, ip < 0.05 vs. diabetic plus insulin group, and #p <0.05 vs.

diabetic plus atorvastatin group.
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Effects of pharmacological intervention on cardiac Oat function in STZ-induced diabetic

rats

An impairment in cardiac Oat function in diabetic rats was indicated by a decrease in
[3H]estrone sulfate (ES) uptake when compared with the control or control plus atorvastatin rats
(Figure 7). Insulin as a single or combined treatment with atorvastatin led to elevated [3H]ES
uptake in comparison with diabetic rats. These findings indicated that the decreased cardiacOat
function was also observed in cases of diabetes mellitus. This alteration may be improved by

insulin or insulin plus atorvastatin treatment.
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Figure 7. Effects of pharmacological intervention on cardiac Oat function. [3H]ES
uptake calculated from tissue/medium ratio. Bar graphs presented show mean + SEM. n=6 rats
per group. C - control group; DM - diabetic group; DMI - diabetic plus insulin group; DMIS -
diabetic and insulin plus atorvastatin group; DMS - diabetic plus atorvastatin group; CS - control

plus atorvastatin.
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Discussion

The STZ-induced diabetes type 1 in the rats in this study was characterized by body
weight loss, hyperglycemia, decreased plasma insulin level, renal dysfunction and renal
histological changes which were shown to have a correlation with an increase in renal oxidative
stress. In addition, hyperglycemia-induced oxidative stress was found to activate the oxidative
defense mechanisms through the Nrf2 pathway to protect cytotoxicity. This was consistent with
findings from our previous study7 which reported that the increased ROS generation in diabetes
activated the PKC signaling pathway resulting in the downregulation of renal Oat3 and
expression in the renal tissues and cardiac Oat function. Of note, hyperglycemia also increased
pancreatic expression of IL-6 and IFN-Y, indicators of inflammation, leading to pancreatic
apoptosis as shown by the increase in Bax, cleaved caspase-3 protein expression and the
Bax/Bcl-2 ratio. Interestingly, atorvastatin plus insulin (combined) treatment led to amelioration
of the inflammation and destruction of pancreatic cells leading to an increase in insulin secretion
which subsequently improved conditions of hyperglycemia. Thus, combined drug treatment
could exert additive effects in preserving both renal and pancreatic and also cardiac Oat

functions via modulation of oxidative stress, inflammation and apoptotic pathways.

Long-term hyperglycemia leads to an increase in reactive oxygen species and reactive
nitrogen species (ROS&RNS) leading to increased oxidative stress”. The condition of increased
oxidative stress in the diabetic rats in this study was confirmed by the elevation of renal MDA,
the stimulation of HO-1 expression and the reduction of antioxidant enzyme expression, SOD2.
Antioxidant mechanisms are usually activated when oxidative stress occurs. The Nrf2-Kelch-like
ECH-associated protein 1 (Keap1) pathway is the major regulator of cytoprotective responses
and regulates the expression of antioxidant proteins which protect against oxidative damage
triggered by injury and inflammation18’19. In the presence of ROS, cysteine residues in Keap1
are oxidized leading to a conformational change of Keap1, which prevents its binding to Nrf2.
After that, Nrf2 passes by translocation into the nucleus to promote the translation of oxidative-
stress-inducible genes, including HO-120. In this study, an increased oxidative stress, induced
by hyperglycemia in diabetic rats, led to activated Nrf2 expression and translocation, which
subsequently promoted the expression of HO-1 proteins. It is now widely accepted that

induction of HO-1 expression represents an adaptive response that increases cellular defense to
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oxidative injury. It has been reported that HO-1 is increased in livers of obese versus lean
individuals and of diabetic versus nondiabetic subject321. These results are supported by the
previous study that found high-glucose-induced upregulation of Nrf2 and HO-1 gene
expressionzz. This is in agreement with our previous reports showing the increased expression
of renal Nrf2, NAD(P)H quinone dehydrogenase 1 (NQO1) and HO-1 due to oxidative stress in

gentamicin-induced nephrotoxicity in rats11’23

An increased expression of PKC-U in diabetic rats was also consistent with the previous
report that PKC-Ql was activated in hyperglycemia7. Moreover, the decreased renal Oat3
function and expression and cardiac Oat function in the present study when PKC-Q was
activated due to oxidative stress were similar to that observed previously in diabetic7’8 and

11,23
gentamicin-induced nephrotoxicity in rats

In this study, increased pancreatic apoptosis was found to be significantly related to the
decreased plasma insulin levels in diabetic rats. Hyperglycemia may negatively affect B-cell
mass by inducing apoptosis without a compensatory increase in B-cell proliferation and
neogenesis. It has been reported that chronic hyperglycemia can cause B-cell degranulation
and reduction15. The increased pancreatic expression of IL-6, and IFN-Y, indicating
inflammation in diabetic rats in the present study, was found to be correlated with the findings of
an in vitro study demonstrating that the exposure of B-cells to high glucose induced interleukin 1
beta (IL-1[3) which activated nuclear factor-kappa B (NF-kB) and Fas signaling and
consequently triggered apoptosi524'25. Moreover, both IL-1B and IFN-Y also activated NF-kB
and appeared to increase inducible nitric oxide synthase (iINOS) expression resulting in the

stimulation of ER stress conditions and mononuclear cell activation and infiltration leading to B-

cell deathze.

Atorvastatin is a lipid-lowering agent in statins or the HMG-CoA reductase inhibitor group
which inhibit the HMG-CoA reductase enzyme, the catalyst of the rate-limiting step of the
mevalonate pathway27. It has been reported as having pleiotropic effects including anti-
apoptosiszs’zg, anti-inﬂammation30, antioxidant”'31 and anti-thrombotic effects32. Although the
direct effect of atorvastatin in reducing plasma levels of cholesterol was not observed in this

study, the beneficial effects of the restoration of plasma insulin, reduced blood glucose,
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improved renal function, as well as decreased pancreatic inflammation and apoptosis were
demonstrated in the diabetic rats that had undergone the combined treatment (atorvastatin with
a low dose of insulin). It initiated a greater effect than that observed in the rats undergoing
insulin or atorvastatin treatment alone. These pleiotropic effects of atorvastatin which led to the
adjustment of glucose homeostasis and renoprotection observed in this study might be due to
the additive effect of atorvastatin and insulin in controlling metabolic parameters and
subsequently protect kidney dysfunction in diabetes. This proposed mechanism is supported by
the previous study reporting that atorvastatin can increase B-cell function by increasing B-cell
proliferation and decreasing ER stress conditions33. The increased insulin secretion and the
attenuation of apoptosis of pancreatic tissue seen in rats on the combined treatment in this study
reflected an improvement in B-cell function. The dosage of insulin used in this study had no
effect on the lowering of plasma glucose to normal levels as indicated in the group on insulin
treatment alone. Thus, the effective reduction of the hyperglycemic condition in the group on the
combined drug treatment corroborated the pleiotropic effects of atorvastatin in the reduction of
oxidative stress leading to the improvement of renal and pancreatic functions seen in this study.
We found that only combined treatment had the significant effect on Nrf-2 expression while
insulin, atorvastatin and combined treatment had similar effect on HO-1 expression. The results
indicated that combined drug treatment inactivated Nrf2 translocation to nucleus which was
related to the reduced HO-1 expression. However, the reduced HO-1 expression in insulin or
atorvastatin treatment alone might be involved the other regulated mechanisms such as
inflammation or insulin. Insulin has been reported to stimulate HO-1 expression in skeletal
myoblast34. The decreased HO-1 expression might be related to the low level of plasma insulin
in insulin or atorvastatin treatment alone. Thus, the combined drug treatment produced highly
effective effects in the control of glucose homeostasis and the prevention of organ dysfunction

when compared to of the insulin or atorvastatin treatment alone.

In conclusion, the results obtained from this study indicate that combined atorvastatin
and low dose insulin treatment exhibit renoprotective and cardioprotective effects and lead to the
reversal of pancreatic B-cell function in streptozotocin-induced diabetes in rats. These
improvements occurred via the modulation of oxidative stress, pancreatic inflammation and
apoptotic pathways. Moreover, the reduced insulin injection dosage could prevent the adverse

effect of insulin in prolonged treatment especially in Type 1 diabetes. Since the use of
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atorvastatin and insulin showed great potential benefits in the preservation of renal, cardiac and
pancreatic function in rats with diabetes type 1, further study is recommended to investigate

whether these benefits could also be conferred in humans.
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ABSTRACT

Hyperglycemia-induced oxidative stress is usually found in diabetic condition. 3-
hydroxy-3-methylglutaryl coenzyme-A (HMG-CoA) reductase inhibitors, statins, are
widely used as cholesterol-lowering medication with several “pleiotropic” effects in
diabetic patients. This study aims to evaluate whether the protective effects of
atorvastatin and insulin on renal function and renal organic anion transporter 3 (Oat3)
function involve the modulation of oxidative stress and pancreatic function in type 1
diabetic rats. Type 1 diabetes was induced by intraperitoneal injection of streptozotocin
(50 mg/kg BW). Atorvastatin and insulin as single or combined treatment were given for
4 weeks after diabetic condition had been confirmed. Diabetic rats demonstrated renal
function and renal Oat3 function impairment with an increased MDA level and
decreased SOD protein expression concomitant with stimulation of renal Nrf2 and HO-1
protein expression. Insulin plus atorvastatin (combined) treatment effectively restored
renal function as well as renal Oat3 function which correlated with the decrease in
hyperglycemia and oxidative stress. Moreover, pancreatic inflammation and apoptosis
in diabetic rats were ameliorated by the combined drugs treatment. Therefore,
atorvastatin plus insulin seems to exert the additive effect in improving renal functionby
alleviating hyperglycemiaand the modulation of oxidative stress, inflammation and
apoptosis.

Keywords: Diabetes Mellitus; Renal function; Renal Oat3; Atorvastatin; Oxidative

stress; Inflammation
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Introduction

Type 1 diabetes (T1D) is an autoimmune disease characterized by low plasma
insulin due to a destruction of the pancreatic B-cells which synthesize insulin' leading to
the development of hyperglycemia. Diabetic nephropathy (DN) is a devastating
complication of type 1 diabetes, which is the leading cause of end-stage renal disease
(ESRD) and a major cause of morbidity and mortality in T1D patients®. Although the
pathogenesis of DN is still not fully understood it has been suggested that long-term
hyperglycemia activates reactive oxygen species (ROS) production by increasing
advanced glycation end products (AGE). Subsequently, AGE activates the polyol
pathway resulting in the activation of Nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase causing cell damage and dysfunction®®. These conditions can lead
to diabetic nephropathy and diabetic-induced complications in several organs including
the pancreas. DN is characterized by various ultrastructural changes of nephrons
including basement membrane thickening, glomerular and tubular hypertrophy,
glomerulosclerosis and tubulointerstitial fibrosis®. This pathology markedly affects the

secretory and excretory capacities of transporters in renal proximal tubules.

The organic anion transporter 3 (Oat3) is an important renal transporter which is
localized in the basolateral membrane of the renal proximal tubule. It plays an essential
role in renal excretion of a variety of drug metabolites, endogenous substances, and
environmental toxins. Our previous study has demonstrated that a decrease in function
and expression of renal Oat3 in diabetic rats were associated with an increased

oxidative stress level from hyperglycemia’. Moreover, we found that an impairment of
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renal Oat3 transport function and expression in diabetic rats was restored by insulin

treatment’8.

Atorvastatin, an 3-hydroxy-3-methylglutaryl coenzyme-A (HMG-CoA) reductase
inhibitor, is widely used to treat hypercholesterolemia and dyslipidemia in diabetic
patients. A recent study demonstrated the pleiotropic effects of statins in attenuating
oxidative stress, inflammation, apoptosis and thrombosis®. In addition, cardioprotective
effects of statins in an angiotensin Il (Ang Il)-induced cardiac hypertrophy and fibrosis

mice model'®

and the renoprotective effects of statins in gentamicin-induced
nephropathy in rats through the attenuation of oxidative stress leading to improving
renal Oat3 and renal function'" have been reported by our team. We also demonstrated
that renal inflammation, endoplasmic reticulum (ES) stress and apoptosis were
ameliorated by atorvastatin in gentamicin-induced nephrotoxicity in rats'?. In contrast-
induced nephropathy, rosuvastatin was found to modulate nitric oxide synthesis,
inflammation, oxidative stress and apoptosis in diabetic male rats'®. Taken together,
either insulin or atorvastatin can improve renal function in diabetic rats but their
combined effect has not been investigated. In addition, we were very interested in the
effect of the combined treatment on pancreatic function and whether it was effective in
the modulation of insulin secretion in diabetic condition. Therefore, in this study we
have evaluated the renoprotective effects of atorvastatin plus low dose insulin treatment
on renal function and the function of the important renal transport protein, renal Oat3, in

modulation of the renal oxidative stress pathway, and its effect on the inflammation and

apoptosis of the pancreas in streptozotocin (STZ)-induced diabetic rats.
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Results

Effects of pharmacological intervention on metabolic parameters in STZ-induced

diabetic rats

As shown in Table 1, type 1 diabetic rats showed a significant decrease in body
weight and plasma insulin level when compared with those of the control and control
plus atorvastatin rats (p<0.05). Plasma glucose, cholesterol, triglyceride, urine glucose
and urine volume were significantly increased in diabetic rats when compared with
control or control plus atorvastatin-treated rats (p<0.05). Treatment with insulin as a
single entity or combined with atorvastatin correlated with significantly increased body
weight compared with diabetic rats (p<0.05). Similarly, the rats that received the
combined drug treatment (atorvastatin plus insulin) had significantly higher body weight
than those receiving only a single treatment of either insulin or atorvastatin-treated rats
(p<0.05). Rats on insulin or atorvastatin treatment alone and combined drugs treatment
showed significantly decreased fasting blood glucose levels when compared with those
of diabetic rats (p<0.05). However, the fasting blood glucose in the combined drug
treatment was lowest and significantly different from that of insulin or atorvastatin-
treated rats (p<0.05). Co-administration of insulin and atorvastatin had a marked effect
on the restoration of plasma insulin which nearly returned to normal levels and was
significantly different when compared to that of diabetic, insulin or atorvastatin-treated
rats (p<0.05). Also, rats having the combined drug treatment showed a significantly
lower plasma cholesterol level when compared to diabetic and atorvastatin-treated rats

(p<0.05). In addition, rats receiving insulin or atorvastatin alone or the combined
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therapy showed significantly lowered urine glucose concentration when compared to
that of diabetic rats (p<0.05). Rats having insulin as a single or combined treatment
with atorvastatin showed a significantly decreased 24-hr urine volume in comparison
with that of diabetic rats (p<0.05). Surprisingly, atorvastatin treatment significantly

increased 24-hr urine volume with respect to diabetic, insulin-treated and combined-

treated rats (p<0.05).

Effects of pharmacological intervention on kidney weight, kidney weight to body

weight ratio, and renal function in STZ-induced diabetic rats

Type 1 diabetic rats showed significant increases in kidney weight (KW) and
kidney weight to body weight (KW/BW) ratio compared with the control and control plus
atorvastatin rats (p<0.05) (Table 2). Although, the KW/BW ratio of both insulin and
combined drug treatment rats (p<0.05) was significantly lower than that of diabetic rats.
The greater reduction in KW/BW ratio was observed in the combined drug treatment

(insulin plus atorvastatin) group (p<0.05).

Significant increases in serum blood urea nitrogen (BUN) and creatinine levels,
along with a decrease in urine creatinine level and estimated glomerular filtration rate
(eGFR) in diabetic rats, compared with that of the control or control plus atorvastatin
rats (p<0.05) were observed which indicated an impairment in renal function in rats with
the diabetic condition (Table 2). The greatest reduction in BUN was found in the
combined drug treatment group. Of note, the decreased serum BUN and creatinine

levels, in this group showed a strong correlation with an improved eGFR. The results
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suggested that combined drug treatment produced the greatest effect in improving

kidney function in the diabetic rats.

Effects of atorvastatin on kidney histological change in STZ-induced diabetic rats

As shown in Figure 1A, moderate glomerular lesions were found in diabetic rats
when compared with control and control plus atorvastatin rats. Glomerular capillaries
were attached to the Bowman’s capsule, their wide and irregular morphology leading to
increased capsule space in the diabetic group. In the kidneys from the diabetic rats,
tubulointerstitial damage was found with epithelial cell atrophy. Furthermore, a small
amount of focal interstitial fibrosis with neutrophil accumulation was observed. These
results were supported by the significant increase in renal injury score when compared
with control (p<0.05) (Figure 1B). Atorvastatin plus insulin (combined) treatment led to
a decrease in these morphological changes as indicated by a significant improve in
renal injury score when compared with diabetic group (p<0.05). Moreover, the
combined treatment found to have a significant different in renal injury score when

compared to insulin or atorvastatin treatment alone (p<0.05).

Effects of pharmacological intervention on renal Oat3 function and expression in

STZ-induced diabetic rats

An impairment in renal Oat3 function in diabetic rats was indicated by a
significant decrease in [°H]estrone sulfate (ES) uptake when compared with the control
or control plus atorvastatin rats (p<0.05) (Figure 2A). Insulin as a single or combined

treatment with atorvastatin led to significantly elevated [3H]ES uptake in comparison
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with diabetic rats (p<0.05). Although, atorvastatin treatment led to a tendency to
increase [°H]ES uptake it was still significantly lower than that of the control group. As
presented in Figure 2B and 2C, the expression of renal Oat3 in the whole cell lysate of
cortical tissues was comparable among the experimental groups while renal Oat3
expression in the membrane fraction was significantly decreased in diabetic rats
(p<0.05). All drug treatment groups indicated a tendency to increase [*HJES uptake.
However, a significant increase in renal Oat3 expression in the membrane fraction was
only observed in the combined drug treatment rats (p<0.05) but there was an increasing
trend noted in insulin-treated rats. These findings indicated that the decreased Oat3
function associated with the down-regulation of Oat3 in the membrane of renal tubular
cells in cases of diabetes mellitus may well be improved by insulin or insulin plus

atorvastatin treatment.

Effects of pharmacological intervention on oxidative stress status in STZ-induced

diabetic rats

As shown in Figure 3, significant increases in malondialdehyde (MDA) level and
protein kinase C alpha (PKC-a) expression along with an apparent decrease in
superoxide dismutase (SOD) expression were observed in the renal cortical tissues of
diabetic rats compared with that of the control rats (p<0.05) reflecting an increase in
oxidative stress in diabetes. Insulin as a single or combined treatment with atorvastatin
led to a significantly decreased renal cortical MDA level when compared with diabetic
rats (p<0.05) and this value was approaching the control level. The atorvastatin
treatment alone seemed to have no effect on cortical MDA. Interestingly, diabetic rats

on the combined drug treatment showed a significant increase in the expression of SOD
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(p<0.05) with compared to diabetic rats and the ones with insulin or atorvastatin
treatment alone. Moreover, rats on the combined drug treatment showed a significant
decrease in the expression of PKC-a when compared with the diabetic rats (p<0.05).
The results from this study suggested that atorvastatin plus insulin treatment could

markedly decrease oxidative stress in the diabetic condition.

Effects of pharmacological intervention on the oxidative stress pathway in STZ-

induced diabetic rats

To further study the mechanism by which combined drug treatment led to
decreased hyperglycemia-induced oxidative stress, the expression of proteins involved
in the oxidative stress pathway, including nuclear factor erythroid 2-related factor 2
(Nrf2), glutamate-cysteine ligase catalytic subunit (GCLC), and heme oxygenase-1 (HO-
1) were investigated in the renal cortical tissues. Diabetic rats showed a significant
increase in the expression of Nrf2 in both the nuclear and whole cell lysate fractions of
renal cortical tissues compared with the control and control plus atorvastatin rats
(p<0.05) (Figure 4). These results indicated, not only was there an increase in Nfr2
protein synthesis in the cell, but there was also increased translocation of Nrf2 from the
cytoplasm to nucleus occurring in the diabetic rats. Interestingly, the combined drug
treatment significantly reversed the expression of Nrf2 in both the whole cell lysate and
the nuclear fraction when compared with that of diabetic rats (p<0.05). Rats on
atorvastatin alone had significantly attenuated Nrf2 expression in whole cell lysate
fractions but there was no significant effect on Nrf2 in the nuclear fraction compared

with diabetic rats (p<0.05). Of note, Nrf2 induced a significant increase in antioxidant
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enzyme HO-1 in diabetic rats compared to that of control or control plus atorvastatin
rats (p<0.05) whereas there was no change of GCLC expression among the
experimental groups. All types of drug treatment showed a significant lowering of the
expression of HO-1 in comparison with that of the diabetic rats (p<0.05). The results
indicated that combined drug treatment inactivated Nrf2 translocation to nucleus which

was related to the reduced HO-1 expression.

Effects of pharmacological intervention on the pancreatic apoptotic pathway in

STZ-induced diabetic rats

Atorvastatin has been shown to inhibit the apoptosis of myocardial cells in cases
of heart failure following myocardial infarction in rats'®. As plasma insulin levels were
found to decrease in diabetic type 1 rats and the combined drug treatment led to the
restoration of these levels to within normal limits, it is likely that pancreas function
recovered after the treatment. To verify this hypothesis the expression of apoptotic
proteins in pancreatic tissue was investigated. As shown in Figure 5, diabetic rats
showed a significant increase in B-cell lymphoma 2 (Bcl-2) associated X (Bax) protein
and cleaved caspase-3 expression, and marked reduction of Bcl-2 expression in
pancreatic tissue when compared with that of the control or control plus atorvastatin
rats (p<0.05). The combined drug treatment led to a significant reduction of Bax and
cleaved caspase-3 expression and apparently enhanced the expression of Bcl-2 in
comparison with diabetic rats (p<0.05) whereas insulin or atorvastatin treatment alone

had no effects on these parameters. These results suggested that combined drug
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treatment protected against pancreatic apoptosis which helps preserve the pancreas

tissue and function in diabetic rats.

Effects of pharmacological intervention on pancreatic inflammation pathways in

STZ-induced diabetic rats

It has been reported that chronic hyperglycemia can cause -cell degranulation
and reduction™. It has been shown that statins have anti-inflammatory effects in
asymmetrical dimethylarginine-induced inflammatory endothelial cells™. We, therefore,
went on to investigate the effect of atorvastatin treatment on the inflammation of
pancreatic tissues. As shown in Figure 6, there was significantly increased interferon
gamma (IFN-y) and interleukin-6 (IL-6) protein expression in diabetic rats when
compared with that of the control and control plus atorvastatin rats (p<0.05). The single
treatment with either insulin or atorvastatin tended to lower levels of inflammatory
proteins but the significant difference in IFN-y was only observed in insulin-treated rats
(p<0.05) whereas the combined drug treatment led to the significant decreases seen in

both IFN-y and IL-6 protein expression when compared with diabetic rats (p<0.05).

Discussion

The STZ-induced diabetes type 1 in the rats in this study was characterized by
body weight loss, hyperglycemia, decreased plasma insulin level, renal dysfunction and
renal histological changes which were shown to have a correlation with an increase in
renal oxidative stress. In addition, hyperglycemia-induced oxidative stress was found to

activate the oxidative defense mechanisms through the Nrf2 pathway to protect
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cytotoxicity. This was consistent with findings from our previous study’ which reported
that the increased ROS generation in diabetes activated the PKC signaling pathway
resulting in the downregulation of renal Oat3 function and expression in the renal
tissues. Of note, hyperglycemia also increased pancreatic expression of IL-6 and IFN-
Yy, indicators of inflammation, leading to pancreatic apoptosis as shown by the increase
in Bax, cleaved caspase-3 protein expression and the Bax/Bcl-2 ratio. Interestingly,
atorvastatin plus insulin (combined) treatment led to amelioration of the inflammation
and destruction of pancreatic cells leading to an increase in insulin secretion which
subsequently improved conditions of hyperglycemia. Thus, combined drug treatment
could exert additive effects in preserving both renal and pancreatic functions via

modulation of oxidative stress, inflammation and apoptotic pathways.

Long-term hyperglycemia leads to an increase in reactive oxygen species and
reactive nitrogen species (ROS&RNS) leading to increased oxidative stress'’. The
condition of increased oxidative stress in the diabetic rats in this study was confirmed by
the elevation of renal MDA, the stimulation of HO-1 expression and the reduction of
antioxidant enzyme expression, SOD2. Antioxidant mechanisms are usually activated
when oxidative stress occurs. The Nrf2-Kelch-like ECH-associated protein 1 (Keap1)
pathway is the major regulator of cytoprotective responses and regulates the expression
of antioxidant proteins which protect against oxidative damage triggered by injury and

18,19

inflammation ™ . In the presence of ROS, cysteine residues in Keap1 are oxidized

leading to a conformational change of Keap1, which prevents its binding to Nrf2. After

that, Nrf2 passes by translocation into the nucleus to promote the translation of

120

oxidative-stress-inducible genes, including HO-17". In this study, an increased oxidative
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stress, induced by hyperglycemia in diabetic rats, led to activated Nrf2 expression and
translocation, which subsequently promoted the expression of HO-1 proteins. It is now
widely accepted that induction of HO-1 expression represents an adaptive response
that increases cellular defense to oxidative injury. It has been reported that HO-1 is
increased in livers of obese versus lean individuals and of diabetic versus nondiabetic
subjects”. These results are supported by the previous study that found high-glucose-
induced upregulation of Nrf2 and HO-1 gene expression®’. This is in agreement with
our previous reports showing the increased expression of renal Nrf2, NAD(P)H quinone
dehydrogenase 1 (NQO1) and HO-1 due to oxidative stress in gentamicin-induced

nephrotoxicity in rats'"%.

An increased expression of PKC-a in diabetic rats was also consistent with the
previous report that PKC-a was activated in hyperglycemia’. Moreover, the decreased
renal Oat3 function and expression in the present study when PKC-a was activated due
to oxidative stress were similar to that observed previously in diabetic’® and gentamicin-

induced nephrotoxicity in rats'"%.

In this study, increased pancreatic apoptosis was found to be significantly related
to the decreased plasma insulin levels in diabetic rats. Hyperglycemia may negatively
affect B-cell mass by inducing apoptosis without a compensatory increase in B-cell
proliferation and neogenesis. It has been reported that chronic hyperglycemia can
cause B-cell degranulation and reduction®. The increased pancreatic expression of IL-
6, and IFN-y, indicating inflammation in diabetic rats in the present study, was found to

be correlated with the findings of an in vitro study demonstrating that the exposure of 3-
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cells to high glucose induced interleukin 1 beta (IL-1B) which activated nuclear factor-
kappa B (NF-kB) and Fas signaling and consequently triggered apoptosis®*2°.
Moreover, both IL-13 and IFN-y also activated NF-kB and appeared to increase
inducible nitric oxide synthase (INOS) expression resulting in the stimulation of ER

stress conditions and mononuclear cell activation and infiltration leading to -cell

death?®.

Atorvastatin is a lipid-lowering agent in statins or the HMG-CoA reductase
inhibitor group which inhibit the HMG-CoA reductase enzyme, the catalyst of the rate-

limiting step of the mevalonate pathway?’. It has been reported as having pleiotropic

28,29 t1 1,31

effects including anti-apoptosis®**°, anti-inflammation®, antioxidan and anti-
thrombotic effects®. Although the direct effect of atorvastatin in reducing plasma levels
of cholesterol was not observed in this study, the beneficial effects of the restoration of
plasma insulin, reduced blood glucose, improved renal function, as well as decreased
pancreatic inflammation and apoptosis were demonstrated in the diabetic rats that had
undergone the combined treatment (atorvastatin with a low dose of insulin). It initiated a
greater effect than that observed in the rats undergoing insulin or atorvastatin treatment
alone. These pleiotropic effects of atorvastatin which led to the adjustment of glucose
homeostasis and renoprotection observed in this study might be due to the additive
effect of atorvastatin and insulin in controlling metabolic parameters and subsequently
protect kidney dysfunction in diabetes. This proposed mechanism is supported by the
previous study reporting that atorvastatin can increase B-cell function by increasing [3-

cell proliferation and decreasing ER stress conditions®. The increased insulin secretion

and the attenuation of apoptosis of pancreatic tissue seen in rats on the combined
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treatment in this study reflected an improvement in B-cell function. The dosage of
insulin used in this study had no effect on the lowering of plasma glucose to normal
levels as indicated in the group on insulin treatment alone. Thus, the effective reduction
of the hyperglycemic condition in the group on the combined drug treatment
corroborated the pleiotropic effects of atorvastatin in the reduction of oxidative stress
leading to the improvement of renal and pancreatic functions seen in this study. We
found that only combined treatment had the significant effect on Nrf-2 expression while
insulin, atorvastatin and combined treatment had similar effect on HO-1 expression.
The results indicated that combined drug treatment inactivated Nrf2 translocation to
nucleus which was related to the reduced HO-1 expression. However, the reduced HO-
1 expression in insulin or atorvastatin treatment alone might be involved the other
regulated mechanisms such as inflammation or insulin. Insulin has been reported to
stimulate HO-1 expression in skeletal myoblast34. The decreased HO-1 expression
might be related to the low level of plasma insulin in insulin or atorvastatin treatment
alone. Thus, the combined drug treatment produced highly effective effects in the
control of glucose homeostasis and the prevention of organ dysfunction when compared

to of the insulin or atorvastatin treatment alone.

In conclusion, the results obtained from this study indicate that combined
atorvastatin and low dose insulin treatment exhibit renoprotective effects and lead to the
reversal of pancreatic 3-cell function in streptozotocin-induced diabetes in rats. These
improvements occurred via the modulation of oxidative stress, pancreatic inflammation
and apoptotic pathways. Moreover, the reduced insulin injection dosage could prevent

the adverse effect of insulin in prolonged treatment especially in Type 1 diabetes. Since
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the use of atorvastatin and insulin showed great potential benefits in the preservation of
renal and pancreatic function in rats with diabetes type 1, further study is recommended

to investigate whether these benefits could also be conferred in humans.

Materials and methods

Animals. Male Wistar rats (200-250 g) were obtained from the National Animal Center,
Salaya Campus, Mahidol University, Thailand. The animal facilities and protocols
involved in the study were approved by the Laboratory Animal Care and Use
Committees at the Faculty of Medicine, Chiang Mai University, Chiang Mai, Thailand
(Permit No: 12/2557). All methods were performed in accordance with the relevant
guidelines and regulations. All experimental rats were housed under controlled
temperatures of 25+1°C and lighting in a 12 h-light/dark cycle with food and water ad
libitum. After seven days of acclimatization, thirty-six rats were randomly divided into
control (12 rats) and diabetic (24 rats) groups. The control group was divided into 2
groups, control (C), and control plus atorvastatin (CS) (six rats per group). Rats in the
diabetic group were intraperitoneally (i.p.) injected with 50 mg/kg BW of streptozotocin
in 10 mM citrate buffer pH 4.5 while the control rats received the equivalent dose of
citrate buffer solution as a vehicle. After 7 days, rats with fasting blood glucose = 250
mg/dl were included in the diabetic group and assigned into four sub-groups (six rats
per group): diabetic (DM), diabetic plus insulin (DMI), diabetic plus atorvastatin (DMS),
and diabetic plus insulin and atorvastatin (DMIS). Insulin (4 units/day) was injected
subcutaneously while 10 mg/kg/day of atorvastatin dissolved in saline was administered
orally for 4 weeks. All rats had free access to water and food and body weight was

recorded daily. At the end of the experimental period, a 24-hr urine sample was
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collected using a metabolic cage. Rats were killed after being anesthetized using
isoflurane inhalation. Blood samples were collected. Plasma and serum were
separated and then stored at -20°C until use. The kidneys were removed immediately,
decapsulated and weighed to facilitate further use for the determination of renal Oat3
transporter function, malondialdehyde (MDA) concentration, hematoxylin and eosin
(H&E) staining, and western blot analysis. Pancreatic tissue was collected and kept at -

80°C for further western blot analysis.

Biochemical parameters. The plasma glucose, triglyceride, cholesterol and urine
glucose levels were determined by the enzymatic colorimetric method using a
commercial kit (ErbaLachemas.r.o., Brno, CZ). Plasma insulin concentration was
evaluated by the Sandwich ELIZA method using a commercial kit (Rat/Mouse Insulin
ELISA kit, Merck Millipore, MA, USA). Renal function was estimated by the
determination of serum and urine creatinine, serum blood urea nitrogen (BUN) levels
and estimated glomerular filtration rate (eGFR). Serum and urine creatinine and serum
blood urea nitrogen (BUN) levels were measured using an automatic biochemical
analyzer at the Clinical Laboratory, Maharaj Nakorn Chiang Mai Hospital, Chiang Mai,

Thailand. eGFR was calculated using the following equation :-

eGFR = (urine creatinine x urine flow rate) / serum creatinine (1)

Determination of renal Oat3 function. The decapsulated kidneys were placed into
freshly-oxygenated ice-cold modified Cross and Taggart saline buffer (contain: 95 mM
NaCl, 80 mM mannitol, 5 mM KCI, 0.74 mM CaCl,, and 9.5 mM Na;HPO,, pH 7.4).

Thin renal cortical slices (< 0.5 mm; 5-15 mg, wet weight) were cut using a Stadie-Riggs
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microtome and incubated in 1 ml of buffer containing 50 nM [*H] estrone sulfate (ES), a
prototypical organic anion that is preferentially transported by 0at3*>*°, to enable an
uptake study for 30 mins at room temperature. At the end of the uptake period, the
slices were washed in 0.1 M MgCly, blotted on filter paper, weighed and dissolved in 0.4
ml of 1 M NaOH, and neutralized with 0.6 ml of 1 N HCI. Five renal cortical slices were
used for each rat (5-6 rats per group). The radioactivity was measured using a liquid
scintillation analyzer (Perkin EImer, MA, USA). The transport of ES was calculated as

tissue to medium (T/M) ratio.
T/M ratio= dpm/g tissue + dpm/ml medium (2)

Determination of renal oxidative stress and pancreatic apoptosis.

Determination of MDA in renal cortical tissue

The renal cortical tissue was cut and suspended in Cell Lytic MT mammalian
tissue lysis/extraction reagent (Sigma Aldrich, MO, USA) containing a 1% complete
protease inhibitor cocktail (Roche Applied Science, IN, USA). After being homogenized
and centrifuged at 1,600 g for 10 min at 4°C, the supernatants were collected. The
MDA concentration as an indicator of renal oxidative stress condition was determined
by using a commercial thiobarbituric acid reactive substance (TBARS) assay kit from

Cayman Chemical (Ann Arbor, MI, USA) in line with the manufacturer’s protocol.
Western blot Analysis

The renal cortical or pancreatic tissues were homogenized in Cell Lytic MT
mammalian tissue lysis/extraction reagent (Sigma Aldrich, MO, USA) containing a 1%

complete protease inhibitor cocktail (Roche Applied Science, IN, USA) and centrifuged
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at 5,000 g for 10 minutes. The supernatant was collected and served as the whole cell
lysate fraction and the pellet served as the nuclear fraction. The remaining supernatant
was centrifuged at 100,000 g for 2 hrs, then the collected pellet served as the
membrane fraction. Protein concentration was measured using a colorimetric Bradford
protein assay commercially available kit (Bio-Rad, PA, USA). Total cell lysates, nuclear
and membrane fractions from the renal cortex were subjected to 10% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred onto PVDF
membrane (Millipore, MA, USA) and were allowed to react with primary antibodies
overnight at 4 °C. Antibodies against Nrf-2, IL-6, IFN-y and PKC-a were obtained from
Santa-cruz Biotechnology (CA, USA). Antibodies against GCLC and HO-1 were
obtained from Abcambiochemicals (MA, USA). Antibodies against SOD2, Bcl-2, B-actin
and Lamin B were obtained from Cell signaling Technology (MA, USA). Antibodies
against Oat3 were obtained from Cosmo Bio Co. Ltd., (Tokyo, Japan) and antibodies
against Bax, cleaved caspase-3, Na*-K*-ATPase from Merck Millipore (MA, USA).
Membranes were developed using an ECL enhanced chemiluminescence agent
(BioRad Laboratory Ltd., HemelHemstead, UK) and exposed using the ChemiDoc™
Touch Imaging system (BioRad Laboratory Ltd., HemelHemstead, UK). Relative
molecular mass of the labeled protein bands was estimated using a Page Ruler
Prestained Protein Ladder (Fermentas, MA, USA), and the density was determined by
the software ImagedJ (National Institutes of Health, Bethesda, MD, USA). Density of the

protein bands was expressed in arbitrary units relative to the respective 3-actin.

Histopathological study
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To determine the changes in kidney morphology, kidneys were cut along the
transverse axis then fixed in 10% neutral buffered formalin and embedded in paraffin.
Paraffin-embedded specimens were cut into 2 pm-thick sections, mounted on glass
slides and stained with hematoxylin and eosin (H&E) for histological assessment. The
samples were observed by an observer blinded to animal treatment groups to determine
the presence of glomerular and tubular changes or damage. Five slices of kidney
section from each group of experiments were examined and scored under light
microscope (Olympus Co., Tokyo, Japan) and evaluated the severity of renal injury
score (0-4) by estimating the percentage of tubules in cortex or outer medullar and
glomerulus that exhibited increases capsular space of glomerular capsule, peritubular
leukocyte infiltration, tubular dilatation, and interstitial fibrosis. The histopathological
evaluation was performed as follows: 0-none; 1-<5%; 2-5-25%; 3-25-75% and 4-

>75%°"%,
Statistical analysis

All data were expressed as mean + standard error (SEM). A one-way ANOVA
was used to compare the data from the various treatments followed by Fisher's Least
significant difference test (LSD). A p value of less than 0.05 was considered to be

statistically significant.
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Table 1 Effects of pharmacological interventions on metabolic parameters

Control

DM

DMI

DMS

DMIS

Cs

Body weight
(9)

396.67+17.21

245+14.50*

302.5+17.69% "

219+6.11%

3441714175

400+12.18"+

Fasting blood
glucose
(mg/dl)

154.85+£13.93

565.57+37.03*

467.04+40.30*"

422.94+31.92*"

254.92+32.82* 1+

131.0845.45

Plasma
insulin
(U/ml)

2.47+0.43

0.57+0.24*

0.85+0.19*

0.6520.20*

2.20+0.71"

3.23+0.48"

Plasma
cholesterol
(mg/dl)

74.71+3.99

102.92+5.97*

91.88+1.55*

95.01+4.89*

81.13+1.67""

70.87+4.62"

Plasma
triglyceride
(mg/dl)

75.27+6.98

166.65+28.62*

163.18+16.23*

154.62+26.57*

122.22+12.35

78.51+8.09" "

Urine glucose
(mg/dl)

115.8445.84

8834.1+375.5%

6350.6+831.9*"

6136.9+802.7*"

6056.9+426.5*"

110.41+3.08 "

Urine volume

(ml/24h.)

18.83+0.83

216.33+14.70*

133.67415.75% "

251.676.60*"

135.50+8.43*

18.67+1.61"

Data presented are means + SEM. n=6 rats per group. C - control group; DM - diabetic group;

DMI - diabetic plus insulin group; DMS - diabetic plus atorvastatin group; DMIS - diabetic and

insulin plus atorvastatin group; CS - control plus atorvastatin group. *p < 0.05 vs. control and

control plus atorvastatin groups, 'p < 0.05 vs. diabetic group, *p < 0.05 vs. diabetic plus insulin

group, *p <0.05 vs. diabetic plus atorvastatin group
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Table 2 Effects of pharmacological interventions on renal functions

Control DM DMI DMS DMIS CSs

Kidney weight
(g‘)j ey weig 1.10:0.02 | 1.34+0.06* 1.38+0.06* 1.2540.03* 1.29+0.04* 1.05£0.03"
Kidney weight /
Body weight 2.79:0.01 | 555:0.38* | 4.66:0.36*"" 5.81:028% | 3.79:021*" | 26420.10™"
ratio

3
(10™)
BUN
(ma/diig BW) 0.05:0.01 | 0.22+0.03* | 0.10£0.01*™ 0.19+0.01* 0.06+0.01™" 0.05+0.01"
Creatinine
(10°ma/dlig BW) 1.15£0.04 | 2.13%0.15* 1.82+0.22* 1.74+0.12*" 1.08£0.06 0.99+0.07"
Urine creatinine
(ma/d) 56.64+7.42 | 6.37+0.92* 14.45+3.95* 5.88+0.57* 29.36:9.61** | 54.57+7.50™

FR
eG 100£1.29 | 52.69+4.43* | 67.11:2.67*'" | 50.58+1.41* | 7577+3.30** | 92.31+2.81™

(% of control)

Data presented are means + SEM. n=6 rats per group. C - control group; DM - diabetic group;

DMI - diabetic plus insulin group; DMS - diabetic plus atorvastatin group; DMIS - diabetic and

insulin plus atorvastatin group; CS - control plus atorvastatin group. eGFR, estimated

glomerular filtration rate calculated as follow :- eGFR= (urine creatinine x urine flow rate) /

serum creatinine. *p < 0.05 vs. control and control plus atorvastatin groups, 'p < 0.05 vs.

diabetic group, *p < 0.05 vs. diabetic plus insulin group, *p <0.05 vs. diabetic plus atorvastatin

group
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Figure legends

Figure 1. A. Photomicrographs of histological sections of kidney stained with
hematoxylin and eosin (H&E) (x40); images of glomeruli and renal tubules from control,
diabetic (DM), diabetic plus insulin (DMI), diabetic plus atorvastatin (DMS), diabetic and
insulin plus atorvastatin (DMIS) groups, and control plus atorvastatin (CS) are indicated.
(A) shows dilatation of renal tubular; (arrow) represents interstitial fibrosis; (white arrow)
represents capsular space of the glomerular capsule; (black arrow) represents
neutrophil accumulation; (yellow arrow) represents tubular atrophy. B. Quantitative
analysis of diabetic injury kidney was determined by semi-quantitative kidney injury
scoring (0-4); Bar graphs presented show mean + SEM. n=5 rats per group. C - control
group; DM - diabetic group; DMI - diabetic plus insulin group; DMIS - diabetic and
insulin plus atorvastatin group; DMS - diabetic plus atorvastatin group; CS - control plus
atorvastatin. *p < 0.05 vs. control group and control plus atorvastatin groups, "5 <0.05
vs. diabetic group, *p < 0.05 vs. diabetic plus insulin group, and *p <0.05 vs. diabetic

plus atorvastatin group.

Figure 2. Effects of pharmacological intervention on renal cortical Oat3 function and
expression. [°H]ES uptake calculated from tissue/medium ratio (A). Western blot
analysis of Oat3 expression in whole cell lysate fraction normalized by B-actin (B) and in
membrane lysate fraction (cropped blots) normalized by B-actin (C). Na’-K* ATPase
was used as a marker for the membrane fraction. Full-length blots are presented in
Supplementary Figure 1. Bar graphs presented show mean + SEM. n=6 rats per

group. C - control group; DM - diabetic group; DMI - diabetic plus insulin group; DMIS -
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diabetic and insulin plus atorvastatin group; DMS - diabetic plus atorvastatin group; CS -
control plus atorvastatin. *p < 0.05 vs. control group and control plus atorvastatin
groups, 'p < 0.05 vs. diabetic group, *p < 0.05 vs. diabetic plus insulin group, and *p

<0.05 vs. diabetic plus atorvastatin group.

Figure 3. Effects of pharmacological intervention on renal cortical MDA level (A), renal
cortical expression of SOD (B) and PKC-a (C). Western blot analysis of SOD and PKC-
a expression in the whole cell lysate fraction of renal cortical tissues (cropped blots)
normalized by B-actin. Full-length blots are presented in Supplementary Figure 2. Bar
graphs presented show mean + SEM. n=6 rats per group. C - control group; DM -
diabetic group; DMI - diabetic plus insulin group; DMIS - diabetic plus insulin and
atorvastatin group; DMS - diabetic plus atorvastatin group; CS - control plus
atorvastatin.*p < 0.05 vs. control group and control plus atorvastatin groups, 'p < 0.05
vs. diabetic group, *p < 0.05 vs. diabetic plus insulin group, and *p <0.05 vs. diabetic

plus atorvastatin group.

Figure 4. Effects of pharmacological intervention on the renal cortical expression of
Nrf-2, GCLC and HO-1. Western blot analysis of Nrf2 expression in nuclear (A), Nrf2 in
whole cell lysate fractions (B), GCLC (C), and HO-1 (D) of renal cortical tissues (whole
cell lysate fraction) (cropped blots) normalized to 3-actin. Lamin B1 was used as a
marker for the nuclear fraction. Full-length blots are presented in Supplementary
Figure 3. Bar graphs presented show mean + SEM. n=6 rats per group. C - control
group; DM - diabetic group; DMI - diabetic plus insulin group; DMIS - diabetic and

insulin plus atorvastatin group; DMS - diabetic plus atorvastatin group; CS - control plus
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atorvastatin. *p < 0.05 vs. control group and control plus atorvastatin groups, 'p < 0.05
vs. diabetic group, *p < 0.05 vs. diabetic plus insulin group, and *p <0.05 vs. diabetic

plus atorvastatin group.

Figure 5. Effects of pharmacological intervention on the expression of Bax, Bcl-2, and
cleaved caspase-3 in pancreatic tissues. Western blot analysis showing the expressions
of Bax (A), Bcl-2 (B), and cleaved caspase-3 (C) in pancreatic tissues (cropped blots)
normalized to B-actin. Full-length blots are presented in Supplementary Figure 4. Bar
graphs presented show mean + SEM. n=6 rats per group. C - control group; DM -
diabetic group; DMI - diabetic plus insulin group; DMIS - diabetic and insulin plus
atorvastatin group; DMS - diabetic plus atorvastatin group; CS - control plus
atorvastatin.*p < 0.05 vs. control group and control plus atorvastatin groups, 'p < 0.05
vs. diabetic group, *p < 0.05 vs. diabetic plus insulin group, and *p <0.05 vs. diabetic

plus atorvastatin group.

Figure 6. Effects of pharmacological intervention on the expression of IL-6, and IFN-y
in pancreatic tissues. Western blot analysis showing the expression of IL-6 (A), and
IFN-y (B) in pancreatic tissues (cropped blots) normalized to B-actin. Full-length blots
are presented in Supplementary Figure 5. Bar graphs presented show mean £ SEM.
n=6 rats per group. C - control group; DM - diabetic group; DMI - diabetic plus insulin
group; DMIS - diabetic and insulin plus atorvastatin group; DMS - diabetic plus
atorvastatin group; CS - control plus atorvastatin. *p < 0.05 vs. control group and control
plus atorvastatin groups, "0 < 0.05 vs. diabetic group, *p < 0.05 vs. diabetic plus insulin

group, and #*n <0.05 vs. diabetic plus atorvastatin group.
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Role of Gastrointestinal Microbiota on
) Kidney Injury and the Obese Condition
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Varanuj Chatsudthipong, PhD, Siriporn C. Chattipakorn, DDS, PhD,
Nipon Chattipakorn, MD, PhD and Anusorn Lungkaphin, PhD

.
® CrossMark

ABSTRACT

Obesity is associated with kidney disease, probably due to obesity-mediated inflammation, podocyte injury and oxidative
stress in the kidney It is also linked to other diseases, for example, diabetes and hypertension, which are associated with the
development and progression of chronic kidney disease. Interestingly, gastrointestinal dysbiosis has been demonstrated in
cases of obesity with the development and progression of kidney disease. Thus, modification of gastrointestinal microbiota
using probiotics or prebiotics or both to improve the balance of bacterial flora is a potential approach for the management of
obesity-associated kidney disease. This review covers information regarding the association between obesity and kidney
injury, and it examines evidence for a hypothesized role of gastrointestinal microbiota in this setting. Studies describing the
effects of probiotic and prebiotic treatments on kidney disease show mixed results, although several suggest benefits
indicated by biomarkers associated with kidney injury, uremia and inflammation. Additional studies are needed to determine
whether these interventions are clinically effective in managing kidney injury and kidney disease.

Key Indexing Terms: Obesity; Kidney; Gastrointestinal microbiota; Probiotic; Prebiotic. [Am J Med Sci 2017;353(1):59-69.]

INTRODUCTION

besity is defined by the World Health Organization
Oas a body mass index (BMI) >30 kg/m? and can

lead to conditions affecting metabolism such as
dyslipidemia, insulin resistance and hypertension. These
alterations are components of metabolic syndrome and
promote type 2 diabetes and cardiovascular disease. It
has also been shown that obesity increases the occur-
rence of chronic kidney disease (CKD).! Previous studies
found that serum lipid abnormalities, including reduced
high-density lipoprotein cholesterol or high triglyceride
levels, significantly increased risk factors for CKD.>® The
commonly used measurements for kidney function are
estimated glomerular filtration rate (GFR) and urine albu-
min. A cohort study of more than 300,000 individuals,
followed up for between 15 and 35 years, showed that
the rate of end-stage renal disease had a strong corre-
lation with the increase in BML.* Increased BMI and waist
circumference were also associated with the reduction of
GFR and the progression of CKD in a study of non-
diabetic participants.” These data suggest that obesity
may be the initiating factor in the induction of renal injury
and contributes to CKD.

An increase in the number and size of adipocytes in
obesity can lead to reduced blood flow to adipose tissue,
which decreases interstitial oxygen tension in the tissue,
eventually causing hypoxia.® This event initiates cell death
and promotes macrophage infiltration, leading to local-
ized inflammation in the adipose tissue and dysregulation
of the production and secretion of adipokines, including
leptin and proinflammatory mediators such as tumor
necrosis factor « and interleukin 6.” These adipokines
have been shown to activate overall low-grade systemic

inflammation.® Previous studies have demonstrated that
an increased plasma level of leptin in obesity induces the
upregulation of transforming growth factor (TGF-p1) in the
kidney and promotes an accumulation of an extracellular
matrix. This contributes to glomerular and tubular base-
ment membrane thickening and results in glomeruloscle-
rosis and tubulointerstitial fibrosis.® Obesity-associated
glomerulosclerosis could be supported by the hyper-
trophy of podocytes. Podocyte hypertrophy has been
shown as an accommodation response to the enlarge-
ment of the glomerulus in rats fed ad libitum. This change
could cause the development of podocyte stress, podo-
cyte loss and glomerulosclerosis.’® In addition, an ele-
vation of plasma free fatty acids leads to increased fatty
acid beta oxidation, triglyceride synthesis and endoplas-
mic reticulum stress, all of which could cause podocyte
death.”” Proinflammatory cytokines released during obe-
sity also impair insulin signaling pathways, leading to
insulin resistance.'> Furthermore, hyperinsulinemia, a
consequence of diabetic nephropathy, induces the pro-
duction of an insulin-like growth factor 1 that stimulates
the activity of connective tissue growth factor, resulting in
chronic tubulointerstitial fibrosis.'® It has been reported
that high glucose levels promote kidney fibrosis by the
stimulation of NADPH Oxidase 4-induced TGF-p1 pro-
duction.”® As insulin has a role in anti-inflammation,
systemic insulin resistance in obesity can induce kidney
inflammation and can increase oxidative stress, leading to
deterioration of kidney function.''®

Metabolic and inflammatory changes occurring in
obesity also activate the sympathetic nervous system.'”
Increased sympathetic activity activates renin release
from the juxtaglomerular apparatus, which subsequently
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enhances angiotensin Il (Angll) production, leading to the
activation of the renin-angiotensin system (RAS). This
occurrence is supported by the finding that RAS over-
activation has been shown in cases of obesity.'® Over-
production of Angll could lead to high blood pressure in
obesity by increasing tubular sodium reabsorption and
sodium retention. In addition, sodium delivery to macula
densa cells could be reduced, promoting a compensa-
tory or feedback mechanism that increases renal blood
flow through vasodilation and finally leads to an increase
in GFR."® High blood flow to the glomeruli and high
blood pressure in the glomeruli would cause glomerular
hypertrophy and bring changes in the fibrotic pathway,
ultimately presenting as glomerulosclerosis.?® Angll also
promotes the progression of kidney injury by increased
renal cell hypertrophy, causing microvascular injury and
tubulointerstitial damage, increased reactive oxygen
species production and induced inflammation and apop-
tosis.?"**? Recent studies in daunorubicin-induced neph-
rotoxicity in rats have shown that RAS activation,
indicated by increased Angll type 1 receptor expression,
promoted renal inflammation and oxidative and endo-
plasmic reticulum stress by induction of the extracellular
signal-regulated kinases 1 and 2 (ERK1 and 2)-induced
endothelin 1-endothelin receptor type A-nuclear factor
-kappa-B p65 (ET1-ETAR-NF-kBp65) signaling path-
way.?® In the obese KKAy mouse, a model of type 2
diabetes, the Angll type 1 receptor blocker, olmesartan,
has been shown to lead to a reduction in proinflamma-
tory cytokines such as plasminogen activator inhibitor 1,
monocyte chemoattractant protein 1 and oxidative
stress markers.*

Interestingly, a study in animal models reported that a
high-fat diet could modulate the composition of intestinal
bacteria, leading to microbiota dysbiosis and could also
induce inflammation and oxidative stress in obesity.?
Moreover, the progression of kidney injury and dysfunc-
tion in obesity may potentiate the disruption of intestinal
microbiota. This microbiota has an influence on host
metabolism and the maintenance of gastrointestinal
homeostasis that can protect against systemic inflamma-
tion. Therefore, modulation of intestinal bacteria may be
an effective targeted therapy for inflammation and oxida-
tive stress-induced kidney injury and dysfunction in
obesity. This review focuses on the association between
the alteration of gastrointestinal microbiota in cases of
obesity and kidney injury. In addition, the effects and
possible underlying mechanisms of prebiotics and pro-
biotics on kidney injury and dysfunction in obesity-related
conditions are discussed. The findings available from
clinical research and the relevant evidence from animal
studies are comprehensively summarized and discussed.

GASTROINTESTINAL MICROBIOTA AND
OBESITY

The human gastrointestinal tract (Gl tract) consists
of approximately 10'®—10'* bacteria of up to 2,000

60

different species.?® Four bacteria phyla that dominate
the adult Gl tract include Firmicutes, Bacteroidetes,
Actinobacteria and Proteobacteria.?’” The intestinal
bacteria promote normal physiological conditions in
the human body including energy balance and glucose
metabolism. They also produce vitamins and help to
ferment some food components that are not digested
by the host.?:?®

To date, it has been reported that changes in
microbiota composition of the Gl tract are involved in
the development of obesity and associated conditions
such as insulin resistance.?®*° A previous study found
that obesity and consumption of a high-fat diet modu-
lated the gastrointestinal microbiota by decreasing the
abundance of Bacteroidetes species and increasing
Firmicutes species.?® Lactobacilli species were found
to decrease in the distal esophagus of rats fed on a
high-fat diet.>' This modulation of bacteria induced
metabolic changes in the host, such as increased fatty
acid oxidation, triglyceride storage and alteration of
short-chain fatty acid proportions, subsequently pro-
moting a high risk of developing the disease.’>*® In
addition to diet, antibiotics also affect the composition
of gastrointestinal microbiota and obesity. One study
demonstrated that administration of antibiotics in chil-
dren is associated with increased risk of obesity.>* In
addition, a study in obese prediabetic subjects showed
that antibiotics reduced Firmicutes associated with
altered short-chain fatty acid metabolism and
increased gene expression of the oxidative stress
pathway in adipose tissue.*®

Gastrointestinal bacteria also play an important role
in regulating intestinal epithelial homeostasis. They
maintain the gastrointestinal barrier by restoring tight-
junction protein structure that can suppress intestinal
inflammation.®**® The impairment of the gastrointesti-
nal barrier by dysbiosis leads to the release of endo-
toxins such as lipopolysaccharides (LPS), constituents
of the outer membrane of gram-negative bacteria cell
walls, through the gastrointestinal barrier into the
circulatory system.*® An increased level of LPS in the
circulation is called metabolic endotoxemia. It has been
reported that plasma LPS is an important factor for the
early development of insulin resistance and obesity in
an animal study.’® LPS circulates in the plasma to
various organs and activates the immune system in
those organs stimulating them to secrete numerous
proinflammatory cytokines, leading to an induction of a
low-grade systemic inflammatory response.*’ Previous
studies have shown that a high-fat diet impaired
intestinal permeability and reduced intestinal tight-
junction protein expression, leading to an increased
LPS level both in the intestinal lumen and plasma, and
it also induced inflammation and oxidative stress.3%%?
These data demonstrate that gastrointestinal micro-
biota disruption in obesity might be a causative factor
inducing the inflammation that affects the progression
of the disease.
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THE RELATIONSHIP OF OBESITY,
GASTROINTESTINAL MICROBIOTA AND
KIDNEY INJURY

The data cited above suggest that gastrointestinal
dysbiosis due to a high-fat diet induces impairment of the
barrier of the Gl tract leading to metabolic endotoxemia and
initiation of systemic inflammation and insulin resistance.
These alterations could ultimately promote damage in
various organs such as the kidney. It has been reported
that LPS could circulate to the kidney, induce inflammation,
stimulate oxidative stress pathways and promote kidney
injury.*® The kidney injury and dysfunction found in obesity
may lead to the accumulation of toxic metabolites such as
urea in the circulation, which then pass into the gastro-
intestinal lumen. Urea may subsequently be converted to
ammonia by urease-processing bacteria, resulting in a high
alkaline pH environment in the Gl tract, which can promote
the growth of proteolytic bacteria and favor dysbiosis.**
Protein fermentation by proteolytic bacteria leads to the
production of waste metabolites, uremic toxins such as
indoxy! sulfate and p-cresyl sulfate (PCS).*> Under normal
conditions, these Gl tract-derived uremic toxins are
removed by renal tubular secretion through organic anion
transporters (OAT) especially OAT1 and OATS, occurring in
the proximal tubular cells.*®

Increased uremic toxin levels are usually observed in
the plasma of uremic patients. As these uremic toxins
are the metabolites of protein digestion, their levels also
depend on the absorption or in the intake of protein in
the diet, or on both. Brunori et al*’ reported that a very
low-protein diet was effective for postponing dialysis in
elderly patients. However, not all the patients with
decreased GFR had uremic symptoms. These data
suggest that dietary protein intake may be a factor for
this critical difference. Although the benefits of dietary
protein restriction in patients with CKD have been
reported,’® one study showed that the progression of
kidney failure cannot be delayed by a long-term admin-
istration of a very low-protein diet.*’

The correlating effects of obesity and gastrointestinal
dysbiosis can affect kidney function by the induction of
systemic inflammation. Moreover, kidney injury and
dysfunction in obesity may potentiate the severity of
this dysbiosis and increase uremic toxin levels, promot-
ing the progression of kidney injury. Therefore, modu-
lation of the intestinal bacteria by selectively increasing
or decreasing bacterial composition in the colon, or
doing both, including the use of probiotics and pre-
biotics, may be a targeted therapy for reducing
inflammation-induced kidney injury and dysfunction in
obesity.

THE EFFECT OF PROBIOTICS IN CLINICAL AND
ANIMAL STUDIES OF KIDNEY INJURY AND
DYSFUNCTION

The modulation of intestinal bacterial composition by
the intake of live microorganisms, known as probiotics,

Gastrointestinal Microbiota, Kidney Injury and Obesity

is one of the methods used in attenuating organ injury
and dysfunction induced by gastrointestinal dysbiosis.
The most common live bacteria used include Lactoba-
cilli, Streptococci and Bifidobacteria.*° Previous studies
showed that probiotics could prevent renal injury in both
clinical and animal studies. The effects of probiotics on
kidney disease in clinical studies are presented in
Table 1. Two clinical trials evaluating CKD stage 3, with
4 patients treated with Streptococcus thermophiles,
Lactobacillus acidophilus and Bifidobacteria longum,
demonstrated improved quality of life.>'*? The decrease
in blood urea nitrogen might be because of the effect of
the species specificity of probiotics on urea metabolism.
Inconsistent findings in the reduction of serum uric acid
from these 2 studies that use the same strain of
probiotics might be due in part to the differences in
food intake of the patients studied. Interestingly, the
management of patients with CKD who are undergoing
peritoneal dialysis (PD) may also affect the composition
of gastrointestinal microbiota, and attenuation of inflam-
mation has been reported to be affected by probiotics in
patients undergoing PD. This study showed that the
levels of serum endotoxin and proinflammatory cyto-
kines (tumor necrosis factor and interleukin 6) were
decreased while the anti-inflammatory cytokine was
increased after 6 months of probiotic treatment.®® These
results are associated with preserved kidney function in
these patients. However, the evaluation of the micro-
biotic composition in the patients undergoing PD should
be confirmed. In contrast, in another study, treatment
with probiotics failed to improve the inflammation
in patients undergoing dialysis for end-stage renal
disease.®* This might depend on the severity of the
kidney dysfunction and species specificity of the
probiotics used.

Table 2 presents the effect of probiotics in animal
studies on kidney injury and dysfunction. Treatment with
L plantarum has been shown to decrease body weight
and improve plasma lipid profile in rats with obesity
induced by a high-fat diet by decreasing the expression
of genes involved in obesity and the inhibition of
enzymes involved in the production of cholesterol.
These results were accompanied by the attenuation of
systemic inflammation and the reduction of kidney
injury.®® The results imply that probiotics potentially
have the effect of attenuating obesity-induced systemic
inflammation. A study in rats with diabetes induced by
streptozotocin and treated with kefir, a beverage of
fermented milk containing L /actis subspecies, Leuco-
nostoc species, S thermophilus and Lactobacillus spe-
cies, demonstrated an improvement in their diabetic
condition and significantly reduced oxidative stress—
induced renal injury; however, serum creatinine and the
kidney dysfunction represented by proteinuria was not
improved.®® In addition, increased levels of serum
creatinine were improved in type 2 diabetic rats treated
with L plantarum.®” The difference in the severity of the
diabetic condition and the bacterial species used may
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TABLE 1. Effects of probiotics in clinical studies of kidney disease.

Kidney
injury

Type of study (n) model

e A prospective, e CKD
randomized, (stage
double-blind, 3 and 4)
crossover,
placebo-
controlled trial
(13

e A prospective, e CKD
randomized, (stage
double-blind, 3 and 4)
crossover,
placebo-
controlled
trial (46)

e A randomised, e Peritoneal
double-blind, dialysis
placebo- (PD)
controlled trial patients
39

e Randomized, e ESRD
double-blind, dialysis
placebo- patients
controlled
crossover
study (22)

BUN, blood urea nitrogen; CFU, colony-forming unit; CKD, chronic kidney disease; CRP, C-reactive protein; ESRD, end-stage renal disease; IL-5, interleukin 5; IL-6, interleukin 6; IL-10, interleukin 10; TNF-«, tumor

necrosis factor alpha; WBC, white blood cell.

Kidney parameter

Probiotic species, Dose, Serum Uric
Route, Duration BUN creatinine acid
e S thermophilus KB27, L acidophilus 1 > |
KB31 and B longum KB35,
90 billion CFU/day, Oral, 6 months
e S thermophilus, L acidophilus and 1 - -

B longum, 90 billion CFUs/day,
Oral, 6 months

e Bifobacterium bifidum A218, - - -
Bifidobacterium catenulatum A302,
Bifidobacterium longum A101,
Lactobacillus plantarum A87, 10°
CFUs/day, Oral, 6 months

e S thermophilus KB 19, L - - -
acidophilus KB 27 and B longum
KB 31, 180 billion CFU/day, Oral, 6
months

Inflammation

e |Serum
TNF-a, IL-5,
IL-6, and
endotoxin

e 1 1L-10

e — WBC
count

e — CRP
level

Other
findings

e improved
quality of
life

e improved
quality of
life

e > total
indoxyl
glucoronide

Interpretation

Probiotics
may improve
kidney
function.

Probiotics
may have an
effect to
improve
kidney
function.

Probiotics
attenuated
systemic
inflammation
in PD
patients.

Probiotics
have no
effect on
inflammation
in ESRD.

Reference

51

52

53

54
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TABLE 2. Effects of probiotics on kidney injury and dysfunction in animal studies.

Animal

o Wistar rat

o Wistar rat

o Wistar rat

o Spontaneous
hypertensive
rat (Wistar
Kyoto rat)

o Wistar rat

Kidney injury
model

e HFD-induced
obesity

2% cholesterol
fat /kg diet for 6
weeks

T1DM

45 mg/kg BW
STZ for 3 days

T2DM

® 2.5%
cholesterol +
STZ 30 mg/kg
BW for 8 weeks

e CKD

e 5/6
Nephrectomy
for 12 weeks

Uremia

500 mg/kg BW/
day
acetaminophen
for 7 days

Probiotic species,
Dose, Route,
Duration

e Lactobacillus plantarum
TN8, 1x10° cells/day,
drinking water, 30 days

Lactococcus lactis
subspecies, Leuconostoc
species, Streptococcus
termophilus and
Lactobacillus species,
1x10' CFU in 1.8 ml/day
of fermented milk (Kefir),
oral gavage, 8 weeks

Lactobacillus. Plantarum
NCU116, 1x10° CFU/ml/
day, oral gavage, 5 weeks

Lactobacillus acidophilus
NT, 1 x10'° CFU/kg/day,
12 weeks

e Sporosarcina pasteurii,
1x10° cells/day, food ball,
5 weeks

Kidney parameter

Serum
BUN creatinine Kidney injury
| | o | capsular space
(serum shrinkage
urea) o | glomerular
hypertrophy
l - -
1 1 -
4 o ° !
glomerulosclerosis
1 1 -

Oxidative
Inflammation stress
o | IL-12, IFN- -
gamma, and
TNF-« (released
by PBMC)
o 11L-10
- o | kidney
TBARS
o | kidney
superoxide
anion
o | kidney
NO level
o | Systemic IL- =
6, LPS, and
CRP
- e | blood
and kidney
MDA
o 1 blood
and kidney
SOD, CAT,
GPT, and
GOT
activity

Other
findings

o | body weight

o | total
cholesterol

o | plasma TG

1 urinary urea
< proteinuria
| diuresis
| water and
chow intake
o | blood glucose
o | glucose
intolerance
o | kidney
glycogen
storage

o | uric acid
o improved
diabetic
condition

e | urinary protein

o | Uremic toxins
(IS, PCS, and
1AA)

o 1 Gut epithelial
tight-junction
protein
(Occuldin and
Z0-1)

o1
Gastrointestinal
permeability

o T TL2
expression

o 1 body weight

o 1 Hb level and
RBC count

Interpretation

Reference

Probiotics 55
attenuated

systemic

inflammation

and kidney

injury.

Probiotics 56
improved

glycemic

control, renal

injury, and

decreased

kidney oxidative

stress.

Probiotics 57
improved kidney

injury and the

diabetic

condition.

Probiotics 58
slowed the

progression of

CKD and

decreased

systemic

inflammation.

Probiotics 59
attenuated

kidney injury and

decreased

oxidative stress.

(continued on next page)
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Table 2. (continued)

Animal

o Wistar rat

o Wistar rat

o Wistar rat
(pregnant)

e Sprague-
Dawley rat

Kidney injury
model

Uremia

500 mg/kg BW/
day
acetaminophen
for 5 days

L]

Oxidative stress
10 mg/kg BW
chromium(VI),
single dose

Nephrotoxicity
4 mg/kg BW
endosulfan by
gavage from the
6th to 20th day
of gestation

e Unhypertensive
and
nephrotoxicity in
rat

o salt diet for 4
weeks

Probiotic species,
Dose, Route,
Duration

e Lactobacillus fermentum
(MTCC 903), Lactobacillus
plantarum (MTCC 4462)
and Lactobacillus
rhamnosus (MTCC 1408),
1x10° CFU/mI/100g
BW/day, oral gavage, 15
days

e Lactobacillus casei strain
17, 1x10° CFU/day, 14
days

e Lactobacillusplantarum
BJ0021, 0.1 ml one hour
before the administration
of endosulfan, oral gavage,
20 days

e Lactic acid bacteria in
fermented Kefir milk, 10%
w/v Kefir, drinking water,
4 weeks

Kidney parameter

Serum
BUN creatinine

1 1
{ {
1 -
(serum
urea)

Kidney injury

o Vacuole
degeneration

e partial prevention
in kidney
morphology

Inflammation

Oxidative

stress

| blood
and kidney
MDA

1 blood
and kidney
CAT and
SOD

| TBARS
and protein
carbonyls
1 Kidney
SOD and
GSH

| kidney
MDA

« CAT
and SOD
activity

Other
findings

o | kidney
necrosis

o 1 body weight

o 1 urinary urea

o | kidney
apoptotic
nucleus

e 1 creatinine
clearance

o | kidney
apoptosis

Interpretation Reference

o Probiotics 60
attenuated
kidney injury and
decreased
oxidative stress.

o Probiotics 61
decreased
kidney injury and
kidney oxidative
stress.

Probiotics 62
restored kidney

injury, reduced

kidney oxidative

stress, and

apoptosis.

Probiotics 63
improved kidney

function and

decreased

kidney

apoptosis.

BUN, blood urea nitrogen; BW, body weight; CAT, catalase; CFU, colony-forming unit; CKD, chronic kidney disease; CRP, C-reactive protein; GOT, glutamic oxaloacetic transaminase; GPT, glutamic pyruvate
transaminase; GSH, glutathione; HFD, high-fat diet; IAA, indole acetic acid; IFN-gamma, interferon gamma; IL-2, interleukin 2; IL-6, interleukin 6; IL-10, interleukin 10; LPS, lipopolysaccharide; MDA, malondialdehyde;
NO, nitric oxide; PBMC, peripheral blood mononuclear cell; SOD, superoxide dismutase; STZ, streptozotocin; T1IDM, type 1 diabetes mellitus; T2DM, type 2 diabetes meliitus; TBARS, thiobarbituric acid reactive
substances; TG, triglyceride; TL2, toll-like receptor 2; TNF-a, tumor necrosis factor alpha.
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TABLE 3. Effects of prebiotics in clinical studies of kidney disease.

Kidney

Gastrointestinal Microbiota, Kidney Injury and Obesity

Kidney parameter

injury Prebiotic, Dose,
Type of study (n) model

A single center, CKD Oligofructose-enriched
nonrandomized, inulin, 10 g/day at
open-label first week and
phase /Il study escalated to 10 g
(22) twice a day for 4

weeks

Route, Duration BUN

BUN, blood urea nitrogen; CKD, chronic kidney disease; IS, indoxyl sulfate; PCS, p-cresol sulfate.

give different results regarding these parameters. How-
ever, decreased serum creatinine after probiotic treat-
ment might be caused by decreased production in
muscle tissue that might not be related to kidney
function. These results imply that probiotics may have
an antidiabetic effect that subsequently improves oxida-
tive stress and attenuates injury of the kidney in this
condition. Recently, a study has shown that spontane-
ous hypertensive 5/6 nephrectomized rats (a typical
model for CKD) treated with L acidophilus showed an
improved  gastrointestinal  tight-junction barrier,
decreased systemic inflammation and uremic toxin
accumulation. These improvements were accompanied
by attenuation in kidney injury.® Treatment with different
bacterial species decreased lipid peroxidation and
enhanced antioxidant enzymes such as superoxide
dismutase, and catalase in rats with uremia induced by
acetaminophen, and in rats with chromium-induced
oxidative stress.>®®" Moreover, reduced oxidative stress
was associated with decreased kidney necrosis.®® Treat-
ment with L plantarum had no effect on antioxidant
enzyme activities in rats with nephrotoxicity induced by
endosulfan.®®> However, decreased renal lipid oxidation
may account for partial improvement of kidney injury and
decreased kidney apoptosis. In another study, treatment
with lactic acid bacteria in nonhypertensive and neph-
rotoxic rats was shown to attenuate kidney dysfunction,
partially prevent kidney injury and reduce renal
apoptosis.®®

These findings may indicate that probiotic supple-
ments could reverse gastrointestinal dysbiosis and
reduce uremic toxin production. In CKD, the concen-
trations of uremic solutes are increased during the
progression of disease. The reduced uremic toxin levels
and the upregulation of tight-junction protein expression
in the barrier of the Gl tract by probiotics leads to
decreased translocation of toxins such as LPS to the
circulation, and therefore, reduced systemic inflamma-
tion may be a possible mechanism that can attenuate
kidney injury and dysfunction.

However, not all studies have shown positive results
from studies regarding the effect of probiotics. L casei
431 treatment had no effect on the immune response to

Serum Other
creatinine findings Interpretation Reference
P 1Serum Prebiotics may 70
PCS have an effect
to improve
kidney function
in patients with
CKD
< Serum
IS
influenza vaccination in healthy adults,®* and women

with gestational diabetes mellitus also did not show
positive effects for the probiotic, L salivarius UCC118, on
glycemic control.?® A study in overweight and obese
women consuming probiotic yogurt during a weight loss
program has shown that there was no effect on weight
loss after 12 weeks of probiotic consumption, but there
may have been a positive effect on lipid profile and
insulin sensitivity.66 Moreover, the administration of
probiotics (L acidophilus La5, Bifidobacterium lactis
Bb-12, S thermophilus and L bulgaricus) combined with
prebiotics (oligofructose) for 2 weeks to preoperative
patients had no effect on bacterial translocation, gastro-
intestinal barrier function and systemic inflammation.®”

In conclusion, probiotics may have a protective effect
on kidney injury and dysfunction by partially attenuating
inflammation, oxidative stress and apoptosis. However,
negative data have also been reported. Therefore, more
experimental and clinical data are needed to support
these proposed mechanisms. The inconsistency of some
results might be because of the difference between
bacterial species or the patient population or animal
models used in the studies. However, the concept that
obesity could alter the intestinal environment through
bacterial composition might be considered as a cause
of kidney injury. Modulation of intestinal bacterial compo-
sition by using probiotics may be a good choice for
improving kidney function in cases of obesity.

THE EFFECT OF PREBIOTICS IN CLINICAL AND
ANIMAL STUDIES OF KIDNEY INJURY AND
DYSFUNCTION

Prebiotics are referred to as nondigestible food
ingredients that exert positive effects on the health of
the host. They provide nutrients enabling the growth and
activity of bacteria in the colon.®® Prebiotics include
inulin, fructo-oligosaccharides, xylo-oligosaccharide
(XOS), pyodextrins and soya-oligosaccharide. A recent
study found that XOS supplementation increased the
population of the Lactobacillus genus and promoted
intestinal health in chickens.®® This result suggested that
prebiotics could modulate the composition of intestinal

Copyright © 2017 Southern Society for Clinical Investigation. Published by Elsevier Inc. All rights reserved. 65

www.amjmedsci.com e www.ssciweb.org


http://www.pharmacyteaching.com

L H39NNN - €5€ JNNTOA

/10g Arenuep

99

S3IONAIOG YOI\ FHL 40 TYNHNOP NYOIHANY 3H]

TABLE 4. Effects of prebiotics on kidney injury and dysfunction in animal studies.

Prebiotic,
Kidney Dose,
injury Route,
Animal model Duration
Wistar rat o T1DM e FOS and
o 40 mg/kg BW X0S, 10%,
STZ for 1 added to
week diet, 6
weeks
Sprague- e CKD o GOS, 5%,
Dawley ° 5/6 added to
rat Nephrectomy diet, 2
for 1 week weeks
Sprague- e Chronic e High
Dawley interstitial amylose
rat nephropathy maize
o 0.7% adenine resistant
for 2 weeks starch type,
59%,
added to
diet, 3
weeks

Kidney parameter

Serum
urea

1

< (BUN)

Serum
creatinine

1

Urinary
protein

1

Kidney injury
o | renal AGE

ol
glomerulosclerosis
o | tubular lesion

o | tubulointerstitial
injury

o | kidney fibrotic
pathway (TGF-p1,
PAI-1, a-SM actin)

Inflammation

o | kidney
macrophage

o | NF-kBp65
o | MCP-1

Oxidative

stress

1 ROS
generating
molecules
(iNOS,
COX1,
COX2, and
NOX4)

1
nitrotyrosine
1 Nrf2

1 anti-
oxidant
enzyme
(HO1, SOD,
catalase,
and GPX)

Other
findings

o | kidney
weight

e 1 body
weight

e | blood
glucose

e |ER
stress

o !
apoptosis

o | serum
IS

o | cecal
indole

e | urine
volume

ol
creatinine
clearance

o 1 urine
specific
gravity

e 1 colonic
epithelial
tight-
junction
protein
(occludin
and
claudin-1)

Interpretation

Prebiotics
improved
diabetic
condition and
decreased
kidney
dysfunction.

Prebiotics
restored kidney
injury, reduced
kidney
inflammation,
uremic toxin,
kidney ER stress,
and apoptosis.
No effect on
kidney function.

Prebiotics
decreased
kidney
dysfunction,
reduced kidney
inflammation,
oxidative stress,
and improved
colonic epithelial
barrier.

Reference

71

72

73

a-SM, alpha smooth muscle; BUN, blood urea nitrogen; BW, body weight; CKD, chronic kidney disease; COX1, cyclooxygenase 1; COX2, cyclooxygenase 2; ER, endoplasmic reticulum; FOS, fructo-oligosaccharidel;

GOS, galacto-oligosaccharide; GPX, glutathione peroxidase; HO1, heme oxygenase 1; iNOS, inducible nitric oxide synthase; IS, indoxyl sulfate; MCP-1, monocyte chemoattractant protein 1; NF-kBp65, nuclear factor
kappa-light-chain-enhancer of activated B cells; NOX4, NADPH oxidase 4; Nrf2, nuclear factor erythroid 2-related factor 2; PAI-1, plasminogen activator inhibitor 1; ROS, reactive oxygen species; SOD, superoxide

dismutase; STZ, streptozotocin; T1DM, type 1 diabetes mellitus; TGF-p1, transforming growth factor beta 1; XOS, xylo-oligosaccharide.

B 18 [eyouB/



High-fat diet induced-obesity
Probiotics Prebiotics
Gut dysbiosis

l

Iltsulin ——> Systemic ——> RAS activation
resistance inflammation

—

Kidney injury and dysfunction —

Kidney fibrosis, Inflammation, Oxidative stress, ER-stress and apoptosis

FIGURE. Obesity-induced kidney injury and dysfunction and the
potential benefits of using probiotics and prebiotics to improve
gastrointestinal microbiota that could attenuate the progression of
kidney damage. RAS, renin-angiotensin system; ER-stress, endo-
plasmic reticulum-stress.

bacteria, which might improve dysbiosis conditions. A
clinical study involving the prebiotic supplement,
oligofructose-enriched inulin, administered to patients
with CKD for 4 weeks demonstrated that blood urea
nitrogen and serum PCS were decreased, whereas
serum creatinine and serum indoxyl sulfate were not
different.”® The data could indicate that gastrointestinal
microbiota, especially PCS-producing bacteria, may be
altered by this type of prebiotic that may affect the
generation of uremic toxins. In addition, different nutrient
intake by patients during the study may be a factor
affecting this alteration. Further data on the effects of
prebiotics and the underlying mechanism on kidney
function need to be evaluated in clinical trials (Table 3).

The effects of prebiotics on animal models of kidney
injury and dysfunction are presented in Table 4. In a
study of rats with diabetes induced by streptozotocin,
10% XOS and fructo-oligosaccharide supplementation
for 6 weeks showed a correlation with decreased blood
glucose levels together with the amelioration of diabetic
nephropathy.”' Moreover, a supplement of 5% galacto-
oligosaccharide given for 2 weeks to rats with CKD that
had undergone 5/6 nephrectomy showed an altered
intestinal bacterial composition and a reduced serum
indoxyl sulfate. These findings were accompanied by an
attenuation of renal injury and decreased endoplasmic
reticulum stress and apoptosis.”® The potential role of
prebiotics on kidney injury and dysfunction has also
been shown in chronic interstitial nephropathic rats.”®
This study demonstrated not only an improvement in
kidney function but also in the reduction of inflammation
and oxidative stress after treatment with a dietary
supplement of high-amylose maize-resistant starch type
2. Moreover, this prebiotic supplementation showed
results correlating with restored colonic tight-junction
protein structure. From this evidence, it can be sug-
gested that prebiotics may promote the growth of

Gastrointestinal Microbiota, Kidney Injury and Obesity

bacteria that have positive effects for the host, including
improvement in the gastrointestinal barrier and in sys-
temic inflammation, eventually reducing kidney injury
and preserving kidney function.

In summary, evidence from both clinical and animal
studies demonstrated that prebiotics have protective
effects against kidney injury and dysfunction by modu-
lating intestinal bacteria composition or attenuating
inflammation, oxidative stress and apoptosis or by doing
both. However, some kidney parameters such as serum
urea and creatinine show discrepancies. These may be
because of the types of prebiotic used in the experi-
ments or the difference in nutrient consumption or
because of both the reasons. Further investigations
evaluating various types of prebiotics in animal and
clinical models are needed.

CONCLUSIONS

The increased prevalence of metabolic syndrome is
proving to be a progressively important concern world-
wide. Some changes in dietary habit and lifestyle are
important factors leading to increased levels of obesity,
which have an important effect on kidney injury and
dysfunction. Alteration of gastrointestinal microbiota
instigated by obesity induced by a high-fat diet pro-
motes systemic inflammation and affects kidney function
through several mechanisms, such as insulin resistance
and RAS activation. The changes in microbiota also had
a correlation with increased production of a toxic
metabolite called uremic toxin, which has a deleterious
effect on the kidney. Moreover, the impairment of kidney
function could in turn increase the severity of gastro-
intestinal dysbiosis, which then further promotes the
progression of kidney injury and dysfunction. Thus, the
gastrointestinal microbiota is considered to be an
important target for future management of obesity-
induced kidney injury (Figure). Therefore, the use of
probiotics and prebiotics has potential benefits in the
treatment of kidney disease and requires further study.
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Abstract

Gentamicin is a commonly used aminoglycoside antibiotic. However, its therapeutic use is
limited by its nephrotoxicity. The mechanisms of gentamicin-induced nephrotoxicity are
principally from renal inflammation and oxidative stress. Since atorvastatin, 3-hydroxy-3-
methylglutaryl coenzyme A reductase inhibitors, exerts lipid-lowering effects, antioxidant,
anti-inflammatory as well as anti-apoptotic effects, this study aimed to investigate the pro-
tective effects of atorvastatin against gentamicin-induced nephrotoxicity. Male Sprague
Dawley rats were used and nephrotoxicity was induced by intraperitoneal injection of genta-
micin, 100 mg/kg/day, for 15 days. Atorvastatin, 10 mg/kg/day, was administered by orally
gavage 30 min before gentamicin injection on day 1 to 15 (pretreatment) or on day 10to15
(delayed treatment). For only atorvastatin treatment group, it was given on day 1 to 15. At
the end of the experiment, kidney weight, blood urea nitrogen and serum creatinine as well
as renal inflammation (NF-kB, TNFaR1, IL-6 and iNOS), renal fibrosis (TGFB1), ER stress
(calpain, GRP78, CHOP, and caspase 12) and apoptotic markers (cleaved caspase-3,
Bax, and Bcl-2) as well as TUNEL assay were determined. Gentamicin-induced nephrotoxi-
city was confirmed by marked elevations in serum urea and creatinine, kidney hypertrophy,
renal inflammation, fibrosis, ER stress and apoptosis and attenuation of creatinine clear-
ance. Atorvastatin pre and delayed treatment significantly improved renal function and
decreased renal NF-kB, TNFaR1, IL-6, INOS and TGF1 expressions. They also attenu-
ated calpain, GRP78, CHOP, caspase 12, Bax, and increased Bcl-2 expressions in genta-
micin-treated rat. These results indicate that atorvastatin treatment could attenuate
gentamicin-induced nephrotoxicity in rats, substantiated by the reduction of inflammation,
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ER stress and apoptosis. The effect of atorvastatin in protecting from renal damage
induced by gentamicin seems to be more effective when it beginning given along with gen-
tamicin or pretreatment.

Introduction

Nephrotoxicity is an adverse effect of gentamicin treatment, despite its positive therapeutic
activity against both gram-positive and gram negative bacteria [1-3]. Gentamicin-induced
nephrotoxicity occurs by its selective accumulation in the renal proximal convoluted tubules
leading to glomerular atrophy, tubular necrosis, tubular fibrosis, and inflammation. The mech-
anisms of gentamicin-induced nephrotoxicity are principally from renal inflammatory cas-
cades and elevated renal oxidative stress [4]. Renal inflammation is demonstrated by an
infiltration of inflammatory cells such as monocytes and macrophages and the subsequent
release of proinflammatory cytokines and activation of NF-«B in response to oxidative stress
[1,3]. In addition, apoptosis and necrosis of renal tubular epithelial cells [5-7] and activation of
renal matrix metalloproteinase [8] are also found in case of gentamicin-induced nephrotoxi-
city. The accumulation of gentamicin in the endoplasmic reticulum (ER) may induce endoplas-
mic reticulum (ER) stress which activates the unfolded protein response (UPR) and cell cycle
arrest [9]. Under conditions of UPR overload, the cell undergoes apoptosis, which is mediated
by the classical route of calpain and caspase 12 [10]. Moreover, when unfolded proteins accu-
mulate, the ER chaperone immunoglobulin heavy-chain-binding protein (BiP; also known as
GRP78) expression is increased and dissociates from the ER receptors, leading to their activa-
tion and triggering the ER stress response [11]. The transcription factor CCAAT-enhancer-
binding protein homologous protein (CHOP) expression is also increased in response to ER
stress and plays an important role in the induction of apoptosis [12,13]. Accordingly, the use of
several agents with anti-oxidant, anti-inflammation and anti-apoptosis activities and ER stress
inhibition or an agent that posses multiple mechanisms of action may successfully prevent or
ameliorate gentamicin-induced nephrotoxicity.

Numbers of clinical and experimental evidence demonstrated that the pharmacological
effects of statins include not only lowering the levels of cholesterol but also the exertion of a
variety of pleiotropic, such as inhibition of inflammatory response, improvement of endothelial
function, antioxidant, antithrombotic and anti-apoptotic effects [14]. In patient with hypercho-
lesterolemia, statins were instrumental in reducing the progression of atherosclerosis by inhib-
iting of monocyte activation, enhancing metalloprotease synthesis in the vessel walls and the
production of pro-inflammatory cytokines interleukin (IL)-6, tumor necrosis factors (TNFo)
and IL-1P [15,16]. Statins also suppressed acute and chronic inflammation by inhibiting edema
formation, leukocyte-endothelial adhesion, production of inflammatory cytokines and tran-
scription factors [17-19]. It has also been reported that atorvastatin prevents the toxic effects
of gentamicin in the kidney via the inhibition of MAPK and NF-«B signaling pathways and
iNOS expression [20]. However, details of the pleiotropic effects of statins on nephrotoxicity
have not been clearly demonstrated.

This study was designed to investigate the protective effects of atorvastatin against gentami-
cin-induced toxicity in rat kidneys. We hypothesized that atorvastatin improves renal function
by ameliorating an inflammation and ER stress related apoptosis pathways in gentamicin-
induced nephrotoxicity.
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Materials and Methods
Animal preparation and treatment

The 30 male Sprague-Dawley rats (250-300 g), 10-12 weeks of age, used in this study were
obtained from the National Laboratory Animal Center, Mahidol University, Salaya, Thailand.
The animal facilities and all protocols were approved by the Laboratory Animal Care and Use
Committees at the Faculty of Medicine, Chiang Mai University, Chiang Mai, Thailand (Permit
Number: 06/2559). All experimental rats were housed in a room maintained at 25+ 1°Con a
12 h light/dark cycle and fed on a normal laboratory diet and water ad libitum. Only male rats
were used to get rid of the fluctuation of sex hormone during menstrual cycle in female rats
which might affect our results. It has been reported that gentamicin could induce the sensitivity
of renal toxicity in male rats more than female rats [21,22].

Thirty rats were randomly divided into five groups (six rats per group). (1) the vehicle control
(C) group received normal saline by gavage; (2) the gentamicin (G) group. The rat was injected
intraperitoneally (i.p.) with 100 mg/kg/day of gentamicin (The Govt. Pharm.Org, Thailand)
with the volume of 700-800 pl for 15 days; (3) the atorvastatin group, Ator (Lek Pharmaceuticals
d.d, Slovenia) dissolved in 500 pl of 0.9% normal saline solution at dose of 10 mg/kg/day was
administered by gavage feeding once a day on day 1 to 15; (4) the atorvastatin pretreatment
(Pre) group, Ator was administered by gavage 30 min before gentamicin treatment for 15 days;
and (5) atorvastatin delayed treatment (Delayed) group, gentamicin was injected every day for
15 days and Ator was administered on days 10 to 15 by gavage 30 min before the gentamicin
treatment. Gentamicin was injected at the same period of time, 8.00 to 9.00 am, in all groups of
experiment. Atorvastatin treatments were also given at 8:00 to 9:00 am throughout the experi-
ment. The chosen gentamicin dose was based on that given by intraperitoneal administration in
previous studies that showed the drug induced nephrotoxicity in rat models [23-25]. Atorva-
statin used in this study was chosen from the dose that given by oral gavage in previous studies
that showed nephroprotection as well as oxidative stress improvement [18-20] and from prelim-
inary study. Thus, we selected atorvastatin in the minimal effective therapeutic dose 10 mg/kg/
day as used in the clinical to evaluate the beneficial effects of this drug to protect the kidney from
gentamicin-induced toxicity. The animals were monitored before and after receiving treatments
in the morning and again in the evening. Blood samples were collected from tail vein by cutting
the tail tip under isoflurane inhalation. After the last injected dose of gentamicin, each rat was
kept individually in metabolic cage for 24 h urine collection. Urine was centrifuged at 1000 rpm
for 10 min, to remove cells and debris and stored at -20°C until investigation. At the end of
study, the animals were deeply anesthetized by sodium pentobarbital injection intraperitoneally
at the dose of 100 mg/kg and blood and kidney tissue samples were collected for subsequent
experiments. Following intraperitoneal injection (single dose) of pentobarbital, the isoflurane
inhalation was used to maintain anesthesia of the animal throughout surgical protocols. The ani-
mals were observed throughout the experiment. The rats that have the severity symptoms such
as lack of appetite, inanimate and severe diarrhea were killed before the endpoint of experiment
by sodium pentobarbital injection intraperitoneally at the dose of 100 mg/kg and verify that an
animal is dead before disposing of the carcass, by making sure there is no respiratory movement
for at least 3 minutes. If the animal is deeply unconscious but respirations have not ceased, the
inhalation of isoflurane is followed for additional security until respirations have stopped.

Determination of renal function

To assess renal function, serum and urine creatinine were measured using an automatic bio-
chemical analyzer at the Clinical Laboratory, Maharaj Nakhon Chiang Mai Hospital, Chiang
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Mai, Thailand. Relative kidney weight was calculated according to the formula: kidney weight/
total bodyweight. The creatinine clearance (C,,) reflected to glomerular filtration rate (GFR)
was calculated using the following equation:

C_.(ml/min) = (urine creatinine x urine flow rate) / serum creatinine

Tissue preparation and Western blot analysis

The renal cortical tissues were used to carry out a Western blot analysis. The renal cortex was
gently cut from the outer part of the kidney, sections extending down for approximately 3-4
mm were cut using a microtome. Each cellular compartment, whole cell lysate, membrane and
cytosolic fractions were prepared from renal cortical tissues using differential centrifugation
technique. Briefly, renal cortical slices were homogenized in Mammalian cell Lytic buffer
(Sigma, St. Louis, MO, USA) with a protease cocktail inhibitor (Roche Diagnostics, Indianapo-
lis, IN, USA). Homogenates were centrifuged at 5,000 x g for 15 min at 4°C. Some of the super-
natants were collected as whole cell lysate, and the remaining portion was centrifuged at
100,000 x g for 2 h at 4°C to obtain the membrane (pellet) fraction. The 5,000 xg pellet was re-
suspended and centrifuged at 10,000 x g 4°C for 10 min. The supernatant fraction from the
centrifugation was designated as the nuclear fraction.

Whole cell lysate, membrane and nuclear fractions from the renal cortex were subjected to
10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and subsequently transferred to a
polyvinylidene fluoride (PVDF) membrane (Millipore, Billerica, MA, USA). The membranes
were then blocked with 5% nonfat dry milk in Tris-buffered saline (TBS) containing 0.1%
tween-20 (TBST) solution for 1 h at room temperature and subsequently probed with primary
antibodies overnight at 4°C. The protein expressions of Bax (Millipore, Billerica, MA, USA),
Bcl-2 (Cell Signaling Technology, Danvers, MA, USA), cleaved caspase-3 (Millipore, Billerica,
MA, USA), NF-xB (Millipore, Billerica, MA, USA), iNOS (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), TNFa receptorl orTNFaR1, IL-6 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), TGFp1 (Cell Signaling Technology, Danvers, MA, USA), calpain, GRP78, CHOP
(Cell Signaling Technology, Danvers, MA, USA) and caspase 12 (Millipore, Billerica, MA,
USA) were determined using western blot. Lamin b1 (Cell Signaling Technology, Danvers,
MA, USA) or Na*-K" ATPase (Millipore, Billerica, MA, USA) was used as a marker for the
nuclear and membrane fraction, respectively. The B-actin (Millipore, Billerica, MA, USA) was
used as a loading control for all samples. The membranes were washed three times with TBST
and incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit or anti-mouse
secondary antibodies (Amersham, Arlington Heights, IL, USA) at room temperature for one
hour and developed with ECL enhanced chemiluminescence agent (GE Healthcare, Bucking-
hamshire, UK). Each membrane was stripped and re-probed with mouse anti-B-actin antibody
or another antibody for further detection of protein expression. The western blot film images
were scanned and were analyzed using Image ] (NIH image) analysis software.

Determination of renal apoptosis by TUNEL assay

Apoptosis in renal tissues was identified by a Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL assay) with tissue paraffin blocks using TdT-FragEL™ DNA frag-
mentation detection kit (Millipore, Billerica, MA, USA) according to the manufacturer's
instruction. Tissue sections were treated with proteinase K for 20 min. After TBS washing, the
sections were incubated with DNase I for 20 min. Sections were then reacted with 3% H,O, for
5 min, washed with TBS, incubated with TdT equilibration buffer for 20 min, followed by the
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incubation with TdT labeling reaction mixture for 1.5 h at 37°C in a humidified chamber. After
TBS washing, the reaction was terminated by stop buffer solution for 5 min and washed and
then blocked with blocking buffer for 10 min, followed by immersing the slides in conjugate
solution for 30 min in a humidified chamber. After TBS washing, the sections were incubated
with DAB solution for 15 min and rinsed with dH,O, followed by the examination under the
light microscope. The samples were performed blindly to the animal treatment groups.

Histopathological study

To determine any morphological changes, a kidney was removed and cut in a half along the
transverse axis, fixed in 10% neutral buffered formalin and embedded in paraffin. Paraffin-
embedded specimens were cut into 5-pm-thick sections, mounted on microscope slides and
stained with Haematoxylin and Eosin for general histological assessment. The samples were
examined under a light microscope for tubular and glomerular changes by an observer blinded
to the animal treatment groups.

Statistical analysis

The data were analyzed using SPSS17.0 statistical software (Chicago, IIL., USA). All data were
expressed as the mean + SEM. For the comparison between multiple treatments, a one-way
ANOVA followed by Fisher's Least significant difference test (LSD) was used. P < 0.05 was
considered statistically significant.

Results
The effects of atorvastatin on renal function in gentamicin-treated rats

In this study, there was no animal died before the endpoint of experiment. Gentamicin treat-
ment caused a significant decrease in body weight (P < 0.05) when compared with that of the
control and atorvastatin groups (Fig 1A). Kidney hypertrophy as indicated by the significant
increase in kidney weight and kidney/body weight ratio was observed in gentamicin-treated
group (P < 0.05) (Fig 1B and 1C) when compared with the control or atorvastatin group. In
addition, the apparent increase in serum BUN and creatinine levels and a significant decrease
in creatinine clearance in gentamicin-treated group compared with the control or atorvastatin
groups (P < 0.05) (Fig 2A, 2B and 2C) indicated that renal function impairment was induced
by gentamicin treatment. Kidney hypertrophy was significantly attenuated in atorvastatin pre-
treatment as compared to gentamicin-treated rats (P < 0.05) (Fig 1B and 1C). Atorvastatin
could not only prevent kidney dysfunction but also reverse renal impairment, leading to an
improvement of renal function when compared with the gentamicin-treated rats (Fig 2). How-
ever, only atorvastatin pretreatment could improve kidney hypertrophy. Atorvastatin treat-
ment alone had no effect on renal function when compared with control.

Effect of atorvastatin on gentamicin-induced renal inflammation

The expression of NF-xB in both whole cell lysate and nuclear fractions from renal cortical tis-
sues was significantly higher in gentamicin-treated rats than those of the control and atorva-
statin alone groups (P < 0.05) (Fig 3A and 3B). These results indicated the activation of NF-xB
induced by gentamicin treatment. Moreover, the significant increases in the expressions of IL-
6 and iNOS in whole cell lysate fraction and TNFaR1 in the membrane fraction from renal cor-
tical tissues were observed in the gentamicin-treated group compared to those from the control
and atorvastatin alone groups (P < 0.05) (Fig 3C, 3D and 3E). This study demonstrated that
the expressions of NF-kB, IL-6, iNOS and TNFaR1 were markedly decreased by atorvastatin
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Fig 1. Effects of atorvastatin on the body weight (BW) (A); kidney weight (KW) (B); and KW/BW ratio (C). Bar
graph indicates mean + SEM. (n = 6 rats in each group). *P < 0.05 compared to the control group. *P < 0.05 compared
to the gentamicin-treated group. C: control group; G: gentamicin-treated group; Pre: atorvastatin pretreatment group;
Delayed: delayed treatment group and Ator: atorvastatin group.

doi:10.1371/journal.pone.0164528.9001

pretreatment (P < 0.05). The treatment with atorvastatin on day 10 to 15 of experiment could
also reduce the inflammation induced by gentamicin (P < 0.05) although IL-6 was still
markedly elevated when compared with atorvastatin pretreatment group. In addition, it has
been reported that infiltration of macrophage accompanied with myofibroblasts, TGFf and
endothelin might contribute to the development of renal fibrosis in gentamicin-treated rat
[26]. The expression of TGFp1, a key mediator of renal fibrosis, in renal cortical tissues [27],
was significantly increased in the gentamicin group when compared to that of the control and
atorvastatin groups (P < 0.05) (Fig 3F). Atorvastatin pretreatment and delayed treatment
shared similar efficacy in attenuating TGFp1 expression, leading to renal fibrosis reduction
compared to that seen in the gentamicin-treated rats (P < 0.05). Atorvastatin treatment alone
had no effect on NF-«xB, iNOS, TNFoaR1 and TGFp1 expressions when compared with control.
These findings could indicate that atorvastatin treatment attenuated renal inflammation and
fibrosis induced by gentamicin.

The effects of atorvastatin on renal ER stress

To investigate the effect of atorvastatin on the ER stress-mediated cell death signaling pathway
in gentamicin-induced nephrotoxicity, the ER stress-related protein expression was deter-
mined. Gentamicin treatment caused significant increases in calpain, caspase 12, GRP78 and
CHOP protein expressions (P < 0.05), indexes of ER stress markers, in renal cortical tissue
when compared to both the control and the atorvastatin groups (Fig 4). Atorvastatin pretreat-
ment abolished the increases in calpain, caspase 12, GRP78 and CHOP expressions induced
by gentamicin treatment (P < 0.05). However, only the significant decreases in calpain and
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Fig 2. Effects of atorvastatin on serum creatinine (A); serum BUN (B); and creatinine clearance (C). Bar
graph indicates mean = SEM. (n = 6 rats in each group). *P < 0.05 compared to the control group. *P < 0.05
compared to the gentamicin-treated group. C: control group; G: gentamicin-treated group; Pre: atorvastatin
pretreatment group; Delayed: delayed treatment group and Ator: atorvastatin group.

doi:10.1371/journal.pone.0164528.9002
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Fig 3. Effects of atorvastatin on the expression of NF-kB, IL-6, iNOS, TNFaR1 and TGF@1 in the renal cortical tissue.
Immunoblot analysis for expressions of NF-kB in the whole cell lysate fraction (A); NF-kB in nuclear fraction (B); IL-6 in whole
cell lysate fraction (C); INOS in whole cell lysate fraction (D); TNFaR1 in membrane fraction (E) and TGF31 in whole cell
lysate fraction (F) in renal cortical tissues normalized to B-actin. Lamin b1 or Na*-K* ATPase was used as a marker for the
nuclear or membrane fraction, respectively. Bar graph indicates mean + SEM. (n = 6 rats in each group). *P < 0.05 compared
to the control group. *P < 0.05 compared to the gentamicin-treated group. TP < 0.05 compared to the pretreatment group. C:
control group; G: gentamicin-treated group; Pre: atorvastatin pretreatment group; Delayed: delayed treatment group and

Ator: atorvastatin group.

doi:10.1371/journal.pone.0164528.g003

GRP78 but not caspase 12 and CHOP expressions were observed in atorvastatin delayed treat-
ment (P < 0.05) when compared with those of the gentamicin-treated group. Atorvastatin
treatment alone had no effect on ER stress when compared with control. These results indi-
cated that atorvastation treatment could inhibit ER stress pathway induced by gentamicin

treatment.

The effects of atorvastatin on renal apoptosis

To elucidate the effect of atorvastatin on gentamicin-induced renal cell apoptosis, the apoptosis
related pro-apoptotic and anti-apoptotic protein expressions and TUNEL assay were exam-
ined. Significant enhanced Bax and cleaved caspase-3 expressions and marked reduced Bcl-2
expression in renal cortical tissue were observed (P < 0.05) in the gentamicin group compared
to those of the control and atorvastatin groups (Fig 5A, 5B and 5D). The Bax/Bcl-2 ratio was
also significantly increased in gentamicin-treated rat (P < 0.05) (Fig 5C). The results showed
that the numbers of TUNEL-positive cells were observed in gentamicin-treated rats, predomi-
nantly located at the renal tubules of the renal cortex when compared with the control group
(Fig 6). Atorvastatin pretreatment significantly reduced the expressions of the Bax, cleaved cas-
pase-3 and Bax/Bcl-2 ratio and apparently increased Bcl-2 expression when compared to the
gentamicin group (P< 0.05). The enhanced expressions of Bax and Bax/Bcl-2 ratio in gentami-
cin-treated rats were significantly reversed with the delayed treatment with atorvastatin (P
<0.05). However, delayed treatment with atorvastatin could not down-regulate the expression
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Fig 4. Effects of atorvastatin on the expression of calpain, caspase 12, GRP78 and CHOP. Immunoblot
analysis for calpain (A); caspase 12 (B); GRP78 (C) and CHOP (D) expressions in the whole cell lysate
fraction of renal cortical tissues normalized to B-actin. Bar graph indicates mean + SEM. (n = 6 rats in each
group). *P < 0.05 compared to the control group. *P < 0.05 compared to the gentamicin-treated group. C:
control group; G: gentamicin-treated group; Pre: atorvastatin pretreatment group; Delayed: delayed
treatment group and Ator: atorvastatin group.

doi:10.1371/journal.pone.0164528.9004

of cleaved caspase-3 or enhance Bcl-2 expression. Atorvastatin pre and delayed treatments
could reduce TUNEL-positive cells as compared to the gentamicin-treated group. Atorvastatin
treatment alone had no effect on Bax, Bcl-2 and cleaved caspase-3 expressions when compared
with control. These results suggest that atorvastatin treatment attenuates gentamicin-induced
apoptosis in rat renal tubular cells by inhibiting ER stress and apoptosis pathway.

The effects of atorvastatin on renal histology

The results showed that gentamicin-treated rats demonstrated glomerular damage, tubular
atrophy, tubular dilatation, cellular desquamation, pyknotic nuclei and interstitial mononu-
clear cells infiltration. Atorvastatin pre and delayed treatments could preserve kidney morphol-
ogy in the levels of glomerular, tubular and interstitial cells in this study (Fig 7).

Discussion

Gentamicin, an aminoglycoside antibiotic, is the most clinically used due to its wide spectrum
of activities against gram-negative bacterial infections [28]. However, there are limitations to
its use due to nephrotoxic side effects. 10-20% of all cases of acute renal failure are due to these
nephrotoxicity of this antibiotic. Some clinicians suggest a daily dose of 4 to 7 mg/kg once daily
for all patients with normal renal function. In this study, we would like to induce renal dysfunc-
tion and use atorvastatin treatment to reverse this impairment. Thus, we selected the supra-
maximal dosage or 100 mg/kg/day of gentamicin in order to induced nephrotoxicity according
to the previous studies [23,24,29]. In addition, the preliminary data, rats receiving gentamicin
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Fig 5. Effects of atorvastatin on the expression of Bax, Bcl-2 and cleaved caspase-3. Inmunoblot
analysis for Bax (A) Bcl-2 (B) Bax/ Bcl-2 ratio (C) and cleaved caspase-3 (D) expressions in the whole cell
lysate fraction of renal cortical tissues normalized to B-actin. Bar graph indicates mean + SEM. (n =6 rats in
each group). *P < 0.05 compared to the control group. *P < 0.05 compared to the gentamicin-treated group.
C: control group; G: gentamicin-treated group; Pre: atorvastatin pretreatment group; Delayed: delayed
treatment group and Ator: atorvastatin group.

doi:10.1371/journal.pone.0164528.9005

100 mg/kg/day for 15 days via intraperitoneal injection demonstrated renal dysfunction as
shown by the increased serum creatinine and BUN.

Numbers of evidence showing that statins exert beneficial effects independent of its lipid
lowering ability, called pleiotropic effects [30]. Clinical studies showed that atorvastatin, a
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitor, administration
improved ventricular ejection fraction, attenuated adverse effect ventricular remodeling and
depressed the inflammation process in heart failure patients [31,32]. Furthermore, atorvastatin
also decreased the apoptosis of myocardial cells in rat heart failure model [33]. Nevertheless,
the role of atorvastatin in gentamicin-induced nephrotoxicity is still poorly known.

Gentamicin cytotoxicity occurs in the cell types in which the drug accumulates. In the kid-
neys, these cells constitute the tubular epithelial cells in the cortex, mainly in the proximal
tubule of experimental animals and humans [34,35]. The expression of a transporter of pro-
teins and cations, the giant endocytic complex formed by megalin and cubilin, which is
restricted to the proximal tubule, is consistent with a higher accumulation of gentamicin and
responsible for the transport of gentamicin into these cells. We therefore investigated protein
expression in the kidney cortex where the proximal tubule is located. The present study showed
that nephrotoxicity induced by gentamicin was characterized by a marked increase in serum
creatinine and BUN levels along with a significant reduction in rate of creatinine clearance and
histological changes. Moreover, kidney injury in gentamicin-treated rats was evidenced by the
increased renal expressions of NF-kB as well as IL-6, INOS and TNFoR1. These effects were
accompanied by increases in the ER stress markers (including calpain, caspase 12, GRP78 and
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Fig 6. Effects of atorvastatin on apoptotic cells in kidney tissues. Apoptotic cells within kidney tissues were evaluated by TUNEL assays in
control (A), gentamicin-treated (B), atorvastatin pretreatment (C), atorvastatin delayed treatment (D) and atorvastatin only (E) rats. TUNEL-
positive cells were predominantly located at the renal tubules of the renal cortex (black arrow).

doi:10.1371/journal.pone.0164528.9006

CHOP) and pro-apoptotic Bax and cleaved caspase-3 with a decrease in antiapoptotic Bcl-2
which induced renal apoptosis. Atorvastatin treatment at dose 10 mg/kg significantly improved
renal function, and ameliorated renal inflammation, ER stress and apoptosis in gentamicin-
treated rat.

Renal injury as a consequence of gentamicin-induced tubular necrosis has been shown to
accompany with increased inflammatory events at the site of injury and to enhance the migration
of monocytes and macrophages to the site of tissue damage [4]. NF-kB is a key transcription fac-
tor in the renal inflammatory process by regulating the gene expression of cytokines, chemo-
kines, adhesion molecules and iNOS which provoke kidney damage [36-38]. We determined the
classical pathway of NF-«xB which activated by inflammation or ROS induced by gentamicin
injection. In the classical pathway, NF-xB proteins are bound and inhibited by IxB proteins.
Proinflammatory cytokines including LPS, growth factors, and antigen receptors activate an IKK
complex then IkB proteins are phosphorylated. Phosphorylation of IxB leads to its ubiquitina-
tion and proteasomal degradation resulting in freeing IxB complexes. Active NF-kB translocates
to the nucleus inducing target gene involve proinflammatory cytokine [23,36,39,40]. In this
study, gentamicin induced renal injury and activated inflammatory response, free NF-xB dimers
translocate to nucleus and activate the target genes such as iNOS and IL-6 expressions. The
increased activation and nuclear translocation of the NF-«xB were evidenced by the increased
NF-«B expression in both whole cell lysate and nuclear fractions in renal cortical tissue. The acti-
vation of NF-kB was accompanied with the increased iNOS and TNFaR1 expressions and inter-
stitial mononuclear cells infiltration in gentamicin-treated rats suggesting that NF-xB may play a
role in renal inflammation in this study. Previous study in type 2 diabetic rat showed that the
endothelial dysfunction was resulted from overexpression of TNFoR [41]. Thus, an increased
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Fig 7. Effects of atorvastatin on histological changes of the kidneys. Hematoxylin- and Eosin-stained kidney tissue sections were
performed in control (A); gentamicin-treated (B); atorvastatin pretreatment (C); atorvastatin delayed treatment (D) and atorvastatin only (E)
groups. Glomerular degeneration (green arrow), mononuclear cells infiltration (blue arrow), pyknotic nuclei (yellow arrow), renal tubular
desquamation (red arrow), renal tubular atrophy (black arrow) and renal tubular dilatation (asterisk) were indicated.

doi:10.1371/journal.pone.0164528.g007

membrane expression of TNFoR1 in the present study might imply an elevation of TNFo: activ-
ity in the kidneys in gentamicin-treated rat. The results of this study corroborated those found in
a previous study which demonstrated that an increased NF-«B activation in gentamicin-treated
rats was followed by increasing the synthesis of inflammatory substances. Moreover, TNFa. also
activates the NF-xB pathway, thus resulting in amplification of the inflammatory response [42].
Atorvastatin pretreatment or delayed treatment decreased the expressions of NF-«B, IL-6, iINOS
and TNFoR1 and interstitial mononuclear cells infiltration in gentamicin-treated rat. These find-
ings suggest that atorvastatin improves renal inflammation by attenuating the activation of the
NEF-«B pathway. This is in agreement with the anti-inflammatory effects of atorvastatin found in
heart failure [43], obstructive uropathy [44] and endotoxemia [45]. Additionally, previous stud-
ies demonstrated that gentamicin increased macrophage infiltration and elevated TGFp1 level
leading to the progression of tubulointerstitial nephritis [26,46]. An expression of TGFp1 showed
a strong correlation with fibrosis of smooth muscle layer in rats with unilateral ureteral obstruc-
tion [44]. In animal models with ureter obstruction, statins have been reported to inhibit inflam-
matory mediators and macrophage infiltration [47], and to suppress TGFB1 expression and
extracellular matrix production [48,49]. The current results, compatible with the study of
Chuang et al [44], showed that atorvastatin pre or delayed treatment markedly down regulated
not only IL-6, iNOS and TNFoR1 but also TGFB1 expression in gentamicin-treated rats. The
reduction in inflammatory gene expression is in accordance with the reduced inflammatory infil-
trate seen in the histological study in atorvastatin treatment and previous study [15]. These
imply that atorvastatin pre or delayed treatment may ameliorate the tissue damage in
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gentamicin-induced nephrotoxicity via the inhibition of the TGFp1 expression and by suppres-
sion of pro-inflammation cytokines production.

The significant increases of calpain, caspase 12, GRP78 and CHOP expressions in renal
cortical tissue in this study reflected that gentamicin treatment induced ER stress and caused
the activation of ER-mediated cell death markers. The activation of ER stress is one of the
underlying mechanisms enabling the protection and repair in stress-induced cellular disorder
by inducing cell apoptosis [33]. Calpain is responsible for cleaving pro-caspase 12 to active
caspase 12. In this study, an up-regulation of cleaved caspase 3 in gentamicin-treated rats
showed a correlation with an increased expression of caspase 12. Caspase 12 was translocated
from ER to the cytosol and procaspase 9 was directly cleaved, which, in turn, activated caspase
3 leading to cell death [50]. It was noteworthy that the increased expression of calpain, cas-
pase 12, GRP78 and CHOP were significantly suppressed by atorvastatin treatment, particu-
larly pretreatment. Consistently, atorvastatin had been shown to decrease the rate of cell
apoptosis and the expression of proteins involved in the ER stress response and apoptosis
such as GRP78, caspase 12 and C/EBP homologous protein in myocardial cells in a rat model
with post-myocardial infarction heart failure [33]. In this study, gentamicin treatment also
caused a reduced expression of Bcl-2 accompanied with the elevated expression of Bax, the
Bax/Bcl-2 ratio, cleaved caspase 3 and the increased TUNEL-positive cells, suggesting that
gentamicin-induced renal damage was associated with the activation of apoptotic pathway.
Atorvastatin pre or delayed treatment provided renoprotection by inhibiting Bax overexpres-
sion induced by gentamicin with an enhanced Bcl-2 expression, although the decreased
expression of cleaved caspase-3 was presented only in pretreatment. According to the report
that NF-xB activation promoted gentamicin-induced apoptosis in rat tubular cells [5], the
anti-inflammatory effects of atorvastatin may partly be attributed to its suppression of genta-
micin-induced apoptosis. In this study, it might be suggested that atorvastatin protects
against renal tubular cell apoptosis induced by gentamicin partly by down-regulating the acti-
vation of ER stress and NF-«B pathways. These proposed mechanisms are confirmed by the
previous study demonstrating that atorvastatin acts a potent scavenger of free radicals in the
kidney leading to the inhibition of MAPK and NF-«B signaling pathways to prevent gentami-
cin-induced renal toxicity [20].

In conclusion, this study provides evidence that atorvastatin can reduce gentamicin induced
NF-kB activation as well as inhibiting inflammatory, ER stress and apoptotic pathways. The
effect of atorvastatin in protecting from renal damage induced by gentamicin seems to be more
effective when it was given prior to gentamicin exposure.
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New Findings

o What is the central question of this study?
This study was designed to determine the renoprotective effects of atorvastatin treatment in
an experimental model of gentamicin-induced nephrotoxicity through modulating the Nrf2
pathway by decreasing the oxidative stress.

o What is the main finding and its importance?
Atorvastatin exerts a nephroprotective effect by attenuating oxidative stress, protecting renal
function and renal organic anion transporter 3 function from the effects of gentamicin.
Atorvastatin might protect the tissues via its antioxidant property and by modulating the
antioxidant enzymes through the Nrf2 signalling pathway, which may be the underlying
mechanisms of these protective effects.

Recent evidence demonstrates that statins, 3-hydroxy-3-methylglutaryl coenzyme A reductase
inhibitors, exert not only lipid-lowering effects but also antioxidant, anti-inflammatory and
anti-apoptotic effects. Nephrotoxicity, a serious side-effect of gentamicin, is related to an
increase in reactive oxygen species in the kidney. This study was designed to determine the
renoprotective effects of atorvastatin treatment in an experimental model of gentamicin-induced
nephrotoxicity. Male Sprague—Dawley rats were used. Nephrotocixity was induced by I.p.
injection of gentamicin, 100 mg kg~' day~', for 15 days. Atorvastatin, 10 mg kg~! day~!,
was administered by gavage 30 min before gentamicin injection (pretreatment) for 15 days
or only on days 10-15 (post-treatment). Renal function and renal organic anion transporter
3 (Oat3) function and expression were examined. Gentamicin-treated rats demonstrated
impaired renal function by attenuation of creatinine clearance and increased oxidative stress.
Gentamicin treatment also decreased renal Oat3 function and expression as shown by decreased
[*H]estrone sulfate uptake into renal cortical slices and decreased expression. The protein
expressions of protein kinase C, Nrf2, NAD(P)H:quinone oxidoreductase 1, haeme oxygenase
1 and glutamate—cysteine ligase were markedly increased in gentamicin-treated rats, indicating
the increase in oxidative stress. Administration of atorvastatin improved renal function and
alleviated oxidative stress, and atorvastatin pretreatment had a greater ability to decrease

© 2016 The Authors. Experimental Physiology © 2016 The Physiological Society DOI: 10.1113/EP085571
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oxidative stress than atorvastatin post-treatment. These effects helped to preserve renal function
and Oat3 function and expression. These results indicate that atorvastatin has a renoprotective
effect against gentamicin-induced nephrotoxicity by decreasing overoxidation in the kidney;,
and might be used in conjunction with gentamicin to protect against renal damage.
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Introduction

Atorvastatin (Ator) is a well-tolerated cholesterol-
lowering statin that acts through the inhibition of
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase, the rate-limiting enzyme in cholesterol
biosynthesis via the mevalonate pathway (Liao & Laufs,
2005). During the past decade, evidence has emerged
that statins also have overall beneficial effects greater
than those expected from cholesterol lowering, such
as antioxidant, anti-inflammatory and anti-apoptotic
effects (Liao & Laufs, 2005). These effects appear
to be independent of cellular cholesterol homeostasis
and are collectively termed °‘pleiotropic effects. In
addition to lowering cholesterol synthesis, inhibition
of the HMG-CoA reductase reduces the synthesis of
intermediates of the mevalonate pathway (Goldstein &
Brown, 1990). It has been demonstrated that atorvastatin
reduced lipoprotein oxidation and ameliorated free radical
injury in lipoprotein isolated from hyperlipidaemic
patients (Aviram ef al. 1998). Study in diabetic mice
demonstrated that the protective antioxidant effect of
atorvastatin on vascular function in diabetes mellitus was
mediated by inhibition of the activity of Rac-1, a small
G-protein (Vecchione et al. 2007). However, at present
little is known about the effects of statins on kidney
function.

Aminoglycoside antibiotics, such as gentamicin, are
the most commonly used antibiotics for treatment of
Gram-negative bacterial infections (Ali, 2002). Despite
their beneficial effects, gentamicin has a considerable
nephrotoxic effect, which occurs in ~20% of patients.
The renal toxicity of gentamicin is related to its selective
accumulation in the renal cortex, especially in the renal
proximal convoluted tubules (Nagai & Takano, 2004),
where it causes apoptosis and necrosis of the tubular
epithelial cells (Quiros et al. 2011). Nephrotoxicity
induced by gentamicin is related to an increase in the
kidney of in reactive oxygen species (ROS), such as
superoxide anions (O, ™), hydrogen peroxide (H,0,) and
hydroxyl radicals, released by renal cortical mitochondria
(Walker & Shah, 1987; Du & Yang, 1994). Administration
of antioxidant enzymes, such as superoxide dismutase
(SOD), glutathione peroxidase, glutathione reductase
and catalase, has been shown to ameliorate the

Email: onanusorn@yahoo.com, anusorn.lungka@cmu.ac.th

severity of gentamicin-induced renal damage (Nasri
etal 2013).

The cellular response to oxidative stress is regulated by
the Nrf2 signalling pathway (Zou et al. 2013). Oxidative
and electrophilic stresses disrupt the Keap1-Nrf2 complex,
which allows Nrf2 translocation into the nucleus,
leading to the activation of the antioxidant response
element (ARE) and upregulation of antioxidant-related
enzyme expressions. Typical genes driven by Nrf2
include haeme oxygenase 1 (HOI), NAD(P)H:quinone
oxidoreductase 1 (NQOI), glutamate—cysteine ligase
(GCL), the rate-limiting enzyme in glutathione (GSH)
synthesis, glutathione peroxidase (GPx) and superoxide
dismutase (Yang et al. 2005; Franklin et al. 2009). In
triptolide-induced renal injury, the Nrf2-ARE pathway
showed a protective role by counteracting oxidative stress
(Li et al. 2012). Thus, Nrf2—ARE responses are predicted
to be activated by an increase in oxidative stress in the
injured kidney induced by gentamicin.

Organic anion transporters 1 and 3 (Oatl and Oat3),
the important transporters located in the basolateral
membrane of the renal proximal tubule, have roles in
actively eliminating endogenous substances or organic
anion compounds and their metabolites from the body
(Habu ef al. 2005). The Oat3 protein consists of 536-542
amino acids with 12 transmembrane domains and has
potential phosphorylation sites that are regulated by
protein kinase C (PKC; Saito, 2010). The regulation
of Oat3 function has been studied extensively in the
last decade. Recently, the downregulation of expression
of Oatl and Oat3 has been reported in rats with
gentamicin-induced nephrotoxicity (Guo et al. 2013).
Reduced renal Oatl and Oat3 expression and function
would contribute significantly to gentamicin-induced
acute renal failure. It is therefore interesting to study the
potential effect of atorvastatin on renal function and on
Oat3 function and expression in nephrotoxicity induced
by gentamicin.

Here, we examined the contribution of Nrf2 to
renal protection in gentamicin-induced nephrotoxicity
in rats. Furthermore, renal function and renal Oat3
function and expression were also examined. It was
hypothesized that atorvastatin could preserve renal
function in gentamicin-induced nephrotoxicity through
modulation of the Nrf2 pathway.

© 2016 The Authors. Experimental Physiology © 2016 The Physiological Society
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Methods

Ethical approval, animal preparation and animal
treatment

The male Sprague—Dawley rats (250-300 g), 10-12 weeks
of age, used in this study were obtained from the
National Laboratory Animal Center, Mahidol University,
Salaya, Thailand. The animal facilities and protocols
were approved by the Laboratory Animal Care and Use
Committees at the Faculty of Medicine, Chiang Mai
University, Chiang Mai, Thailand (permit no. 36/2557).
All experimental rats were housed in a room maintained
at 25 + 1 °Cona 12 h-12 h light—dark cycle and fed with
normal pelleted diet and water ad libitum. An in vivo study
was performed to determine renal function, and an in vitro
study (renal cortical slices) was carried out to determine
the renal Oat3 function in an uptake experiment.

Thirty rats were randomly divided into five groups (six
rats per group) as follows: (i) the vehicle control (C)
group received normal saline by gavage; (ii) the gentamicin
(G) group were injected 1.p. with gentamicin at a dose
of 100 mg kg~! day™! in a volume of 700-800 wl (The
Government Pharmaceutical Organization, Thailand) for
15 days; (iii) in the atorvastatin (Ator) group, Ator
(Lek Pharmaceuticals d.d., Ljubljana, Slovenia) dissolved
in 500 ul of normal saline solution at a dose of
10 mg kg~! day! was administered by gavage once a
day for 15 days; (iv) in the atorvastatin pretreatment
group, Ator was administered by gavage 30 min before
the gentamicin treatment for 15 days; and (v) in
the atorvastatin post-treatment group, gentamicin was
injected every day for 15 days and Ator was administered
only on days 10-15 by gavage 30 min before the gentamicin
treatment on those days. After the last injected dose of
gentamicin, a 24 h urine sample was collected. At the
end of the study, the animals were killed by .. injection
of sodium pentobarbital (Ceva Santé Animale, Libourne,
France) at a dose of 100 mg kg™, after which inhalation of
isofurane was used to maintain anaesthesia of the animal
throughout the experiment. Then blood and kidney tissue
samples were collected for subsequent experiments.

Determination of renal function

Serum blood urea nitrogen (BUN) and serum and urine
creatinine were measured using an automatic biochemical
analyser at the Clinical Laboratory, Maharaj Nakhon
Chiang Mai Hospital, Chiang Mai, Thailand. Relative
kidney weight was calculated according to the formula:
(kidney weight/total body weight) x 100. The creatinine
clearance (C;), which reflects glomerular filtration rate,
was calculated using the following equation:

. - Urine creatinine x Urine flow rate
Co(inml min™") =

Serum creatinine
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Histopathological study

To determine any morphological changes, a kidney was
removed and cut in a half along the transverse axis, fixed in
10% neutral buffered formalin and embedded in paraffin.
Paraffin-embedded specimens were cut into 2-um-thick
sections, mounted on microscope slides and stained
with Haematoxylin and Eosin for general histological
assessment. The samples were examined under a light
microscope for tubular and glomerular changes by an
observer blinded to the animal treatment groups.

Determination of renal oxidative stress

In order to determine renal oxidative stress, the renal
cortical tissue was cut and suspended in CellLyticMT/
extraction reagent (Sigma Aldrich, MO, USA). The tissues
were homogenized and centrifuged at 1600 g at 4 °C
for 10 min. The supernatant was collected to determine
malondialdehyde (MDA) and GSH concentrations.
Malondialdehyde is one of the end-products of lipid
peroxidation in the cells. An increase in free radicals causes
overproduction of MDA. The MDA level was determined
using the thiobarbituric acid reactive substances (TBARS)
assay kit (Cayman Chemical Company, Ann Arbor,
MI, USA). The amount of MDA was expressed as
nanomoles per milligram of protein. The total protein
content of the renal cortical tissues was determined
using a DC protein assay kit (Bio-Rad Laboratories,
Hercules, CA, USA). The GSH level was determined
by colorimetry using the QuantiChrom™ Glutathione
Assay Kit (DIGT-250; BioAssay Systems, Hayward, CA,
USA). The supernatant was used, and the GSH level was
determined by spectrophotometry at an absorbance of
400—450 nm.

In addition, the renal cortical tissue was homogenized
in cold lysis buffer (Sigma Aldrich) and centrifuged
at 12,000 g at 4 °C for 5 min. The supernatant was
analysed to calculate the total SOD activity according to
the manufacturer’s instructions using the EnzyChrom™
Superoxide Dismutase Assay Kit (ESOD-100; BioAssay
Systems).

Determination of renal Oat3 function

Renal Oat3 function was determined using a renal cortical
slice uptake experiment. After the rat had been killed,
the kidneys were removed, decapsulated and placed in
PBS. Renal cortical slices (<0.5 mm thick; 5-15 mg,
wet weight) were cut with a Stadie-Riggs microtome
and maintained in ice-cold oxygenated modified Cross
and Taggart pH 7.4 buffer containing 95 mm NaCl,
80 mM mannitol, 5 mMm KCl, 0.74 mMm CaCl, and 9.5 mM
Na,HPO,. The renal cortical slices were pre-incubated
in the buffer for 10 min. Then, slices were incubated
in 1 ml of uptake buffer containing 50 nm [*H]estrone
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sulfate ([?H]ES; Perkin Elmer, Waltham, MA, USA) for
30 min at room temperature. The uptake was stopped
by the addition of ice-cold buffer. Slices were rinsed,
blotted, weighed and lysed in 0.5 ml of 1 N NaOH and
neutralized with 0.5 ml of 1 N HCIL. The radioactivity in
the lysate was measured using aliquid scintillation analyser
(Perkin Elmer). Transport of [H]ES into the cell/tissue
was calculated as the tissue to medium (T/M) ratio [d.p.m.
(g tissue) ! + d.p.m. (ml medium)~'].

Tissue preparation and Western blot analysis

The renal cortical tissues were used to carry out Western
blot analysis. The renal cortex was gently cut from the
outer part of the kidney, in sections extending down
for approximately 3-4 mm, using a microtome. Each
cellular compartment, whole-cell lysate, membrane and
cytosolic fractions were prepared from renal cortical
tissues using differential centrifugation techniques. Briefly,
renal cortical slices were homogenized in mammalian
cell lytic buffer (Sigma Aldrich) with a protease cocktail
inhibitor (Roche, Indianapolis, IN, USA). Homogenates
were centrifuged at 5000 g for 15 min at 4 °C. Some
of the supernatants were collected as total cell lysates,
and the remaining portion was centrifuged at 100,000 g
for 2 h at 4 °C to obtain the membrane (pellet) and
cytosolic (supernatant) fractions. The 5000 g pellet was
resuspended and centrifuged at 10,000 g at 4 °C for
10 min. The supernatant fraction from the centrifugation
was designated as the nuclear fraction.

Total cell lysates, cytosolic, nuclear and membrane
fractions from the renal cortex were subjected to
10% SDS-PAGE, and subsequently, transferred to a
polyvinylidene fluoride membrane (Millipore, Billerica,
MA, USA). The membranes were then blocked with 5%
non-fat dry milk in Tris-buffered saline (TBS) containing
0.1% Tween-20 (TBST) for 1 h at room temperature, and
subsequently, probed with primary antibodies overnight
at 4 °C. The primary antibodies for PKCw (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), Nrf2 (Santa Cruz
Biotechnology), HO-1 (Abcam, Cambridge, MA, USA),
NQO1 (Abcam), GCL (Abcam) and renal Oat3 (Cosmo
Bio Co. Ltd., Tokyo, Japan) were used to determine
protein expressions. Lamin b1 (Cell Signaling Technology,
Danvers, MA, USA) or Na*, K*-ATPase (Millipore) was
used as a marker for the nuclear or membrane fraction,
respectively. B-Actin (Millipore) was used as a loading
control for all samples. The membranes were washed
three times with TBST and incubated with horseradish
peroxidase-conjugated goat anti-rabbit or anti-mouse
secondary antibodies (Amersham, Arlington Heights, IL,
USA) at room temperature for 1 h and developed with
ECL enhanced chemiluminescence agent (GE Healthcare,
Little Chalfont, UK). Each membrane was stripped and
re-probed with mouse anti-8-actin antibody or another
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antibody for further detection of protein expression.
The densities of the protein signals on Hyperfilms (GE
Healthcare) were analysed using Image] software (NIH,
Bethesda, MD, USA). Protein levels were normalized to
B-actin as a loading control.

Statistical analysis

Statistical analyses were conducted using SPSS (version
17; SPSS Inc., Chicago, IL, USA). All data were expressed
as the means + SEM. For comparison between multiple
treatments, a one-way ANOVA followed by Fisher’s least
significant difference test was used. A value of P < 0.05
was considered significant.

Results

Effect of atorvastatin on renal function
in gentamicin-treated rats

Gentamicin treatment resulted in a significant decrease
in body weight (318.33 £ 8.78 g) and an increase
in kidney weight (3.12 £+ 0.17 g) when compared
with the vehicle control group (350 + 6.19 and
2.68 £ 0.05 g, respectively; P < 0.05; Table 1). In addition,
gentamicin administration induced kidney hypertrophy,
as demonstrated by a significant increase in kidney/body
weight ratio in gentamicin-treated rats (0.98 £ 0.05)
compared with the control group (0.76 £ 0.21; P < 0.05).
Atorvastatin pretreatment significantly attenuated kidney
weight (2.65 £ 0.08 g) and kidney/body weight ratio
(0.84 & 0.25) when compared with the gentamicin group
(P < 0.05). However, atorvastatin post-treatment could
not reverse these morphological alterations caused by
gentamicin. The serum BUN and creatinine showed
significant increases by 34 and 55% (26.83 £ 0.60
and 0.58 + 0.03 mg dI™'), respectively, in the
gentamicin-treated group compared with the vehicle
control group (20.00 £ 0.52 and 0.37 + 0.01 mg dl™',
respectively; P < 0.05). Moreover, C., which reflects
glomerular filtration rate, showed a significant decrease
by 40% (1.10 £ 0.19 ml min ') in the gentamicin-treated
group when compared with the vehicle control group
(1.86 £ 0.28 ml min~'; P < 0.05). Interestingly,
atorvastatin pre- and post-treatment resulted in an
improvement in renal function compared with the
gentamicin-treated group (P < 0.05; Table 1).

Effect of atorvastatin on renal morphology

Hematoxylin- and Eosin-stained kidney tissue sections
from rats in each group are shown in Fig. 1. Kidney
tissue from the control (Fig. 1A) and atorvastatin
(Fig. 1E) groups showed normal glomerular and tubular
structures, including interstitial cell, tubular and vessel
structures. Gentamicin-treated rats demonstrated tubular

© 2016 The Authors. Experimental Physiology © 2016 The Physiological Society
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Table 1. Effects of atorvastatin on physiological and renal function parameters

Serum Serum blood Creatinine
Kidney Kidney/body creatinine urea nitrogen clearance
Group Body weight (g)  weight ()  weight ratio (mg dI-") (mg dI-") (ml min—")
Control 350.00 + 6.19 2.68 + 0.05 0.76 + 0.21 20.00 + 0.52 0.37 + 0.01 1.86 + 0.28
Gentamicin only 318.33 + 8.78* 3.12 + 0.17* 0.98 + 0.05* 26.83 + 0.60* 0.58 + 0.03* 1.10 £ 0.19*
Gentamicin with atorvastatin 323.00 + 8.73  2.65 + 0.08' 0.84 + 0.25 23.50 + 0.99" 0.48 + 0.02f  2.02 + 0.23f
pretreatment
Gentamicin with atorvastatin 289.00 + 12.08 2.71 £ 0.24 0.92 + 0.09 23.33 + 0.801 0.49 + 0.02f  1.76 + 0.05'
post-treatment
Atorvastatin only 349.16 + 6.090 2.60 + 0.07 074 + 0.011 20.85 + 0.95' 0.34 + 0.011 179 + 0.17!

Values are means == SEM (n = 6 rats in each group). *P < 0.05 versus control. TP < 0.05 versus gentamicin.

atrophy, tubular dilatation, cellular desquamation, tubular
epithelial cell damage and interstitial inflammation, while
normal glomerular structure and blood vessels were noted
(Fig. 1B). Atorvastatin pre- and post-treatments could
preserve kidney morphology in this study (Fig. 1C and
D, respectively).

Effects of atorvastatin on renal Oat3 function
and expression

Gentamicin treatment significantly reduced [*H]ES
uptake into renal cortical slices (P < 0.05; Fig. 2)
concomitant with a significant decrease in the expression
of renal Oat3 protein in the membrane fraction
(P < 0.05; Fig. 3B) when compared with the vehicle
control rats. There was no significant difference in

renal Oat3 expression in the whole-cell lysate fraction
among experimental groups (Fig. 3A). Compared with
the gentamicin-treated group, atorvastatin pre- and
post-treatments significantly increased both the uptake
of [’H]ES into the renal cortical slices by 43 and 27%,
respectively (Fig. 2) and the renal Oat3 protein expression
by 39 and 239%, respectively (Fig. 3B), reflecting the
improved renal Oat3 function (P < 0.05).

Effects of atorvastatin on renal oxidative damage

The renal cortical level of MDA, an end-product of lipid
peroxidation, was significantly increased after gentamicin
treatment when compared with that of the vehicle
control group (Fig. 4A). In the gentamicin-treated group,
the GSH level showed a marked increase (Fig. 4B),

Figure 1. Photograph of histological sections of the kidney

Haematoxylin and eosin stain (scale bar = 50 um); A, B, C, D and E are images of glomeruli and renal
tubules from control, gentamicin-treated, atorvastatin pretreatment, atorvastatin post-treatment and
atorvastatin -treated rats, respectively. The tubular atrophy, dilatation and interstitial inflammation (B)
in kidney from gentamicin-treated rats are indicated with the arrowheads, arrows and black arrows,
respectively.
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whereas SOD activity was significantly reduced (Fig. 4C)
in relation to the vehicle control group. Atorvastatin
pre- and post-treatments significantly reduced the MDA
level when compared with the gentamicin-treated group
(P < 0.05; Fig. 4A). Moreover, the decreased MDA level

120 4
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in atorvastatin-pretreated rats (35%) was significantly
greater than that in atorvastatin post-treated rats (21%;
P < 0.05; Fig. 4A). The SOD activities were significantly
increased by 14 and 9% in atorvastatin pre- and
post-treatments, respectively (Fig. 4C), whereas the
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Figure 2. Effect of atorvastatin on [3H]estrone sulfate ([*H]ES) uptake into renal cortical slices

Renal cortical slices were incubated in an uptake buffer containing 50 nm [3H]ES for 30 min at room
temperature. The uptake was calculated as tissue/medium (T/M) ratio and then converted to a mean
percentage of the control value. Values are shown as means + SEM (n = 6 rats in each group and five
renal slices per animal were used). For comparison between multiple treatments, a one-way ANOVA
followed by Fisher’s least significant difference test was used. *P < 0.05 compared with the control
group. ¥P < 0.05 compared with the gentamicin-treated group. Abbreviations: Ator, atorvastatin group;
C, control group; G, gentamicin-treated group; Pre, atorvastatin-pretreated group; and Post, atorvastatin

post-treated group.
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Figure 3. Effect of atorvastatin on the protein expression of renal organic anion transporter 3 (Oat3) in

renal cortical tissues

A and B show the representative immunoblot analyses for Oat3 in the whole-cell lysate and membrane
fraction of renal cortical tissues normalized by Na™, K*-ATPase. The bar graphs show the means + SEM
(n = 6 rats in each group). For comparison between multiple treatments, a one-way ANOVA followed by
Fisher's least significant difference test was used. *P < 0.05 compared with the control group. #P < 0.05
compared with the gentamicin-treated group. Abbreviations are as in Fig. 2.
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GSH level was significantly decreased by 27 and 24%,
respectively, compared with the gentamicin-treated group
(P < 0.05; Fig. 4B).

As shown in Fig. 5, a significant increase in PKCux
protein expression in gentamicin-treated rats in this
study was consistent with the previous reports showing
that the overproduction of ROS could activate PKCe,
which in turn inhibited Oat3 translocation to the
membrane and decreased Oat3 function (Arjinajarn et al.
2014). Atorvastatin pre- and post-treatment significantly
reduced PKCo expression when compared with the
gentamicin-treated rats (P < 0.05).

Effects of atorvastatin on renal protein expression of
Nrf2 and antioxidant enzymes

To gain further insight into the mechanisms underlying the
beneficial effects of atorvastatin on gentamicin-induced
oxidative stress in the kidney, the expressions of proteins
that are involved in the oxidative stress pathway, including
Nrf2, NQOI1, HO-1 and GCL, in the renal cortex were
investigated. Gentamicin treatment induced a significant
increase in Nrf2 expression in the nucleus when compared
with the vehicle control rats, suggesting an increase in Nrf2
activation (P < 0.05; Fig. 6B). In fact, a high expression
of Nrf2 in gentamicin-treated rats was also observed in
the whole-cell lysate fraction, reflecting the increase in
Nfr2 protein synthesis inside the cells (Fig. 6A). The
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activation of Nrf2 induced an increase in the protein
expressions of antioxidant enzymes, including NQOI,
HO-1 and GCL, in gentamicin-treated rats (Fig. 6C, D
and E, respectively). Atorvastatin pre- and post-treatment
resulted in a significant inactivation of Nrf2 protein as
shown by decreased nuclear translocation and protein
expression. The protein expressions of NQO1, HO-1and
GCL in atorvastatin pre- and post-treatments were
significantly reduced when compared with those of the
gentamicin-treated rats (P < 0.05), which were related to
the expression of Nrf-2.

Discussion

The results obtained from this study showed that
gentamicin administration produced a typical pattern
of nephrotoxicity, which was manifested by markedly
elevated serum BUN and creatinine levels, decreased
creatinine clearance (or glomerular filtration rate),
reduced renal Oat3 function and increased oxidative
stress in renal cortical tissues. Atorvastatin pre- and
post-treatments significantly improved renal function. In
addition, treatment with atorvastatin showed ameliorative
effects against gentamicin-induced nephrotoxicity by
reducing oxidative stress and improving renal function
and Oat3 function and expression.

A previous study has reported that the elevations in
serum creatinine and BUN levels in gentamicin-induced
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Figure 4. Effect of atorvastatin on renal cortical malondialdehyde (MDA; A) and glutathione contents
(GSH; B) and superoxide dismutase (SOD) activity (C)

Values are shown as means + SEM (n = 6 rats in each group). For comparison between multiple
treatments, a one-way ANOVA followed by Fisher’s least significant difference test was used. *P < 0.05
compared with the control group. #P < 0.05 compared with the gentamicin-treated group. P < 0.05
compared with the atorvastatin-pretreated group. Abbreviations are as in Fig. 2.
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nephrotoxicity are associated with the overproduction
of free radicals (Balakumar et al. 2010). Increased
hydrogen peroxide generation and lipid peroxidation,
concomitant with a decreased glutathione level in the
renal cortex, were observed in gentamicin-treated rats
(Nasri et al. 2013). Gentamicin induces oxidative stress in
renal tubular cells, principally involving ROS production
of mitochondrial ROS, such as superoxide anions and
hydroxyl radicals, from the respiratory chain (Ahn et al.
2012). The interaction of ROS with cellular components
may result in damage to DNA, cellular proteins and
lipids by inhibition of the electron transport chain and
subsequent ATP production. Moreover, the release of
cytochrome ¢, an inducer of caspase-dependent death,
from the mitochondrial intermembrane space, induces
cell cycle arrest as a result of DNA damage, lipid
peroxidation, membrane destabilization, inhibition of the
Na*, K*-ATPase pump, which leads to cellular swelling,
loss of membrane integrity and necrosis (Yazar et al.
2003; Quiros et al. 2011). Malondialdehyde, an indicator
of peroxidative damage, can be identified easily in the
biological structures in terms of the lipid peroxidation and
is generally used for the evaluation of lipid peroxidation.
These observations were confirmed by histopathological
changes, such as tubular dilatation or tubular epithelial
call damage, and an elevation in the renal cortical MDA
level, in gentamicin-treated rats in the present study.

A significant decrease in the activity of renal SOD
following gentamicin treatment in this study was in
accordance with a previous report demonstrating the sup-
pression of endogenous enzymatic antioxidant machinery

C G
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in gentamicin-induced nephrotoxicity (Thounaojam et al.
2010). In addition, after gentamicin treatment there were
increases in the nuclear accumulation of Nrf2, which
plays a role in promoting the antioxidant defense system
or protecting against oxidative stress, and the protein
expressions of GCL, NQO1 and HO-1 in the renal tissues.
Oxidative stress disrupts the Keap1-Nrf2 complex, which
allows Nrf2 translocation into the nucleus, leading to
activation of the ARE and upregulation of the expression
of antioxidant-related enzymes. Nrf2 is expressed in many
tissues, particularly those associated with detoxification
and exposed to the external environment, such as the liver
and kidney (Copple et al. 2007). These findings might
be attributed to oxidative stress-induced disruption of
the Keap1-Nrf2 complex, resulting in Nrf2 translocation
into the nucleus and subsequent activation of the ARE
and upregulation of GCL, NQO1 and HO-1 expressions
to counteract these conditions. Similar results were also
observed in an earlier study, in which Nrf2 was shown to
protect against progression of hair cell damage through
regulation of antioxidant enzymes, including NQOI,
GCL, SOD and HO-1 (Hoshino et al. 2011). Furthermore,
a significant increase in the GSH level was consistent
with a marked increase in expression of GCL, the enzyme
that catalyses the rate-limiting step for GSH synthesis, in
the gentamicin-treated group. Therefore, it is likely that
Nrf2 plays a crucial role in preventing gentamicin-induced
nephrotoxicity via induction of detoxification and
antioxidant enzymes. However, activation of the Nrf2
pathway could not overdrive the gentamicin-induced
oxidative damage in this study.
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Figure 5. Effect of atorvastatin on the protein expression of protein kinase Ca (PKCx) in renal cortical

tissues

Immunoblot analysis for PKCa expression in the whole-cell lysate fraction of renal cortical tissues
normalized to g-actin. Bar graph shows the means + SEM (n = 6 rats in each group). For comparison
between multiple treatments, a one-way ANOVA followed by Fisher’s least significant difference test
was used. *P < 0.05 compared with the control group. #P < 0.05 compared with the gentamicin-treated

group. Abbreviations are as in Fig. 2.

© 2016 The Authors. Experimental Physiology © 2016 The Physiological Society



Exp Physiol 101.6 (2016) pp 743-753

The present study showed a significant decrease of
MDA levels accompanied by a substantial increase of
SOD activity in the kidneys of the atorvastatin-treated
rats, indicating attenuation of the oxidative stress
induced by gentamicin. Interestingly, the decreased MDA
level was greater with atorvastatin pretreatment than
atorvastatin post-treatment, implying that the preventive
effect of atorvastatin on oxidative stress generation was
more effective than the post-treatment. Previous studies
demonstrated the antioxidant effects of statins against
cardiac hypertrophy (Lee er al. 2002; Custodis et al.
2006) and diabetes-induced endothelial dysfunction (Ting
et al. 1996), which are independent of their effect on
cholesterol synthesis. Statins can block the isoprenylation
of small G-proteins, such as Ras and Rho/Rac/Cdc42, by
inhibition of the mevalonate pathway. It has been shown
that Rac-GTPase contributes to oxidative stress induction
in the hippocampus by facilitating activation of NADPH
oxidase, a key membrane enzyme that generates O, ions
(Raz et al. 2010). A study in microglial cells demonstrated
that statins suppress translocation of the small GTPase
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Rac to the plasma membrane, leading to reduced free
radical generation (Cordle et al. 2005). The antioxidant
effect of atorvastatin in the present study was supported
by the significantly reduced nuclear translocation of
Nrf2, implying the inactivation of Nrf2 secondary to the
decreased ROS production. These findings demonstrate
that statins can contribute to renal protection against
oxidative injury.

The important findings of the present study are
the impaired renal Oat3 function and reduced Oat3
membrane expression in gentamicin-treated rats. Similar
results were also observed in a recent study by Guo
et al. (2013). The mechanisms of these changes were also
investigated in this study. A previous study demonstrated
that the activation of PKCo could stimulate the
internalization of renal Oat3, accounting for the decreased
membrane expression (Takeda et al. 2000). Furthermore,
we have previously reported that overproduction of ROS in
diabetic rats activates PKCo expression, and subsequently,
leads to downregulation of renal Oat3 expression and
therefore a reduction in renal Oat3 function (Arjinajarn
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Figure 6. Effect of atorvastatin on the protein expression of Nrf2, haeme oxygenase 1 (HO-1),
NAD(P)H:quinone oxidoreductase 1 (NQO1) and glutamate—cysteine ligase (GCL) in the renal cortical

tissue

Immunoblot analysis for protein expression of Nrf2 in whole-cell lysate (A) and nuclear fractions (B) and
NQO1 (C), HO1 (D) and GCL (E) expressions of renal cortical tissues (whole-cell lysate fraction) normalized
to B-actin. Bar graphs show the means + SEM (n = 6 rats in each group). For comparison between multiple
treatments, a one-way ANOVA followed by Fisher’s least significant difference test was used. *P < 0.05
compared with the control group. #P < 0.05 compared with the gentamicin-treated group. Abbreviations

are as in Fig. 2.
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et al. 2014). Consistent with this recent finding, the
increased expression of PKCe in gentamicin-treated rats
might cause the downregulation of renal Oat3 expression
on the tubular membranes through the activation of
transporter internalization, resulting in decreased renal
Oat3 function. The present study showed that atorvastatin
treatment recovered the function and expression of renal
Oat3 in gentamicin-treated rats. Results from the previous
study demonstrated that the decreased overoxidation of
the kidney could reverse the impairment of Oatl and
Oat3 function and expression in gentamicin-induced
acute renal failure (Guo et al. 2013). It is likely that the
antioxidant effect of atorvastatin in reducing oxidative
stress could be responsible for the improved renal Oat3
expression and function. Supporting this statement is the
decreased expression of PKCw in accordance with the
increased renal Oat3 expression in atorvastatin-treated
rats.

In conclusion, we have demonstrated that atorvastatin
has a protective role against nephrotoxicity induced by
gentamicin treatment. The results obtained from this
study are the first to provide evidence that atorvastatin
exerts a nephroprotective effect from the effects of
gentamicin by attenuating oxidative stress and improving
renal function and renal Oat3 function. Therefore, we
propose that atorvastatin might protect the tissues via its
antioxidant property and by modulating the antioxidant
enzymes through the Nrf2 signalling pathway, which may
be the underlying mechanisms of these protective effects.
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ARTICLE

Pinocembrin reduces cardiac arrhythmia and infarct size in
rats subjected to acute myocardial ischemia/reperfusion

Anusorn Lungkaphin, Anchalee Pongchaidecha, Siripong Palee, Phatchawan Arjinajarn,
Wilart Pompimon, and Nipon Chattipakorn

* NRC

Research Press

Abstract: Oxidative stress plays an important role in the pathogenesis of ischemia/reperfusion (I/R) injury induced by cardiac
dysfunction. Pinocembrin (5,7-dihydroxyflavanone) is a flavonoid found in propolis and in rhizomes of fingerroot (Boesenbergia
pandurata) that is reported to have pharmacological properties including antimicrobial, antioxidant, and anti-inflammatory
activities. The cardioprotective effects of pinocembrin in an I/R model were investigated in this study. Male Wistar rats (n = 20)
were randomly divided into 2 groups to receive either pinocembrin (30 mg/kg body weight) or the vehicle intravenously. Thirty
minutes later, the left anterior descending coronary artery of each rat was ligated for 30 min, and then reperfusion was allowed
for 120 min. Cardiac function improved in the pinocembrin-treated group: the time to first ventricular fibrillation (VF) was
significantly longer in the treated group (550 * 54 s) than in the vehicle-only control group (330 + 27 s) (p < 0.05). VF incidence and
arrhythmia score were lower and infarcts were 49% smaller in the pinocembrin-treated group than in the control group
(p < 0.05). In the pinocembrin-treated group, malondialdehyde levels and Bax/Bcl-2 ratios decreased, and the ratio of phos-
phorylated connexin 43 (phospho-Cx43) to total Cx43 increased in infarcted tissues compared with the non-infarcted area
(p < 0.05). Pinocembrin exhibited cardioprotective effects during I/R, evidenced by improved cardiac function, fewer arrhyth-
mias, and smaller infarcts in treated hearts than in controls. These benefits may be due to pinocembrin’s antiapoptotic and
anti-oxidative stress effects and its ability to increase the phosphorylation of Cx43 in ischemic myocardium.

Key words: acute myocardial ischemia/reperfusion, cardiac function, pinocembrin.

Résumé : Le stress oxydatif joue un important role dans la pathogenese des lésions d’ischémiefreperfusion (I/R) suscitées par un
dysfonctionnement cardiaque. La pinocembrine (5,7-dihydroxyflavanone) est un flavonoide trouvé dans la propolis et les rhizomes
du krachai (Boesenbergia pandurata) ayant, selon des études, des propriétés pharmacologiques entre autres antimicrobiennes,
antioxydantes et anti-inflammatoires. Cette étude analyse les effets cardioprotecteurs de la pinocembrine dans un modéle d’ischémie/
reperfusion. On répartit aléatoirement des rats males Wistar (n = 20) en 2 groupes, I'un recevant par voie intraveineuse la pinocem-
brine (30 mg/kg) et 'autre, un véhicule. Trente minutes plus tard, on ligature durant 30 minutes I'artére interventriculaire antérieure
gauche de chaque rat, puis on effectue une reperfusion durant 120 minutes. Chez le groupe traité a la pinocembrine, la fonction
cardiaque s’améliore : le temps de déclenchement de la premiere fibrillation ventriculaire (VF) est significativement plus long (550 +
54 s) comparativement au groupe de controle recevant seulement le véhicule (330 + 27 s) (p < 0,05). L’incidence de VF et le score de
Parythmie présentent des valeurs plus faibles et ’étendue de I'infarctus est 49 % moins grande comparativement au groupe de
contréle (p < 0,05). Chez le groupe traité a la pinocembrine, la concentration de MDA et le ratio Bax/Bcl-2 diminuent; on observe en
outre une augmentation du ratio phosphorylation-connexine 43 (phospho-Cx43)/Cx43 totale dans les tissus infarcis comparativement
aux tissus épargnés (p < 0,05). La pinocembrine procure un effet cardioprotecteur a la suite d’une lésion I/R comme le révelent une
meilleure fonction cardiaque, une diminution des arythmies et de I'étendue de la 1ésion comparativement au groupe de controle. Ces
bienfaits seraient probablement dus aux propriétés anti-apoptotiques et antioxydantes de la pinocembrine et a sa capacité d’accroitre
la phosphorylation de la Cx43 dans le myocarde ischémique. [Traduit par la Rédaction]

Mots-clés : ischémie[reperfusion aigiie du myocarde, fonction cardiaque, pinocembrine.

Introduction
Acute myocardial infarction is the most common cause of sud-

treatment. However, early reperfusion after coronary occlusion is
the most effective means of therapy. However, there is a great deal

den cardiac death, with the vast majority of these deaths being
caused by polymorphic ventricular tachycardia and ventricular
fibrillation (Wang et al. 2005; Lerner et al. 2000). Interventions for
this condition include coronary reperfusion and thrombolytic

of evidence to suggest that reperfusion may contribute to addi-
tional cardiac injury and cause structural, functional, and bio-
chemical abnormalities (Wang et al. 2005; Lerner et al. 2000;
Temsah et al. 2003). One of the proposed major mechanisms for
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ischemia/reperfusion (I/R)-induced subcellular remodeling and
subsequent contractile dysfunction and cardiac arrhythmias is
oxidative stress (Dhalla et al. 2000). Direct and indirect evidence
demonstrates that during the reperfusion period, one finds not
only elevated oxygen free radicals due to the failure of metabolic
reactions during ischemia but also a marked increase in oxygen-
derived free radicals (Temsah et al. 2003; Dhalla et al. 2000). Potent
oxidant radicals, such as superoxide anion, hydroxyl radical, and
peroxynitrite, are produced within the first few minutes of reper-
fusion and play a crucial role in the development of reperfusion
injury (Bolli et al. 1989). The occurrence of oxidative stress criti-
cally impairs the antioxidant defense system in ischemic myocar-
dial tissues, which is followed by increased formation of reactive
oxygen species (ROS), which subsequently cause significant myo-
cardial cell damage and heart dysfunction during myocardial I/R
injury (Valko et al. 2007; Kasparovd et al. 2005). It has been re-
ported that ROS may injure cells by causing peroxidation of mem-
brane lipids, denaturation of proteins including enzymes and ion
channels, and breakage of DNA strands. Subsequently, peroxida-
tion of membrane lipids triggers loss of membrane integrity, ne-
crosis, and cell death (Park and Lucchesi 1999). The available
reports also show that inflammation is one of the major patho-
physiological mechanisms leading to myocardial I/R injury (Ottani
et al. 2010; Jolly et al. 1986). During the myocardial IR process,
complement activation and ROS release stimulate the infiltration
of inflammatory cells into the myocardial tissues (Birdsall et al.
1997; Kloner et al. 1991). Thereafter, massive amounts of inflam-
matory cytokines, such as TNF-a and IL-6, are released from the
inflammatory cells, resulting in myocardial injury (Birdsall et al.
1997; Dhalla et al. 2000; Zhang et al. 2006).

Connexin 43 (Cx43) is a predominant connexin in cardiac myo-
cyte gap junctions (Gros and Jongsma 1996; Severs et al. 2001). Gap
junctions mediate electrical coupling between cardiac myocytes,
allowing the spreading of electrical waves responsible for syn-
chronized contraction in the heart. The function of gap junctions
can be regulated at different levels by a variety of mechanisms
such as modulation of connexon densities on cell membranes and
Cx phosphorylation, which leads to modification of channel con-
ductance as well as Cx trafficking and degradation (Goodenough
and Paul 2009). In myocardial ischemia, the dephosphorylation of
Cx43 induces the loss of cellular communication via gap junc-
tions, resulting in cardiac arrhythmias (Palee et al. 2013; Beardslee
et al. 2000; Lampe et al. 2000). Moreover, reperfusion is reported
to activate myocardial tissue apoptosis, resulting in increased ex-
pression of the apoptotic marker protein Bax (Eefting et al. 2004).

Pinocembrin (5,7-dihydroxyflavonone, C;sH,,0,, Fig. 1) is a fla-
vonoid that is abundant in honeybee propolis (Bankova et al. 1982)
and in rhizomes of the culinary herb Boesenbergia pandurata (fam-
ily Zingiberaceae), known as fingerroot, lesser galangal, Chinese
keys, and Chinese ginger (Punvittayagul et al. 2011). Pinocembrin
has been proven to have several biological effects, including anti-
microbial, antioxidant, and anti-inflammatory activities (Santos
et al. 1998). Recently, its protective effects against ischemic injury
have been reported. For example, pinocembrin was found to im-
prove cognition by protecting cerebral mitochondrial structure
and function during chronic cerebral hypoperfusion in rats
(Guang and Du 2006). It was also found to alleviate cerebral isch-
emic injury following experimental focal cerebral I/R (Gao et al.
2010; Liu et al. 2008) and decrease brain injury after global cere-
bral I/R (Shi et al. 2011; Meng et al. 2011) in rats.

Although pinocembrin’s protective effects against ischemic in-
jury in the brain have been well studied, its ’potential beneficial
effects on the heart have not been investigated. Moreover, the
mechanisms underlying pinocembrin’s antioxidant and antiapo-
ptotic activities and its effect on the modification of myocardial
electrical activity in rat hearts subjected to I/R need to be eluci-
dated. We tested the hypothesis that administration of pinocem-
brin reduces the occurrence of arrhythmia and alleviates cardiac
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Fig. 1. The chemical structure of pinocembrin (5,7-dihydroxyflavonone,
C,sH;,0,) (Punvittayagul et al. 2011).
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injury in a rat model of myocardial I/R. The expression of protein
markers associated with altered electrical coupling and mitochondria-
dependent apoptosis (Cx43 and Bax/Bcl-2, respectively) was also
investigated.

Materials and methods

Animal preparation and in vivo study procedure

A total of 20 male Wistar rats 10-12 weeks of age, weighing
between 350 g and 400 g, were used in this study, which was
approved by the Institutional Animal Care and Use Committees of
the Faculty of Medicine of Chiang Mai University. All animals were
fed normal rat chow and water ad libitum before the study. Each
was anesthetized by an intramuscular injection of Zoletil (50 mg/kg;
Virbac Laboratories, Carros, France) and xylazine (0.15 mlL/kg;
Laboratorios Calier, Barcelona, Spain) and ventilated with room
air via a tracheostomy tube from a positive-pressure rodent ven-
tilator (Model 683, Harvard Apparatus, Holliston, Mass., USA).
Nominal respiratory volume was 200-250 pL and the ventilation
rate was 70-110 breaths/min to maintain pCO,, pO,, and pH at
normal physiological values (Palee et al. 2013). The left femoral
vein was cannulated with a polyethylene tube (PE-60, Intramedic,
Clay Adams, N.J., USA) for drug and vehicle administration. The
electrocardiogram (lead II) was recorded continuously through-
out the experiment (PowerLab 4/25 T, ADInstruments, Colorado
Springs, Colo., USA).

Pinocembrin was isolated from the rhizomes of B. pandurata by
the Department of Chemistry and Center of Excellence for Inno-
vation in Chemistry of the Faculty of Science of Lampang Rajabhat
University, Lampang, Thailand. Pinocembrin doses for the experi-
mental group were prepared by adding sufficient drug of 95% purity to
the vehicle, consisting 0f 150 p.L of B-cyclodextrin (Sigma-Aldrich, St.
Louis, Mo., USA) and 850 pL of sterile normal saline, to produce an
individualized dose of 30 mg/kg body weight. Control rats re-
ceived 1 mL of B-cyclodextrin/saline vehicle without pinocembrin.
The chosen pinocembrin dose was based on that given by intrave-
nous administration in previous studies that showed the drug
gave neurovascular protection as well as cognitive improvement
(Liu et al. 2008).

Under deep anesthesia, the rats were opened by left thoracot-
omy at the 4th intercostal space using aseptic techniques. An
incision was made in the pericardium and the heart was exposed.
Then, the rats were randomly assigned to receive either pinocem-
brin or the vehicle alone (sham operated) by intravenous infusion
over 3 min. Ischemia was induced 30 min after the infusion of
pinocembrin or the vehicle alone. For the I/R procedure, the left
anterior descending coronary artery (LAD) was ligated approxi-
mately 2 mm from its origin using a 5-0 silk suture with a trau-
matic needle. The ends of this ligature were passed through a
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small vinyl tube, which was used to occlude the coronary artery by
pulling the thread. Ischemia was confirmed by ST elevation on the
electrocardiogram and progressive darkening of the myocardial
tissues distal to the occlusion point. The occlusion was held for
30 min, and then a 120-min reperfusion was carried out (Palee
et al. 2013).

Arrhythmia determination

In each experiment, the occurrence of cardiac arrhythmia was
determined in accordance with the Lambeth Conventions II, and
scores were tabulated for the entire 150-min I/R period using cri-
teria previously described (Curtis et al. 2013). The score was based
on the following scale: 0, <50 ventricular premature beats (VPB);
1, =50 to 499 VPB; 2, =500 VPB or 1 episode of <1 min of ventricular
tachycardia (VT) or ventricular fibrillation (VF); 3, 22 episodes of
VT or VF totaling <1 min combined; 4, 21 to 2 min of total VT or VF;
and 5, >2 min of total VT or VF.

Cardiac function determination

In each rat, left ventricular (LV) function was determined using
a pressure-volume recording system (Transonic Scisense, London,
Ont., Canada). The pressure-volume catheter was inserted via the
common carotid artery and placed in the left ventricle. LV func-
tion parameters such as cardiac output (CO), end-systolic volume,
end-diastolic volume, end-systolic pressure, end-diastolic pressure,
and maximum and minimum rise in LV pressure over time (dP/dt
max and dP/dt min, respectively) were recorded throughout the
experiment (Palee et al. 2013).

Infarct size determination

At the end of each experiment, the animal was sacrificed by
bolus anesthesia and the heart was removed. Cold normal saline
was used to flush blood from the chambers and vessels of the
hearts of 10 rats (5 from the pinocembrin group and 5 from the
control group), after which the LAD was reoccluded at the same
site that had been ligated during the ischemic period. Then, cath-
eters were inserted into the right and left coronary ostia to facil-
itate the infusion of 1 mL of Evans blue (0.5%). The area into which
Evans blue did not infuse was considered that into which blood
did not flow during the in vivo ischemic period. The hearts were then
frozen overnight and 1-mm-thick slices were cut horizontally, start-
ing at the apex and stopping 1 mm above the occlusion site. Each
slice was then immersed in 1% buffered 2,3,5-triphenyltetrazolium
chloride (pH 7.4) at 37 °C for 5 min. The red areas were considered
viable tissue, while those not stained with Evans blue were con-
sidered the area at risk (AAR). Areas stained neither blue nor red
were defined as the infarct. The areas were measured using Imag-
eTool software version 3.0. Infarct size was determined according
to the formula of Riess et al. (2009) and was recorded as a percent-
age of the AAR (Palee et al. 2013).

Western blot analysis

Whole ventricles were separated from the hearts of the remain-
ing 10 rats (5 from the pinocembrin group and 5 from the control
group), quickly frozen in liquid nitrogen, and stored at -80 °C
until analysis. Myocardial protein extract was prepared by homog-
enizing nitrogen-frozen myocardial tissues in CelLytic MT mam-
malian tissue lysis/extraction reagent (Sigma Aldrich, St. Louis,
Mo., USA) with a protease inhibitor cocktail (Roche Applied Sci-
ence, Indianapolis, Ind., USA). Tissues were homogenized at 4 °C,
incubated on ice for 30 min, and then centrifuged at 5000g for
15 min at 4 °C. The total protein, amounting to 50-80 mg, was
separated by electrophoresis on 10% or 15% sodium dodecyl
sulfate-polyacrylamide gels. The proteins were then transferred
to a polyvinylidene difluoride membrane (Millipore, Billerica,
Mass., USA) in glycine-methanol transfer buffer (20 mmol/L Tris
base, 0.15 mol/L glycine, and 20% methanol) using a wet transfer
system (Trans-Blot SD, Bio-Rad Laboratories, Hercules, Calif., USA).

The membranes were blocked with 5% nonfat dry milk in TBS-T
buffer (20 mmol/L Tris-HCI, pH 7.6, 137 mmol/L NaCl, and
0.05% Tween-20) for 1 h at room temperature. The membranes
were subsequently exposed to antibodies against Bax (Santa Cruz
Biotechnology, Santa Cruz, Calif., USA), Bcl-2, total Cx43, Cx43
phosphorylated at Ser368 (phospho-Cx43) (Cell Signaling Technol-
ogy, Danvers, Mass., USA), or actin (Millipore, Billerica, Mass.,
USA) for 12 h at room temperature. We determined the expression
of Cx43 to study the conduction of electrical activity though the
muscle fibers. The expression levels of Bax and Bcl-2 reflect apo-
ptotic conditions involving the mitochondrial pathway in the
myocardium. The membranes with bound antibody were then
incubated with horseradish peroxidase-conjugated secondary an-
tibody (Amersham, Arlington Heights, Ill., USA) for 1 h. Finally,
enhanced chemiluminescence detection reagents were used to
visualize the products of the peroxidase reaction. The X-ray films
were scanned and the densities of protein signals were analyzed
using the histogram function of Adobe Photoshop CS5 (Adobe,
San Jose, Calif., USA). The protein levels were normalized using
B-actin as the loading control.

Determination of oxidative stress in cardiac tissue

The level of myocardial oxidative stress was determined by mea-
suring the level of malondialdehyde (MDA) in cardiac tissue using
a thiobarbituric acid-reactive substance assay kit (Cayman Chem-
ical Company, Ann Arbor, Mich., USA); the MDA level was ex-
pressed as nanomoles per milligram of protein. The total protein
content of the cardiac tissues was determined using a DC protein
assay kit (Bio-Rad Laboratories, Hercules, Calif., USA).

Statistical analysis

Data are presented as the mean * SEM. Statistical analyses were
conducted using SPSS (version 17; Chicago, Ill., USA). Alterations of
the phospho-Cx43/total Cx43 ratio, arrhythmia score, time to VT or
VF onset, and infarct size were analyzed using a 1-way ANOVA fol-
lowed by a Fisher least significant difference test. The hemodynamic
parameters at baseline and during the ischemic and reperfusion pe-
riods, the Bax/Bcl-2 ratio, and the MDA level were analyzed using a
2-way ANOVA with multiple comparisons. A p value <0.05 was con-
sidered statistically significant.

Results

Effect on hemodynamic parameters

At baseline, no differences in LV function or hemodynamic pa-
rameters were found between the pinocembrin-treated and con-
trol groups (Table 1). In both control and pinocembrin-treated
groups, dP/dt max (baseline: 7984 * 567 and 7861 + 373 mm HgJs,
respectively) and end-systolic volume (baseline: 241+ 10 and 250 +
20 pL, respectively) worsened significantly during the ischemic
period (6341 * 234 and 6266 + 328 mm Hgfs; 456 + 17 and 435 *
23 L, respectively) (p < 0.05 vs. baseline).

In the pinocembrin group, CO during the ischemia and reper-
fusion periods was not significantly different from that at base-
line. However, in the control group, CO decreased significantly
during ischemia and reperfusion, to 85% and 87% of baseline CO,
respectively (p < 0.05). These findings support our conclusion that
pinocembrin improves LV function during cardiac I/R injury.

Arrhythmia and infarct size during IR

The arrhythmia score showed a significant decrease in the
pinocembrin-treated group (3.2 £ 0.20) compared with the vehicle-
treated group (4.2 + 0.25) (p < 0.05) (Fig. 2A). Also, the interval from
the onset of LAD ligation until the onset of the first VT or VF
episode was significantly longer in the pinocembrin-treated group
(550 * 54 s) than in the vehicle-treated group (330 * 27 s) (p < 0.05)
(Fig. 2B). Infarct size in the pinocembrin-treated group (24% *
5.00% of AAR) was 49% smaller than that in the vehicle-treated
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Table 1. Hemodynamic and cardiac function parameters in hearts subjected to ischemia/reperfusion.

Control group Pinocembrin group
Parameter Baseline Ischemia Reperfusion Baseline Ischemia Reperfusion
Heart rate (beats/min) 32412 31119 29017 329+21 296117 299113
End-systolic blood pressure (mm Hg) 151+15 134422 130+6 12819 129+17 102423
End-diastolic blood pressure (mm Hg) 13+3 16%1 1612 10+1 1242 12+1
dP/dt max (mm Hgs) 79841567 6341+234*  6213+193* 78611373 62661328*  6782+429
dP/dt min (mm Hg]s) —5041+497 -4653%121 -55294533  —4547+158 —4298+286  —4467+202
End-systolic volume (n.L) 24110 456+17* 3661411 250%20 435+23* 349+47*1
End-diastolic volume (L) 640%14 730%33* 65031 630%10 716+31* 655%23
Stroke volume (n.L) 399+22 274122 284+29* 38023 280+10* 306+29*
Cardiac output (%) 100 85+2* 87+5* 100 9214 93+1

Note: dP/dt max, maximum slope of left ventricle pressure waveform; dP/dt min, minimum slope of left ventricle pressure waveform.

Results are the mean * SE (n = 10 for all groups).
*p < 0.05 versus baseline.
Tp < 0.05 versus ischemia in the same group.

Fig. 2. The effects of pinocembrin on arrhythmia scores (A) and time
to onset of the first spontaneous ventricular tachycardia or fibrillation
event (VI/VF) (B) during 30 min of ischemia and 120 min of reperfusion
of rat hearts. Either 1 mL of pinocembrin (30 mg/kg body weight) or

1 mL of B-cyclodextrin/saline vehicle alone (control) was administered
30 min before coronary occlusion. Results are means * SE; n =5 for
both groups. *, p < 0.05 versus the control group.
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group (48% * 3.60%), representing a significant reduction of in-
farct size (p < 0.05) (Fig. 3).

Effects on Cx43 phosphorylation and Bax and Bcl-2 levels

Pinocembrin administration significantly increased the phospho-
Cx43/total Cx43 ratio, expressed as the ratio in ischemic myocar-
dium relative to the ratio in non-ischemic myocardium, compared with
that in the vehicle-treated group (p < 0.05) (Fig. 4A).

The Bax/Bcl-2 ratio in the ischemic myocardium of pinocembrin-
treated rats (0.12 + 0.06) was significantly lower than the ratio in
the ischemic myocardium of control rats (1.43 * 0.20) (p < 0.05)
(Fig. 4B). In the pinocembrin group, the Bax/Bcl-2 ratio was not
significantly different between ischemic and non-ischemic myo-
cardium (0.12 £0.06 and 0.23 £ 0.09, respectively). However, in the
control group, the Bax/Bcl-2 ratio differed significantly between

Fig. 3. The effect of pinocembrin on infarct size, expressed as a
percentage of the area at risk, following 30 min of ischemia and
120 min of reperfusion of rat hearts. Either 1 mL of pinocembrin
(30 mg/kg body weight) or 1 mL of B-cyclodextrin/saline vehicle
alone (control) was administered 30 min before coronary occlusion.
Results are means * SE; n = 5 for both groups. *, p < 0.05 versus the
control group.
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ischemic and non-ischemic myocardium (1.43 + 0.20 and 0.57 +
0.15, respectively) (p < 0.05).

Effect of pinocembrin on oxidative stress

In the vehicle-treated group, MDA levels were higher in the
ischemic myocardium (0.19 * 0.01 nmol/mg protein) than in the
non-ischemic muscle (0.13 + 0.03 nmol/mg protein) (p < 0.05).
However, in rats treated with pinocembrin, MDA levels were not
increased in the ischemic myocardium compared with the non-
ischemic tissue (0.12 + 0.02 versus 0.15 *+ 0.01 nmol/mg protein,
respectively) (Fig. 5). When ischemic myocardium was compared
between control and pinocembrin-treated rats, there was a signif-
icant difference in MDA level (p < 0.05).

Discussion

Previous studies have demonstrated that pinocembrin protects
the brain against I/R injury and that this protective effect might be
attributed to inhibition of apoptosis (Wu et al. 2013; Zhao et al.
2014). In these studies, pinocembrin decreased neurological defi-
cit scores, infarct volume, and neuron apoptosis in the rats sub-
jected to I/R. Our work here appears to be the first to show that
pinocembrin may provide some protection against myocardial I/R
injury in an in vivo rat model. Administration of pinocembrin
before myocardial ischemia (i) improved LV function, which was
impaired by I/R, (ii) decreased cardiac arrhythmia by increasing
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Fig. 4. The effects of pinocembrin (Pino), compared with vehicle only (Con), on the expression of phosphorylated Cx43 (p-Cx43), total Cx43
(T-Cx43), and their ratio (A) and Bax, Bcl-2, and their ratio (B) in rat heart tissues. The p-Cx43/T-Cx43 ratio is expressed as the ratio in ischemic
myocardium relative to the ratio in non-ischemic myocardium. The upper panels show representative immunoblots of ventricular tissues

(IC, ischemic-control; IP, ischemic-pinocembrin; NC, non-ischemic-control;

NP, non-ischemic-pinocembrin). The lower panels show quantitative

data for Cx43, Bax, and Bcl-2 normalized to their total protein level. Rat hearts were subjected to 30 min of ischemia and 120 min of
reperfusion. Either 1 mL of pinocembrin (30 mg/kg body weight) or 1 mL of B-cyclodextrin/saline vehicle alone (control) was administered
30 min before coronary occlusion. Results are means + SE; n =5 for all groups. *, p < 0.05 versus the control group (A) or non-ischemic
myocardium of the control group (B); f, p < 0.05 versus ischemic myocardium of the control group (B).
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Fig. 5. Malondialdehyde (MDA) levels in non-ischemic and ischemic
myocardium of rats treated with vehicle (Con) or pinocembrin
(Pino). Rat hearts were subjected to 30 min of ischemia and 120 min
of reperfusion. Either 1 mL of pinocembrin (30 mg/kg body weight) or
1 mL of B-cyclodextrin/saline vehicle alone (control) was administered
30 min before coronary occlusion. Results are means + SE; n =5 for
all groups. *, p < 0.05 versus non-ischemic myocardium of the
control group; T, p < 0.05 versus ischemic myocardium of the
control group.
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the ratio of phospho-Cx43 to total Cx43, (iii) reduced myocardial
infarct size by decreasing the Bax/Bcl-2 ratio, and (iv) ameliorated
cardiac oxidative stress.

Our results clearly demonstrate that during the I/R period,
pinocembrin-treated rats had a lower incidence of VF and longer

Non-ischemic/Con Ischemic/Con Non-ischemic/Pino Ischemic/Pino

intervals before the onset of VT or VF than control rats. This
antiarrhythmic effect might be due to the increased Cx43 phos-
phorylation that was observed in the ischemic myocardium. Ex-
perimental and clinical work by others has demonstrated that
reperfusion of previously ischemic myocardium contributes to
additional tissue injury and structural, functional, and biochem-
ical abnormalities (Zhao et al. 2000; Temsah et al. 2003). During
I/R, dephosphorylation of Cx43 occurs, leading to the loss of inter-
cellular electrical communication via gap junctions in the isch-
emic heart and thus to conduction abnormalities and re-entrant
arrhythmias (Peters et al. 1997; Saffitz et al. 1999). In myocardial
ischemia, the dephosphorylation of Cx43 induces the loss of cel-
lular communication via gap junctions, resulting in cardiac ar-
rhythmias, as reported by Palee et al. (2013), who found that
decreases in Cx43 phosphorylation during I/R could lead to in-
creases in both VF frequency and arrhythmia scores. In our study,
the marked increase in the phospho-Cx43/total Cx43 ratio in the
pinocembrin-treated rats compared with the controls was associ-
ated with decreased arrhythmia scores. This antiarrhythmic ef-
fect of pinocembrin is consistent with prior reports that the
phosphorylation of Cx43 at Ser368 could prevent phosphorylation at
other Cx43 residues, leading to the preservation of cell-to-cell
communication via gap junctions and thus reducing fatal arrhyth-
mias (Beardslee et al. 2000; Lampe et al. 2000).

The present study also shows that pinocembrin can reduce the
size of infarcts resulting from myocardial I/R injury. Reperfusion
injury is reported to activate apoptosis, which causes further dam-
age to the cardiac tissues after ischemia (Eefting et al. 2004). In
apoptosis, the Bax and Bcl-2 proteins play important roles in the
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regulation of mitochondrial outer membrane permeabilization
(Murphy et al. 2000). Bax promotes pore formation, whereas Bcl-2
blocks it. Bax can also alter mitochondrial function to trigger the
activation of terminal caspases, which results in the release into
the cytoplasm of apoptosis-promoting factors (Adams and Cory
1998). Therefore, Bax and Bcl-2 have been used as marker proteins
for apoptosis. Our findings demonstrate that pinocembrin inhib-
ited increased expression of the proapoptotic protein Bax follow-
ing myocardial IR injury without affecting expression of the
antiapoptotic protein Bcl-2. This led to a large shift in the Bax/Bcl-2
ratio in favor of Bcl-2, which may have protected the integrity of
the mitochondria. This suggests that pinocembrin exerts an anti-
apoptotic effect and may contribute to infarct size reduction via
either an intrinsic or a mitochondrion-dependent apoptotic sig-
naling pathway. In addition, an increase in Cx43 phosphorylation
at Ser368 has been shown to enhance myocardial resistance to
ischemic injury (Srisakuldee et al. 2009). These beneficial effects
of pinocembrin during I/R might be responsible for the reduction
in infarct size that was observed in this study.

During I/R, oxygen-derived free radicals are markedly elevated
when metabolic reactions are impaired, resulting in deterioration
of the electron-transport chain (Tompkins et al. 2006), activation
of the apoptotic pathway (Loor et al. 2011), and eventual myocar-
dial cell death. In addition, the elevation of ROS could cause car-
diac mitochondrial membrane depolarization, a condition that
has been shown to be responsible for cardiac arrhythmia (Aon
et al. 2009). It has also been shown that the mitochondrial perme-
ability transition is induced by ROS and in turn triggers mito-
chondrial ROS generation. This phenomenon has been termed
mitochondrial ROS-induced ROS release (Zorov et al. 2000). A re-
duced MDA level was found in the ischemic myocardium of
pinocembrin-treated rat hearts in our study, suggesting that pi-
nocembrin has an anti-oxidative stress effect. This antioxidative
effect could be responsible for the reduced myocardial vulnerabil-
ity to arrhythmia and the decreased infarct size observed in the
study. These various effects of pinocembrin could explain the im-
proved cardiac function observed in pinocembrin-treated hearts
stressed by I/R during the study. Although the protective effects of
pinocembrin during cardiac I/R have been established, future
studies are needed to investigate the cardioprotective effects of
pinocembrin administration at different time points during car-
diac IR (i.e., during ischemia or reperfusion), since this informa-
tion will enable direct application in a clinical setting.

Conclusion

In a rat model of myocardial I/R, acute pinocembrin adminis-
tration 30 min prior to occlusion reduced the incidence of lethal
arrhythmias, improved LV function, and decreased infarct size.
These potential cardioprotective effects of pinocembrin may be
the result of its antiapoptotic and antioxidative effects and its
ability to increase the phosphorylation of Cx43 in ischemic myo-
cardium.
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Liver plays an important role in the detoxification and metabolic elimination of various drugs and
harmful substances. The damaging effects on the liver tissue treated with gentamicin are multi-factorial
and their mechanisms remain unclear. This study aimed to investigate the possible protective effects of
anthocyanin-rich Riceberry bran extract on gentamicin-induced hepatotoxicity in rats. Riceberry bran

Keywords: extract was given by oral administration 30 min before gentamicin injection for 15 consecutive days.
Apoptosis Serum levels of liver marker enzymes, AST and ALT, were significantly elevated and the total serum
Gentamicin protein level was markedly reduced in gentamicin-treated rats. Gentamicin injection led to the
ir;‘fll:rmmatlon significant increase in hepatic MDA level and decrease SOD expression. Liver inflammation and apoptosis

were observed in gentamicin-treated rats as indicated by the increases in NF-kB, TNF-aR1, COX2, and
iNOS, caspase-3, Bax, and decrease in Bcl-XL expressions. Riceberry bran extract significantly prevented
gentamicin-induced the elevations of serum AST, ALT and the reduction of serum total protein. These
were related to the inhibition of oxidative stress, inflammation and apoptosis in Riceberry bran extract
treatment. These findings suggest that anthocyanin-rich Riceberry bran extract can prevent liver
dysfunction and damage induced by gentamicin, possibly through its antioxidant, anti-inflammatory and
anti-apoptotic effects.

Oxidative stress
Riceberry bran extract

© 2017 Published by Elsevier Masson SAS.

1. Introduction

Liver plays an important role in the detoxification and
metabolic elimination of various drugs and harmful substances
[1]. Its exposure to hazardous compounds and toxins could lead to
injury and reduced function [2]. Gentamicin, an aminoglycoside
antibiotic, is a common used drug for the treatment of severe
gram-negative bacterial infections [3]. There are several reports
concerning the nephrotoxicity and cytotoxicity of gentamicin [4].
The hepatotoxicity of gentamicin as reflected by significant
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E-mail addresses: onanusorn@yahoo.com, anusorn.lungka@cmu.ac.th
(A. Lungkaphin).

http://dx.doi.org/10.1016/j.biopha.2017.05.100
0753-3322/© 2017 Published by Elsevier Masson SAS.

increases in liver enzyme activities and histological lesions were
also reported [5-8]. The pathogenesis of gentamicin-induced liver
toxicity is multi-factorial and its mechanism is not fully under-
stood. Among these, oxidative stress is suggested to be a major
cause of hepatotoxicity [9,10].

Nuclear factor erythroid-2-related factor-2 (Nrf2) is a cellular
sensor of oxidative stress and functions in defensing against
harmful effect that occurs due to an elevated reactive oxygen
species and toxic damage [11,12]. In response to reactive oxygen
species (ROS), cytosolic Nrf2 is dissociated from Keapl and
translocated into the nucleus leading to the activation of
detoxifying enzymes and antioxidant proteins such as glutathione
S-transferase (GST), heme-oxygenase 1 (HO-1), NAD(P)H, quinone
reductase (NQO1) and glutathione (GSH) [13-15]. Moreover,
oxidative stress leads to the activation of transcription factor like
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nuclear factor-kB (NF-kB) which plays a crucial role in the
regulation of genes involved in inflammatory process such as the
inducible nitric oxide synthase (iNOS), cycloxygenase-2 (COX2),
interleukin-1b (IL-1b) and tumor necrosis factor-a (TNF-a) [16-
19]. Excessive intracellular ROS production could lead to cell
apoptosis through the modulation of Bcl2 family proteins and
caspases [20].

Various kinds of plant extract with strong antioxidant activity
have been reported to ameliorate organ toxicities [21,22]. Rice is a
main staple food for 3-4 billions of people around the world.
Riceberry rice (Oryza sativa L.), a Thai black purple rice, is a new
breeding line developed by crossing Khao Hom Nin rice with the
fragrant Thai Jasmine rice or Khao Dawk Mali [23]. It has recently
been developed to provide optimum nutritional benefit to
consumers since it contains high iron content and little glucose
which is good for anemic and diabetes mellitus patients. It has
been found that Riceberry whole-grain rice has a “medium”
Glycemic index. Riceberry oil supplementation affected hypergly-
cemia and change in lipid profile [23] and Riceberry bran can also
improve hyperglycemia and hyperlipidemia conditions as well as
decrease oxidative stress and inflammation in steptozotocin-
induced diabetic rats fed a high fat [24]. Moreover, the bran part of
Riceberry shows high levels of antioxidant contents and other
significant bioactive compounds, such as anthocyanins (cyanidin
3-glucoside and peonidin-3-glucoside), [3-carotene, <y-oryzanol
and vitamin E complex (tocopherols and tocotrienols) [25]. These
data led us to investigate the hepatoprotective effects of Riceberry
bran extract against gentamicin-induced hepatotoxicity. We tested
the hypothesis that Riceberry bran extract exerts hepatoprotection
against gentamicin-induced hepatotoxicity via its antioxidant,
anti-inflammatory and anti-apoptotic effects.

2. Material and methods
2.1. Chemicals and reagents

Gentamicin was purchased from the Pharmaceutical Organiza-
tion, INC (Bangkok, Thailand). Riceberry bran extract was obtained
from Department of Chemistry, Faculty of Science, Chiang Mai
University (Chiang Mai, Thailand). Malondialdehyde (MDA) assay
kit was obtained from Cayman Chemical Company (Ann Arbor, MI,
USA). Mammalian tissue lysis/extraction reagent was purchased
from Sigma-Aldrich Corp. (St. Louis, Missouri, USA). Complete
protease inhibitor cocktail was purchased from Roche Applied
Science (Indianapolis, Indiana, USA). Polyclonal rabbit antibody
against Nrf2 was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Antibodies against nuclear factor erythroid-2-
related factor-2 (Nrf2), heme oxygenase-1 (HO-1) and NAD(P)H:
quinone reductase-1 (NQO-1) were obtained from Abcam (Cam-
bridge, UK). Antibodies against SOD2, COX-2, TNFa-R1, Lamin B1,
NF-kB subunit p65 and (3-actin were purchased from Cell Signaling
Technology, Inc. (Beverly, MA, USA). A poly-vinylidene fluoride
(PVDF) membrane and polyclonal antibodies against caspase 3 and
iNOS were obtained from Millipore (Billerica, MA, USA). Monoclo-
nal antibodies against Bax and Bcl-xL were purchased from Upstate
(Lake Placid, NY, USA). Secondary antibodies, HRP conjugated anti-
rabbit, anti-goat were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). The ECL enhanced chemilunescence agent
and Hyperfilm were purchased from GE Healthcare (Buckingham-
shire, UK). Other chemicals and reagents were all purchased from
commercial sources and were of analytical grade.

2.2. Extract preparation and quantification of its major compounds

Riceberry bran (1 kg) was extracted by 3 L of methanol for 24 h
at room temperature. After removing the solvent by evaporation,

the bran extract was found to contain two major anthocyanins,
cyanidin 3-glucoside and peonidin-3-glucoside at the amount of
13.24 and 5.33mg/g of crude extract, respectively. Further
screening for other bioactive components, apigenin as the main
flavonoid determined by LC-MS (Agilent HP1100 and MSD Model G
1946A, Agilent Technologies, Santa Clara, CA, USA) was found but it
appeared in only small amount compared with the other two
anthocyanins.

2.3. Animals

Male Sprague Dawley rats (180-200g) from the National
Experimental Animal Center, Salaya, Mahidol University, were
housed in the animal room at controlled temperature about
254+ 2°C with 12h light-12 h dark cycle and fed with a normal
pellet diet and water ad libitum. This study was performed in strict
accordance with the recommendations in the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health.
The protocol was approved by the Committee on the Ethics of
Animal Experiments of the Faculty of Medicine, Chiang Mai
University, Chiang Mai, Thailand (Permit No: 10/2557). All
surgeries were performed under sodium pentobarbital anesthesia
to minimize suffering.

2.4. Experimental design

The rats were randomly assigned into 6 groups (5-7 rats per
group) as follows:- (1) the control group, the rats received
intraperitoneal (i.p.) saline injection; (2) the gentamicin (GM)
group, the rats were i.p. injected with gentamicin 100 mg/kg body
weight; (3-5) gentamicin plus Riceberry bran extract (GM +RBE)
groups; the rats were pretreated by oral gavage with various doses
of RBE (250, 500 and 1000 mg/kg body weight, respectively)
30min before gentamicin treatment; and (6) Riceberry bran
extract (RBE 1000) group, the rats received only RBE at a dose of
1000 mg/kg. All treatments were given to rats for 15 days. Twenty-
four hours after the last dose of gentamicin treatment, the rats
were sacrificed and then blood and liver samples were collected for
subsequent analysis.

2.5. Determination of serum biomarkers for liver function and total
serum protein level

The serum alanine transaminase (ALT) and aspartate transami-
nase (AST) and total serum protein were measured by following
enzymatic colorimetric methods using Reflotron Plus Analyzer and
Roche Kits (Roche Diagnostics, Indianapolis, Indiana, USA). The
data were expressed as mg/dL.

2.6. Determination of lipid peroxidation

Lipid peroxidation was measured in the liver by the method of
Ohkawa [26] and was expressed in term of malondialdehyde
(MDA) as biomarker for oxidative stress. The tissue was homoge-
nized on ice in Mammalian cell Lytic buffer with protease inhibitor
cocktail. The homogenates were centrifuged at 1600 x g for 10 min
at 4°C and the supernatants were collected. MDA level was
determined by colorimetry using a commercial TBARS assay kit
and expressed as nmol/mg protein. Total protein content of the
tissues was determined using a DC protein assay kit (Bio-Rad
Laboratories, Hercules, CA, USA).

2.7. Tissue preparation and western blot analysis

Whole cell lysate, nuclear, cytosolic and membrane fractions
were separated from frozen liver tissue. In brief, the liver was
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homogenized in Mammalian Cell Lytic buffer with protease
cocktail inhibitor. The total liver homogenate was centrifuged at
5000 x g for 15min at 4°C to obtain the whole cell lysate
(supernatant) fraction. The supernatant was centrifuged again at
100,000 x g, for 2h at 4°C to obtain the membrane (pellet) and
cytosolic (supernatant) fractions. The 5000 x g pellet was resus-
pended and centrifuged at 10,000 x g at 4°C for 10 min to obtain
supernatant containing the nuclear fraction. All the fractions were
immediately frozen and kept at —80°C until use.

For western blot analysis, denatured (95°C, 5min) proteins
(50 g) were separated by SDS-PAGE (10% gels), transferred to a
PVDF membrane and blocked in Tris-buffered saline containing
0.1% Tween-20(TBST) plus 5% of skim milk at room temperature for
1 h. Membranes were incubated overnight at 4°C in the appropri-
ate primary antibodies against SOD2, Nrf2, NQO-1, HO-1, NF-kB,
iNOS, TNF-aR1, COX-2, Bax, Bcl-XL and cleaved caspase 3and then
washed 3 times with TBST followed by incubation for 1 h at room
temperature with specific horseradish peroxidase (HRP)-conju-
gated secondary antibody. Next, the protein bands were detected
using ECL plus reagent, then, bands were scanned and quantified
by densitometric analysis with Image] software(NIH, Bethesda,
MD, USA), and signal density was normalized to (3-actin density
and expressed in arbitrary units (AU).

2.8. Statistical analysis

The results were expressed as means =+ standard error of mean
(SEM) and analyzed using SPSS software versionl17statistical
program (SPSS Inc., Chicago, Illinois, USA). For comparison
between experimental groups, a one way analysis of variance
(ANOVA) followed by Tukey’s test was used. A value of P < 0.05 was
considered statistically significant.

3. Results
3.1. Effect of Riceberry bran extract on liver function

As shown in Table 1, the serum levels of liver marker enzymes,
AST and ALT, were significantly elevated and the total serum
protein level was markedly reduced in gentamicin-treated rats
compared with the control (p < 0.05). These results indicated that
gentamicin injection for 15 days induced liver dysfunction in this
study. Gentamicin plus Riceberry bran extract at the dose 500 mg/
kg body weight (GM+RBE 500) showed to have the highest
efficacy to improve liver function as shown by the significant
decreases in serum levels of AST and ALT and increase in serum
total protein level when compared with gentamicin-treated group
(p<0.05). GM+RBE 250 and GM +RBE 1000 could also restored
serum AST and total protein levels which were significantly

Table 1
Effect of RBE on liver function marker enzymes and total protein level.

Parameters AST (U/L) ALT (U/L) Total serum protein (mg/dL)
Control 73.44+2.49° 3550+4.38> 5.40+0.10°
GM 9498 +£5.22° 41.20+3.65° 4.77+0.20°
GM +RBE 250 66.20+3.92* 39.20+3.52° 5.40+0.05"
GM +RBE 500 74.00+6.30° 32.60+1.77° 5.53+0.23°
GM+RBE 1000 67.60+2.38% 40.20+3.67° 5.47+0.03"
RBE 1000 76.60+4.63° 39.00+1.36° 5.56+0.03"

AST: aspartate aminotransferase, ALT: alanine aminotransferase, GM: gentamicin,
GM +RBE 250: gentamicin plus RBE at dose of 250 mg/kg body weight, GM + RBE
500: gentamicin plus RBE at dose of 500 mg/kg body weight, GM +RBE 1000:
gentamicin plus RBE at dose of 1000 mg/kg body weight, RBE 1000: Riceberry bran
extract at dose of 1000 mg/kg body weight. Values are mean + S.E.M. of 5-7 animals
in each group. Values with different superscript letters (a-c) in the same column
differ significantly (p < 0.05) by the Tukey’s test.

different when compared with the gentamicin-treated rats
(p<0.05). The ALT level in GM+RBE 250 and GM+RBE 1000
was lower when compared with gentamicin group although the
significant difference was not observed. Moreover, the levels of AST
and ALT in GM +RBE 500 group was significantly different from
GM +RBE 250 and GM +RBE 1000 groups (p < 0.05). The level of
total protein was not significantly different among the three groups
of RBE treatments. RBE 1000 had no effect on serum AST and total
protein levels when compared with control. However, RBE 1000
showed to increase serum ALT level when compared with control
(p <0.05). Therefore, high dose of RBE may be used with cautions.
These results demonstrated that the RBE treatment especially RBE
at the dose of 500mg/kg body weight could ameliorate liver
dysfunction in gentamicin-treated rats.

3.2. Effect of Riceberry bran extract on liver lipid peroxidation

Gentamicin treatment led to a significant increase in hepatic
MDA level, an indicator of lipid peroxidation, compared with the
control and RBE 1000 groups (p < 0.05) (Fig. 1). The hepatic MDA
levels in gentamicin plus RBE treatment in three different doses
(250, 500 and 1000 mg/kg body weight) were significantly
attenuated when compared with the gentamicin-treated rats
(p<0.05). Moreover, in GM +RBE 500 and GM +RBE 1000 groups,
the levels of MDA were significantly lower than that of GM + RBE
250 groups (p<0.05). The levels of hepatic MDA were not
significantly different when compared between GM +RBE 500
and GM + RBE 1000 groups. RBE treatment (RBE 1000) had no effect
on hepatic MDA level when compared with control. These results
suggested that lipid peroxidation induced by gentamicin injection
could be ameliorated by RBE treatment. Since RBE treatments at
the doses of 500 and 1000 mg/kg showed similar degree of
hepatoprotective effects, RBE at the dose of 500mg/kg was
selected for the subsequent experiments. In the RBE group, the
dose of 1000 mg/kg was used to study the effect of high dose of RBE
alone on hepatotoxicity in control rats.

MDA content
(nmol/mg protein)

N
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Fig. 1. Effect of RBE on malondialdehyde (MDA). GM: gentamicin, GM + RBE 250:
gentamicin plus RBE at dose of 250 mg/kg body weight, GM + RBE 500: gentamicin
plus RBE at dose of 500 mg/kg body weight, GM + RBBE 1000: gentamicin plus RBE
at dose of 1000 mg/kg body weight, RBE 1000: RBE at dose of 1000 mg/kg body
weight. Values are mean 4+ SEM of 5-7 animals in each group. Values with different
superscript letters (a-c) differ significantly (p < 0.05) by the Tukey’s test.
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Fig. 2. Effect of RBE on the antioxidant activity. A; Representative immunoblot
analysis for SOD2 in the whole cell lysate fraction of liver tissues. B; Representative
bar diagram showing relative densities of SOD2 proteins. Lanes 1-4 represent
Control, GM: gentamicin, GM + RBE: gentamicin plus RBE at the dose of 500 mg/kg
body weight and RBE 1000: RBE alone at the dose of 1000 mg/kg body weight,
correspondingly. Bar graphs indicate mean & SEM of 5-7 animals in each group.
Values with different superscript letters (a-c) differ significantly (p < 0.05) by the
Tukey’s test.

3.3. Effect of Riceberry bran extract on antioxidant activity

Fig. 2 showed a marked decrease in SOD2 protein expression in
liver tissues of gentamicin-treated rats compared with the control
and RBE 1000 rats (p < 0.05). There was a significant elevation of
SOD2 protein expression in gentamicin plus RBE treatment rats
compared to that of the gentamicin-treated rats (p <0.05). This
result suggested that treatment with RBE could increase antioxi-
dant activity.

3.4. Effect of Riceberry bran extract on the expressions of Nrf2, HO-1
and NQO-1 protein

Nrf2 and its downstream signaling molecules including HO-1
and NQO-1 have been shown to be important for protecting liver
from oxidative damage and are highly upregulated by oxidative
stress [27]. Therefore, we next evaluated the effect of RBE on the
Nrf2/HO-1/NQO-1signaling pathway. As depicted in Fig. 3, the Nrf2
protein expression in hepatic cytosolic fraction was significantly
decreased (p < 0.05) while it was apparently elevated in nuclear
fraction (p < 0.05) in the gentamicin-treated rats compared with
the control. These indicated the increased translocation of Nrf2
from cytosol to nucleus in the gentamicin-treated rats. This
stimulation had been attenuated in RBE treatment as shown by the
reduced Nrf2 expression in nuclear fraction concomitant with the
increased expression of Nrf2 in the cytosolic fraction in RBE
treatment as compared to gentamicin-treated group (p < 0.05).
Although RBE 1000 showed to significantly reduced cytosolic Nrf2
expression as compared to control (p < 0.05), the translocation of
Nrf2 to the nucleus was not significantly different from that of
control group. In addition, there were significant increases in HO-1

and NQO-1 expressions in the gentamicin-treated rats compared
to the control or RBE 1000 group (p < 0.05). The expressions of HO-
1 and NQO-1 in gentamicin plus RBE treatment group were
significantly decreased (p < 0.05) when compared with gentami-
cin-treated group. No statistically significant differences were
observed between control and RBE 1000 group. The results
demonstrated that RBE treatment attenuated gentamicin-induced
liver oxidative stress through the modulating of Nrf2/HO-1/NQO-1
signaling pathway.

3.5. Effect of Riceberry bran extract on liver inflammation

It has been reported that oxidative stress can activate NF-kB
which in turn induces the expressions of inflammatory molecules
including iNOS, TNF-a and COX-2 that cause liver damage [28,29].
To determine whether RBE could protect liver inflammation
induced by gentamicin, the expressions of NF-kB and proin-
flammatory cytokines were determined. The significant increases
in NF-kB along with iNOS, TNF-aR1 and COX2 expressions in the
liver tissues were observed in gentamicin-treated rats compared
with the control and RBE1000 rats (p < 0.05) (Fig. 4). These findings
suggested that gentamicin induced an inflammation via NF-kB
pathway. The NF-kB expression was significantly reduced in
gentamicin plus RBE treatment compared to that of gentamicin-
treated rats (p < 0.05). The expressions of iNOS, TNF-aR1 and COX-
2 were also significantly lowered in gentamicin plus RBE treatment
than that of gentamicin-treated rats. The results suggested that
RBE inhibited the activation of NF-kB which in turn downregulated
the iNOS, TNF-aR1 and COX-2 protein expressions.

3.6. Effect of riceberry bran extract on liver apoptosis

We hypothesized that RBE might have anti-apoptotic effect that
contributed to hepatoprotection induced by gentamicin. Therefore,
pro-apoptotic proteins, Bax and anti-apoptotic proteins, Bcl-XL as
well as caspase family protein, caspase-3, which play critical roles
in the regulation of cell apoptosis [30-32]| were evaluated. As
shown in Fig. 5, the expression of Bax protein was significantly
upregulated, whereas the expression of Bcl-XL protein was
apparently downregulated in gentamicin-treated rats in compari-
son to the control and RBE 1000groups (p < 0.05). Moreover, the
Bax/Bcl-XL ratio was significantly higher in the gentamicin-treated
group than that of in the control and RBE1000 groups (p < 0.05).
Interestingly, treatment with RBE could reverse Bax and Bcl-XL
expressions, Bax/Bcl-XL ratio as well as caspase-3 expression back
to the control. These results suggested that RBE had anti-apoptotic
effect by modulating the Bcl-2 family proteins, inhibiting the
activation of the caspase cascade, and thereby protected liver
tissue from gentamicin-induced hepatotoxicity.

4. Discussion

This study showed that administration of gentamicin at the
dose of 100 mg/kg body weight for 15 consecutive days induced
hepatotoxicity as evidenced by the significant elevation of serum
AST and ALT levels and a decrease in serum total protein level.
Gentamicin-induced hepatotoxicity was associated with an
increased oxidative stress, inflammation and apoptosis. Gentami-
cin plus RBE treatment showed an improvement of liver function.
This study is the first to show that RBE treatment might provide
protection against liver injury by ameliorating oxidative stress,
inflammation and apoptosis.

A significant increase in the lipid peroxidation product, MDA, in
gentamicin-treated rats in this study was consistent with previous
report indicating that gentamicin enhanced the production of
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Fig. 3. Effect of RBE on the expressions of Nrf2, HO-1 and NQO-1 protein. A and B; Representative immunoblots analysis for Nrf2 in the cytosolic and nuclear fractions of liver
tissues, respectively. C and D; Representative bar diagram showing relative densities of Nrf2 protein in the cytosolic and nuclear fraction of liver tissues, respectively. E;
Representative immunoblots analysis for HO-1 and NQO-1 in the whole cell lysate fractions of liver tissues. F and G; Representative bar diagram showing relative densities of
HO-1 and NQO-1 proteins, respectively. Lanes 1-4 represent Control, GM: gentamicin, GM + RBE: gentamicin plus RBE at the dose of 500 mg/kg body weight and RBE 1000:
RBE alone at the dose of 1000 mg/kg body weight, correspondingly. Lamin B1 is a nuclear protein marker, and -actin is a loading control. Bar graphs indicate mean + SEM of
5-7 animals in each group. Values with different superscript letters (a-c) differ significantly (p < 0.05) by the Tukey's test.

reactive oxygen species including superoxide anion, hydrogen
peroxide and hydroxyl radicals which could further stimulate
peroxidation of membrane lipids, protein and nucleic acids [20].
There was also a decreased antioxidant SOD2 in the liver tissue of
gentamicin rats. An increased ROS generation and impaired
antioxidant defenses contributed to oxidative stress which
resulted in liver toxicity, dysfunction and damage. A decreased
MDA level along with the increase of SOD2expression in the liver of
gentamicin plus RBE treatment rats indicated an amelioration of
oxidative stress by RBE. The antioxidant effects of RBE might be due
to its anthocyanin components, mainly cyanidin-3-glucoside and
peonidin-3-glucoside which were highly expressed in black purple
rice bran part. These anthocyanins have shown to possess
remarkable antioxidant as well as anti-inflammatory properties
[25,33]. This notion was supported by the study in mice by which

liver injury was induced by carbon tetrachloride (CCl4). It was
reported that anthocyanin-rich RBE administration significantly
decreased a lipid peroxidation marker thiobarbituric acid reactive
substances (TBARS) level [24]. Pre-incubated the liver L-02 cells
with cyanidin-3-glucoside and peonidin-3-glucoside, the predom-
inant anthocyanins, significantly ameliorated CCl4-induced cell
injury [34]. Moreover, RBE also contains the flavonoid apigenin and
the simple phenols 4-vinylguaiacol. These bioactive compounds
have a wide range of pharmacological activities including anti-
oxidative, anti-inflammatory and anti-cancer [35,36].

Cellular responses to oxidative stress are regulated by the
redox-sensitive transcription factor, NF-E2-related factor 2 (Nrf2)
[14]. In the present study, the significant elevation of Nrf2 protein
expression in hepatic nuclear fraction was accompanied by the
increases in HO-1 and NQO-1 expressions in whole cell lysate
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Fig.4. Effect of RBE on the expressions of inflammatory markers NF-kB, iNOS, TNF-aR1 and COX-2 protein. A; Representative immunoblots analysis for NF-kB, iNOS, TNF-aR1
and COX-2 in the whole cell lysate fractions of liver tissues. B-E; Representative bar diagram showing relative densities of NF-kB, iNOS, TNF-aR1 and COX-2 proteins in the
whole cell lysate fractions of liver tissues, respectively. Lanes 1-4 represent Control, GM: gentamicin, GM + RBE: gentamicin plus RBE at the dose of 500 mg/kg body weight
and RBE 1000: RBE alone at the dose of 1000 mg/kg body weight, correspondingly. 3-actin is a loading control. Bar graphs indicate mean + SEM of 5-7 animals in each group.
Values with different superscript letters (a-c) differ significantly (p < 0.05) by the Tukey’s test.

fraction in the gentamicin-treated rats. These findings suggested
that the increased oxidative stress condition induced by gentami-
cin might stimulate Nrf2 translocation to the nucleus and
subsequent activation the anti-oxidant response element (ARE)
leading to upregulation of NQO1 and HO-1 expressions. It was
noteworthy that RBE treatment could significantly suppress
nuclear translocation of Nrf2 which subsequently decrease
NQO1 and HO-1 expressions in gentamicin plus RBE rats. These
finding implied that RBE exerted an antioxidant action via
modulating Nrf2 signaling pathway. Similar results were reported
in our previous studies demonstrating that the increased Nrf2,
NQO1 and HO-1 expressions in response to gentamicin-induced
oxidative stress could be alleviated through the pleiotropic
antioxidant effect of atorvastatin [37] and pinocembrin [38].
Oxidative stress can activate NF-kB, which plays a crucial role in
inflammation, cellular proliferation and apoptosis [39,40]. In this
study, an increased hepatic NF-kB expression in gentamicin-
treated rats indicated the activation of NF-kB by gentamicin

treatment. These were accompanied by the increased expressions
of COX-2,iNOS and TNF-aR1. Previous study in Zucker diabetic rats
has reported the upregulation of TNF-a and receptors associated
with endothelial dysfunction [41]. An increased expression of TNF-
aR1 in this study might imply an elevation of TNF-a activity in
gentamicin-treated rat liver. These data are in concurrence with
the previous report [42]. Therefore, NF-«kB activation might play a
role in hepatic inflammation in this study. Moreover, TNF-a also
activates the NF-kB pathway, thus resulting in amplifying the
inflammatory response [43]. RBE treatment showed to decrease
the expressions of NF-kB, iNOS and TNFa-R1 in gentamicin-
treated rats. These findings suggested that RBE improved liver
inflammation by attenuating the activation of NF-kB pathway. This
was supported by the previous study in mouse macrophage cell
linings which demonstrated that two major anthocyanins,
cyanidin-3-glucoside and peonidin-3-glucoside could reduce
inflammation and enhance anti-inflammation by suppressing
nitric oxide synthase [33]. Moreover, feruloyl esters, a part of
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Fig. 5. Effect of RBE on the expressions of apoptotic markers Bax, Bcl-XL and cleaved caspase 3 protein. A; Representative immunoblots analysis for Bax, Bcl-XL and cleaved
caspase 3 in the whole cell lysate fractions of liver tissues. B-D; Representative bar diagram showing relative densities of Bax, Bcl-XL and cleaved caspase 3 proteins in the
whole cell lysate fractions of liver tissues, respectively. E; Bax/Bcl-xL ratio in liver were measured by immunoblots. Lanes 1-4 represent Control, GM: gentamicin, GM + RBE:
gentamicin plus RBE at the dose of 500 mg/kg body weight and RBE 1000: Riceberry bran extract alone at the dose of 1000 mg/kg body weight, correspondingly. 3-actin is a
loading control. Bar graphs indicate mean + SEM of 5-7 animals in each group. Values with different superscript letters (a-c) differ significantly (p < 0.05) by the Tukey’s test.

v-oryzanol found in rice bran has been reported to reduce nitric
oxide in macrophage cell by inhibiting NF-kB activation [44].
Therefore, RBE might have an anti-inflammatory effect to protect
liver damage via the modulating of NF-kB pathway.

Apoptosis plays a key role in inflammatory process as well as
many liver disease and drug induced hepatotoxicity [45,46]. ROS
generation can induce apoptosis through the activation of the
intrinsic, mitochondria-dependent pathway. In the present study,
gentamicin-induced liver apoptosis was shown by a reduced
expression of Bcl-XL accompanied by the elevated expressions of
Bax, cleaved caspase 3 and Bax/Bcl-XL ratio. These findings were
consistent with the recent study demonstrating that caspase-
dependent apoptotic signaling pathway was associated with
gentamicin-induced apoptotic liver damage [20]. Under normal
condition, the maintenance of mitochondrial membrane potential
depends on pro-apoptotic (Bax) and anti-apoptotic (Bcl2) mem-
bers of Bcl2 family. Interestingly, RBE treatment showed to restore

Bcl-XL expression, inhibit Bax and cleaved caspase 3 over-
expressions in gentamicin-treated rats. According to the report
that NF-kB activation promoted gentamicin-induced apoptosis in
rat tubular cells [47], the anti-inflammatory effect of RBE might
partly attribute to its suppression of gentamicin-induced apopto-
sis. The results from this study suggest that RBE could prevent
gentamicin-induced apoptotic liver damage partly by attenuating
oxidative stress and suppressing the activation of NF-kB pathway.

5. Conclusion

The present results clearly show that RBE can prevent
gentamicin-induced liver injury through suppressing oxidative
stress and NF-kB activation which lead to attenuate inflammation
and apoptotic pathway. This study provides the evidence of RBE as
the adjuvant of gentamicin to prevent hepatotoxicity.
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Purpose: This study investigated the protective effects of Riceberry bran extract (RBBE) on renal func-
tion, and the function and expression of renal organic anion transporter 3 (Oat3) in gentamicin-induced
nephrotoxicity in rats and explored the mechanisms for its protective effects.

Material and methods: Male Sprague Dawley rats (n=42) were divided into six groups to receive nor-
mal saline, gentamicin (100 mg/kg), co-treatment of gentamicin and RBBE (at dose of 250, 500 and
1000 mg/kg), and RBBE (at dose of 1000 mg/kg) only, for consecutive fifteen days. Renal function, ox-
idative and antioxidative markers, the function and expression of Oat3 and histological changes in the
kidney were evaluated.

Results: Elevation of BUN, serum creatinine levels and reduction in urine creatinine and creatinine clear-
ance indicated decreased renal function in the gentamicin-treated rats. The decrease of [*H]ES uptake
in the renal cortical slices of these rats, reflecting the attenuation of Oat3 transport function that was
accompanied by decreased expression of Oat3. Moreover, increased MDA level and reduced superoxide
dismutase (SOD) and glutathione (GSH) activities were found in gentamicin-treated rats compared to the
control group. These changes were associated with the upregulated PKCe, Nrf-2, Keap 1, NQO-1 and HO-
1 expressions in kidneys. RBBE treatment improved the renal function and Oat3 transport function and
expression in gentamicin-treated rats. The oxidative status was also restored by RBBE treatment.
Conclusion: RBBE protects kidney injury by its antioxidant effect, subsequently leading to modulation of
the PKC/Nrf2 antioxidant defense pathway.
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Introduction

Abbreviations: ARE, antioxidant response element; ARF, acute renal failure; BUN,
blood urea nitrogen; CAT, catalase; ES, estrone sulfate; GCL, glutamate-cysteine
ligase; GC-MS, gas chromatography-mass spectrometry; GFR, glomerular filtration
rate; GM, gentamicin; GSH, glutathione; GSH-PX, glutathione peroxidase; HO-1,
heme oxygenase-1; HRP, horseradish peroxidase; Keap1, kelch-like ECH associated
protein 1; MAP Kkinase, mitogen-activated protein kinase; MDA, malondialdehyde;
NQO-1 NAD(P)H, quinine oxidoreductase-1; Nrf2, nuclear factor erythroid-2-related
factor-2; Oat, organic anion transporter; PKC, protein kinase C; RBBE, Riceberry
bran extract; ROS, reactive oxygen species; SOD, superoxide dismutase; TBARS,
thiobarbituric acid reactive substances.
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Gentamicin is widely used and is an effective aminoglycoside
antibiotic used in the treatment of life-threatening gram-negative
bacterial infections (Ali, 2003). However, its clinical usefulness is
limited due to the development of nephrotoxicity. Renal toxicity
from gentamicin administration is related to a selective accumula-
tion of the drug in the renal proximal tubular cells which leads to
cell injury, and results in renal dysfunction (Quiros et al., 2011). In
vivo and in vitro studies have shown that gentamicin administra-
tion can enhance the generation of reactive oxygen species (ROS)
such as hydroxyl radical, hydrogen peroxide and superoxide an-
ions mostly in the mitochondria, which subsequently damage some
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macromolecules and induce cellular injury and necrosis (Du and
Yang, 1994). However, the mechanisms in which increased oxida-
tive stress induced renal dysfunction are still unclear.

Nuclear factor erythroid-2-related factor-2 (Nrf2) is a redox-
sensitive transcription factor, which plays a crucial role in cellu-
lar defense against oxidative stress (Ishii et al., 2000). It activates
the antioxidant response element (ARE) to enhance the expres-
sion of phase II detoxification enzymes and antioxidant proteins
including catalase (CAT), glutathione (GSH), glutathione peroxidase
(GSH-Px), superoxide dismutase (SOD), heme oxygenase-1 (HO-1)
and NAD(P)H:quinine oxidoreductase-1 (NQO-1) (Kim and Vaziri,
2010). Nrf2 has been reported to protect rat kidneys against ox-
idative stress induced by gentamicin through the activation of an-
tioxidant and phase Il enzymes such as HO-1 (Subramanian et al.,
2015).

Renal excretion of organic anions largely occurs at the proxi-
mal tubule through the organic anion transporter (Oat) which is
one of the major routes for body drug clearance/detoxification. To
date, several renal Oat isoforms have been cloned and identified.
Among these, only Oat1 and Oat3 have been shown to play a major
role in the cellular uptake of organic anions across the basolateral
membrane of the renal proximal tubules. Moreover, among the Oat
isoforms, Oat3 exhibits the highest mRNA expression level in the
human kidneys (Motohashi et al., 2002). Previous studies clearly
showed that acute renal failure (ARF) induced by gentamicin treat-
ment decreased the renal excretion of organic anion compounds,
and the renal expressions and functions of Oat1l and Oat3 were
decreased in gentamicin-treated rats (Guo et al., 2013). The gen-
eration of free radicals and oxidative stress condition in proximal
tubular epithelial cells has been shown to account for the mech-
anisms of several xenobiotic toxicities (Cuzzocrea et al., 2002; Du
and Yang, 1994). Of interest, hydroxyl radical scavengers and iron
chelators have been shown to reduce the severity of gentamicin-
induced function and histological tubular damage (Ali, 2003;Guo
et al,, 2013).

Several natural compounds are demonstrated to exert antiox-
idants and provide protection against free radical-induced tissue
damage. Rice is the staple food for people in the Asia-Pacific re-
gion. Riceberry rice (Oryza sativa L.), a Thai black purple rice, has
been recently developed by crossing Chao Hom Nin Rice and Khao-
Dawk Mali 105 (Kongkachuichai et al., 2013). The bran of Riceberry
has been shown to possess high antioxidative activity. It contains
a large number of antioxidant compounds, such as anthocyanins
(cyanidin 3-glucoside and peonidin-3-glucoside), f-carotene, y-
oryzanol and vitamin E complex (tocopherols and tocotrienols)
(Leardkamolkarn et al., 2011). Recent studies reported the antiox-
idant, anticancer and antidiabetic effects of Riceberry bran extract
(RBBE) (Prangthip et al., 2013; Leardkamolkarn et al., 2011). Despite
these benefits, the effect of RBBE on renal function in gentamicin-
induced nephrotoxicity has not been investigated. We investigated
the protective effects of RBBE against gentamicin-induced renal
dysfunction and the reduction of Oat3 function and expression in
the rat kidney. We hypothesized that the renoprotective effect of
RBBE against gentamicin-induced nephrotoxicity mediates through
its antioxidative action by modulating the PKC/Nrf2 pathway.

Materials and methods
Chemicals and reagents

Gentamicin was obtained from the Pharmaceutical Organiza-
tion, INC (Bangkok, Thailand). Malondialdehyde (MDA) assay kit
was obtained from Cayman Chemical Company (Ann Arbor, MI,
USA). Superoxide dismutase (SOD) and Glutathione (GSH) assay
kits were purchased from BioAssay Systems (Hayward, CA, USA).
[3H]ES was purchased from Perkin Elmer (Norwalk, CT, USA). Poly-

clonal antibody against Oat3 was purchased from Cosmo Bio Co.
Ltd. (Tokyo, Japan). Antibodies against nuclear factor erythroid-2-
related factor-2 (Nrf2) and protein kinase Co (PKCwx) (C-20) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Antibodies against heme oxygenase-1 (HO-1) and NAD(P)H:quinine
oxidoreductase-1 (NQO-1) were obtained from Abcam (Cambridge,
UK). Monoclonal antibody against Lamin B1 and anti-8-actin an-
tibody were purchased from Cell Signaling Technology, Inc. (Bev-
erly, MA, USA). Monoclonal mouse anti-Na*-K*-ATPase and kelch-
like ECH-associated protein 1(Keap 1) were obtained from Mil-
lipore (Billerica, MA, USA). Horseradish peroxidase (HRP) conju-
gated goat anti-rabbit and anti-mouse secondary antibodies were
purchased from Amersham (Arlington Heights, IL, USA). All sol-
vents used for extraction of chemical components from the Rice-
berry bran; methanol, dichloromethane, and hexane, were analyti-
cal grade obtained from Fluka (Buchs, Switzerland). Methanol and
water, HPLC grade solvents, were purchased from Merck (Darm-
stadt, Germany). De-ionized water was obtained from a Mili-Q UV-
Plus water purification system (Milipore Corp, USA). Formic acid
was purchased from Fluka (Buchs, Switzerland). Standard grade vi-
tamin E was obtained from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). Standard anthocyanins; cyanidin-3-0-glucoside and
peonidin-3-0-glucoside, were purchased from Apin Chemicals Ltd.
(Oxfordshire, UK). All other chemicals were purchased from a com-
mercial source at the analytical pure grade.

Preparation of Riceberry bran extract

Thai black non-glutinous rice, cv. Riceberry, grown in 2013, was
obtained as harvested paddy from an experimental field in Kaset-
sart University, NakornPathom Province located in Central Thai-
land. The paddy was dried by modified hot air at a temperature
of 40 °C until their moisture content was reduced to approximately
14% by weight. On the day of the experiment, the rice sample was
dehusked and milled in a local milling system (Natrawee Technol-
ogy, Chachoengsao, Thailand) for 30 s to obtain approximately 10%
(w/w) fresh rice bran. One kilogram of the Riceberry bran was ex-
tracted with methanol (3 1) at room temperature for 24 h. After sol-
vent evaporation, a dark red viscous crude extract of 55.8 g was
obtained for further analysis by gas chromatography-mass spec-
trometry (GC-MS).

GC-MS analysis

A gas chromatograph-mass spectrometer (Agilent 6890 and HP
5973 mass-selective detector, Agilent Technologies, Palo Alto, CA)
equipped with a fused silica capillary column having phase HP-
5MS with dimension 30 m x 0.25 mm i.d. and 0.25 mm film thick-
ness (Agilent Technologies) was utilized for analysis of chemical
components obtained from crude methanol extract of the Rice-
berry bran. The sample was injected with a split ratio of 20:1.
The injection port temperature was 250 °C. The column temper-
ature program started at 60°C upon injection. The temperature
was increased at a rate of 3°C/min to 285°C. Purified helium
gas at a flow rate of 1ml/min was used as the GC carrier gas.
The mass spectrometer was operated in the electron impact (EI)
mode with an electron energy of 70eV; ion source temperature,
230°C; quadrupole temperature, 150 °C; mass range m/z 50-550;
scan rate, 0.68 s/scan; EM voltage, 1456 V. The GC-MS transfer line
was set to 280 °C. Identification of organic components in both ex-
tracts was performed by matching their mass spectra with refer-
ence spectra in the Wiley 7n Mass Spectral Library and the NIST 08
Mass Spectral Library, both purchased from Agilent Technologies.
In addition, Kovats indices and retention times of known standards,
for some available compounds, were used to aid structural confir-
mation. Quantitative analysis of each component in percent was
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performed by peak area normalization measurements. Analysis by
GC-MS of this methanol extract revealed 34 identified components.
Among the group of simple phenolic compounds, 2-methoxy-4-
vinylphenol was present as the major constituent.

LC-MS/MS analysis of flavonoids

Five grams of the black rice bran were extracted by 50 ml
of formic acid in methanol (0.01:99.9). After being sonicated for
60 min, the methanol solution was concentrated under reduced
pressure at temperature below 40°C until its volume was re-
duced to 2.0 ml. The extract was then subjected to separation by a
3’100 mm Zorbax Eclipse column (Agilent Technologies, USA) with
a particle size of 3.5mm. The mobile phase consisted of formic
acid: deionized water (0.5:99.5) (solvent A) and methanol (solvent
B), with gradient elution started at 90:10 (A:B) and remained for
10 min. Its composition was changed to 75:25 over 60 min. The
flow rate was 0.4 ml/min. The total HPLC effluent was delivered
into a Z-SprayTM ES source of a Micromass Q-TOF 2TM hybrid
quadrupole time of flight mass spectrometer (Micromass, Manch-
ester, UK), which was operated in a positive ionization mode at a
temperature of 80 °C. Nitrogen was used as a nebulizing gas with
a flow rate of 121/min and as a desolvation gas at a temperature
of 150 °C. The capillary and cone voltages were set at 3.00kV and
30V, respectively. Ultra-high purity grade argon was used as the
collision gas at a 10 psi inlet pressure for collision-induced disso-
ciation (CID). Collision energy was 35eV. A scan time of 0.5s with
m/z range of 100-350 was used to obtain the product ions mass
spectra. The software used for data acquisition and processing was
MassLynx NT, version 4.0 (Micromass, Manchester, UK). The confir-
mation of chemical structure of the black rice anthocyanins was
accomplished by elucidating the fragmentation patterns of their
full scan daughter ion mass spectra obtained by LC-MS/MS against
those of the standard compounds. The MS/MS spectra were also
compared with those reported previously (da Costa et al., 2000;
Oliveira et al., 2001; Montoro et al., 2006). The bran extract was
found to contain two major anthocyanins, cyanidin 3-glucoside
and peonidin-3-glucoside at the amount of 13.24 and 5.33 mg/g
of crude extract, respectively. Further screening for other bioactive
flavonoids by LC-MS found apigenin as the main flavonoid but it
appeared in only small amount compared with the other two an-
thocyanins. The identified components in crude methanol extract
of Ricebery black rice bran are shown in Table 1.

Animal and treatment

Forty-two male Sprague Dawley rats (180-200g) from the
National Experimental Animal Center, Salaya, Mahidol University
were housed in a temperature-controlled room with 12 h dark/light
cycles and provided food and tap water ad libitum. This study was
carried out in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health. The protocol was approved by the Committee
on the Ethics of Animal Experiments of the Faculty of Medicine,
Chiang Mai University (Permit Number: 1/2558). All surgery was
performed under sodium pentobarbital anesthesia, and all efforts
were made to minimize suffering.

The rats were randomly assigned into six groups, each with
seven rats. In the control (CON) group, the rats were intraperi-
toneally (i.p.) injected with normal saline. Rats in the gen-
tamicin (GM) group were i.p. administered with gentamicin
(100 mg/kg/day). Rats in the gentamicin plus Riceberry bran ex-
tract received gentamicin (100 mg/kg) together with RBBE at doses
of 250, 500 or 1000 mg/kg/day (GM + RBBE 250, GM + RBBE 500,
GM + RBBE 1000, respectively). RBBE was administered via oral
gavage 30 min before gentamicin injection. Rats in the Riceberry

bran extract (RBBE) only group received RBBE at a concentration
of 1000 mg/kg/day. All treatments were administered for 15 con-
secutive days.

Blood and renal tissue sampling

After the last dose of gentamicin treatment, a 24 h urine was
collected by placing the animal in an individual metabolic cage.
Then, the animal was sacrificed under anesthesia with an i.p. in-
jection of pentobarbital sodium (100 mg/kg). Blood samples were
collected by cardiac puncture and serum was separated by cen-
trifugation. The abdomen was then opened and the kidneys were
flushed through the abdominal aorta with ice-cold HEPES-sucrose
buffer (containing 250 mM sucrose, 10 mM HEPES, pH 7.42-7.44),
and immediately removed, decapsulated and weighed. One of the
kidneys was divided into two longitudinal sections. The renal cor-
tical tissues were isolated and kept for western blot analysis and
evaluation of MDA and GSH. The other kidney was cut into two
longitudinal sections; one half was fixed in 10% neutralized forma-
lin for further morphological analysis and in the other half, the re-
nal cortical tissues were isolated and kept for SOD determination.
Then, the serum and tissue samples were placed in liquid nitrogen
and stored at -80 °C until use.

Biochemical analysis
Renal function assessment

To determine kidney function, serum levels of BUN and creati-
nine were measured using ReflotronPlus Analyzer. Urinary creati-
nine was determined by a commercial kit (Roche Diagnostics, Indi-
anapolis, IN, USA). Creatinine clearance (C¢) was calculated using
the standard formula UxV/P where U= urine creatinine in mg/dl,
V =volume of urine in ml/min and P = serum creatinine in mg/dl.

Determination of malondialdehyde

To determine the level of renal oxidative stress, the renal cor-
tical malondialdehyde (MDA) level was assayed by colorimetry as
previously described (Ohkawa et al., 1979) using a commercial
TBARS assay kit (Cayman Chemical Company, Ann Arbor, MI, USA),
and expressed as nmol/mg protein.

Determination of superoxide dismutase activity

The activity of renal cortical superoxide dismutase (SOD) was
assayed by colorimetric method using a commercial EnzyChrom
Superoxide Dismutase assay kit (BioAssay Systems, Hayward, CA,
USA). The activity was expressed as U/ml.

Determination of glutathione (GSH) level

The total GSH in renal cortical tissue was assayed by the col-
orimetry using a commercial Quantichrom Glutathione assay kit
(BioAssay Systems, Hayward, CA, USA). The activity was expressed
as mmole/mg protein.

Determination of renal Oat3 function

The uptake of radiolabeled estrone sulfate ([3H]ES), a spe-
cific Oat3 substrate (Sweet et al., 2002) into renal cortical slices,
which reflects the renal Oat3 function, was examined. After re-
moval, the kidney was decapsulated and placed into freshly oxy-
genated ice-cold modified Cross and Taggart saline buffer (contain-
ing 95 mM NaCl, 80 mM mannitol, 5mM KCl, 0.74 mM CaCl, and
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Table 1

The identified components in crude methanol extract of Ricebery black rice bran.

Structural assignment?

LRI Peak area (%)°

GC-MS
Ketone
1,2-Cyclopentanedione’? 938 1.53
Phenolic compounds
1,2-Benzenediol * 1219 0.58
2-Methoxy-4-vinylphenol®?(4-vinylguaiacol) 1324 0.69
Methyl 4-hydroxy-3-methoxybenzoate (Methyl vanilate)'? 1527 0.51
4-Hydroxymethoxybenzoic acid"? 1582 0.46
3,5-Dihydroxybenzhydrazide'? 1699 0.44
Pyran
2H-Pyran-2,6(3H)-dione’? 1008 0.12
2,3-Dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one'? 1155 0.26
Furan
5-(Hydroxymethyl)-2-furancarboxaldehyde’? 1242 1.05
Fatty acid
Tetradecanoic acid (myristic acid)"? 1871 0.17
n-Hexadecanoic acid (Pamitic acid)'? 1976 9.72
(Z,2)-9,12-Octadecadienoic acid(Linoleic acid)"23 2149  18.83
(E)-9-Octadecenoic acid (Oleic acid)"? 2155 1455
Octadecanoic acid (stearic acid)? 2172 0.70
Eicosanoic acid! 0.16
Ester of fatty acid
Methyl tetradecanoate? 1832 0.27
Methyl hexadecanoate (Methyl pamitate)'? 1932 7.35
Methyl 8,11-octadecadienoate’? 2098 8.66
Methyl (E)-9-octadecenoate (Methyl elidate)"? 2104  10.65
Methyl 9-octadecenoate'? 2109 0.26
Methyl octadecanoate'? 2131 0.07
Methyl 11-eicosenoate’ 0.13
Methyl eicosanoate’ 0.04
2-Hydroxy-1-(hydroxypropyl) ethyl hexadecanoate! 0.90
Methyl docosanoate! 0.90
2-Hydroxy-1-(hydroxymethyl)ethyl (Z,Z)-9,12-octadecadienoate’ 0.91
3-Hydroxypropyl oleate! 1.98
Methyl tetracosanoate' 0.14
Triterpeoid
Squalene! 0.23
(3beta.,245)-9,19-Cyclolanost-25-en-3ol’ 0.64
Steroid
Ergost-4,6,22-trien-3-ol’ 0.40
Campesterol '3 0.38
Stigmasterol 3 0.58
beta.Sitosterol’? 1.24

2 Identification: 1, mass spectrum (tentative); 2, Retention indices; and 3, standard compound.
b Retention indices using a non polar dimethyl polysiloxane column.
¢ Relative areas presented in percentage of the total peak areas.

9.5 mM NayHPOy4; pH 7.4). Thin renal cortical slices (< 0.5 mm; 5-
15 mg/slice; wet weight) were cut with a Stadie-Riggs microtome,
pre-incubated at room temperature in modified Cross and Taggart
buffer for 10 min, and then incubated in 1ml of buffer contain-
ing 50nM [3H]ES for 30 min at room temperature. After incuba-
tion, slices were rinsed in 0.1 M MgCl,, blotted with filter paper,
weighed and dissolved in 1M NaOH. Slice samples were then neu-
tralized with 1M HCI, and assayed for [2H]ES by liquid scintilla-
tion counter (Perkin Elmer, MA, USA). The [3H]ES uptake was cal-
culated as tissue to medium ratios (dpm/mg of tissue +~ dpm/ml of
medium).

Western blotting analysis

Protein extraction and western blotting for the determination
of Oat3, PKC«, Nrf2, Keap 1, NQO-1 and HO-1 were carried out on
frozen renal cortical tissues. Protein extraction was done by ho-
mogenizing the rat renal cortex in Mammalian Cell Lytic buffer
(Sigma-Aldrich, St. Louis, MO, USA) with protease cocktail inhibitor
(Roche, Indianapolis, IN, USA). The homogenates were centrifuged
at 5000¢g for 15min at 4°C, the supernatant was designated as
whole cell lysate, and then the supernatant was further cen-

trifuged at 100,000x g for 2 h at 4°C to obtain a membrane (pel-
let) and cytosolic (supernatant) fractions. The 5000 x g pellet was
re-suspended and centrifuged at 10,000x g at 4 °C for 10 min. The
supernatant fraction from the spin was designated as the nuclear
fraction. All the fractions collected were stored at -80 °C until use.

The renal cortical fractions from whole cell lysates, cytosol,
nuclear and membrane fractions were separated on 10% SDS-
polyacrylamide gel electrophoresis (PAGE) and subsequently trans-
ferred to a polyvinylidenedifluoride (PVDF) membrane (Millipore,
MA, USA). The membranes were blocked with 5% non-fat dry
milk in TBST solution for 1h at room temperature and then in-
cubated overnight at 4°C with primary antibody against Oat3,
PKCa, Nrf2, Keap 1, NQO-1 and HO-1. Following incubation with
the primary antibody, the membranes were washed, and incubated
with horseradish peroxidase (HRP)-conjugated goat anti-rabbit or
anti-mouse secondary antibody (Amersham, IL, USA) for 1h at
room temperature. Protein antibody complexes were detected us-
ing ECL enhanced chemiluminescence agent (GE Healthcare, Buck-
inghamshire, UK), visualized by exposure to Hyperfilm (GE Health-
care, Buckinghamshire, UK). The expression levels of target pro-
teins were analyzed as the band density on Hyperfilm using the
histogram function of Adobe Photoshop CS5 (Adobe Corp., CA, USA)
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Table 2

Effects of Riceberry bran extract on physiological and renal function parameters in gentamicin-induced nephrotoxicity rats.
Parameters CON GM GM + RBBE 250 GM +RBBE 500  GM + RBBE 1000  RBBE
BW (g) 36945 291+7* 363 +9* 351 +6* 345+ 5% 344 £ 6%
KW (g) 1.35+0.03 1.96 +0.04* 1.67 +0.03*#d 1.54+0.05% 1.56 +£0.06* 1.38 £0.06*2
KW/BW (mg/g) 3.67+0.07 6.78 £0.31* 491+0.11%% 4.414+0.14% 4.52+0.17* 4.02+0.11%
Urine output (ml/h)  0.74+0.05 1.40+0.10* 1.00 +£0.04*# 0.88 +0.02% 0.93 +£0.06% 0.88 +0.06%
BUN (mg/dl) 2029+1.02  40.57+228  28.00+0.62-*Pcd  217140.84%2 23.86 +0.55%2 20.00 +0.58*2
Ser (mg/dl) 0.38+0.02 0.66+0.01* 0.51+0.03+# 0.43 £0.04% 0.42+0.03* 0.42+0.03*
U (mg/dl) 58.06+4.93  27.19+2.62* 44,42 +£1.26%% 52.61+2.79% 50.38 +2.56% 56.38 +2.70*
Cer (ml/min) 1.84+0.14 1.13+0.06* 1.52 +0.09* 1.68+£0.23* 1.70+0.18% 2.0240.19*

BW: body weight; KW: kidney weight; KW/BW: kidney weight to body weight; BUN: blood urea nitrogen; Sc: serum creatinine; Ug:
urine creatinine; C: creatinine clearance; CON: control, GM: gentamicin, GM + RBBE 250: gentamicin plus Riceberry bran extract at dose
of 250 mg/kg, GM + RBBE 500: gentamicin plus Riceberry bran extract at dose of 500 mg/kg, GM + RBBE 1000: gentamicin plus Riceberry
bran extract at dose of 1000 mg/kg, and RBBE: Riceberry bran extract at dose of 1000 mg/kg.

Values are mean+S.EM. (n=7) *p <0.05 as compared with control group; #p <0.05 as compared with gentamicin group; ?p <0.05
compared to GM + RBBE 250; Pp <0.05 compared to GM + RBBE 500; p <0.05 compared to GM + RBBE 1000; 9p <0.05 compared to

RBBE.

and normalized to the B-actin level in its corresponding sample.
Lamin B1 and Na*/K*-ATPase were used as markers for nuclear
and membrane fractions, respectively.

Histological examination

To determine the morphology change, the kidneys were re-
moved, cut in a half along the transverse axis, fixed in 10% neu-
tral buffered formalin and embedded in a paraffin wax. Paraffin-
embedded specimens were cut into 2 um-thick sections, mounted
on microscope slides and stained with Hematoxylin and Eosin
(H&E) (Bancroft et al., 1996). The samples were examined under
light microscope (Olympus Co., Tokyo, Japan) for morphological
changes by an observer blinded to the animal treatment group.

Statistical analysis

All values are expressed as mean + S.E.M and analyzed using
SPSS version 17.0 statistical programs (SPSS Inc., Chicago, IL, USA).
One-way analysis of variance (ANOVA), followed by Post Hoc Tukey
test, was performed. A p-value <0.05 was considered to be statis-
tically significant.

Results
Effects of RBBE on physiological and renal function parameters

All rats started with similar mean body weight. As shown
in Table 2, gentamicin-treated rats had a significant decrease in
body weight (291+7¢g) and renal hypertrophy as indicated by
a significant increase in the kidney weight and kidney weight
per body weight ratio (1.96+0.04¢g and 6.78 +0.31 mg/g, respec-
tively) when compared to the control (369+5¢g, 1.35+0.03 g and
3.67 £0.07 mg/g, respectively) or RBBE (344+6g, 1.38 +£0.06 g and
4.02 +0.11 mg/g, respectively) rats (p <0.05). As compared with
the control rats, the gentamicin-treated rats showed an impaired
renal function as indicated by the significant increase in urine
output (1.40+0.10 and 0.74 £+ 0.05 ml/h), serum BUN (40.57 +2.28
and 20.2941.02 mg/dl) and serum creatinine (0.6640.01 and
0.38 £0.02 mg/dl) accompanying with the apparent decreases in
urine creatinine (2719+2.62 and 58.06+4.93 mg/dl) and C
(1134+£0.06 and 1.84+0.14ml/min) (p <0.05). In the gentam-
icin plus RBBE (at dose of 250, 500 or 1000 mg/kg)-treated
rats, the body weight was significantly higher (363+9, 351+6
and 345 +5g, respectively) while the kidney weight (1.67 & 0.03;
1.54 +£0.05; 1.56 £0.06 g, respectively) and kidney weight per body
weight ratio (4.9140.11; 4.41 +£0.14; 4.52 +0.17 mg/g, respectively)

were lower than those in gentamicin-treated rats (p <0.05). In-
terestingly, all doses of RBBE treatment significantly decreased
urine output (1.00+£0.04; 0.88+0.02; 0.93+0.06ml/h), serum
BUN (28.00+0.62; 21.71 £0.84; 23.86 +0.55 mg/dl) and creatinine
(0.51+£0.03; 0.434+0.04; 0.42+0.03 mg/dl) levels, and increased
urine creatinine (44.42+1.26; 52.61+2.79; 50.38+2.56 mg/dl)
and C¢ (1.52+0.09; 1.68+0.23; 1.70+0.18 ml/min) compared to
those of gentamicin-treated rats (p <0.05). There were no differ-
ences in urine output, creatinine levels, and C.; among the gen-
tamicin plus RBBE (at dose of 250, 500 or 1000 mg/kg) treatment
groups. Also, administration of RBBE only had no effect on these
parameters compared with the control rats. These results suggest
that RBBE treatment can ameliorate the impaired renal function in
gentamicin-induced nephrotoxicity in rats.

Effects of RBBE on the renal morphology

Sections of renal tissue from control rats showed normal his-
tological structure of the renal corpuscles and renal tubules (Fig.
la and d). In gentamicin-treated rats, renal sections exhibited
changes in the structure of renal corpuscle including swelling ap-
pearances, narrowed Bowman'‘s space and periglomerular inflam-
mation (Fig. 1b). Renal tubules were undergoing vacuolization, di-
lation, necrosis, epithelial desquamation and infiltration with in-
flammatory cells in gentamicin-treated rats (Fig. 1e). These renal
histological changes were significantly attenuated by administra-
tion of RBBE prior to gentamicin injection (Fig. 1c and f).

Effects of RBBE on oxidative status in gentamicin-induced
nephrotoxicity

Oxidative stress induced by gentamicin treatment was indicated
by a significant increase in renal cortical MDA (p <0.05) accom-
panied with the decreases in renal cortical SOD and GSH levels
(p <0.05) in gentamicin-treated rats compared with the control or
RBBE rats (Fig. 2). Compared with gentamicin-treated rats, the re-
nal cortical MDA was decreased in all doses of RBBE treatments
(p <0.05). Moreover, the renal cortical GSH and SOD levels were
also significantly increased with RBBE treatments at doses of 250,
500 and 1000 mg/kg (p < 0.05; Fig. 2). In addition, the gentamicin-
treated rats received RBBE at dose of 250 mg had significant higher
renal cortical MDA and apparent lower renal cortical SOD and
GSH levels than those pretreated with RBBE at doses of 500 or
1000 mg/kg (p <0.05). These findings indicate that the increase of
renal oxidative stress condition induced by gentamicin administra-
tion can be reversed by RBBE treatment.
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Fig. 1. Photograph of histological sections of kidney using hematoxylin and eosin (H&E) stain (magnification, x40); Panels (a), (b) and (c) are images of glomeruli from
control, gentamicin and gentamicin plus Riceberry bran extract at dose of 500 mg/kg, respectively. Panels (d), (e) and (f) are images of tubules from control, gentamicin
and gentamicin plus Riceberry bran extract at dose of 500 mg/kg, respectively. Enlargement of glomerulus with reduction of Bowman's space (asterisk) and periglomerular
inflammation (arrowhead) were seen in Panel (b). Tubular dilation (asterisk), vacuolization, necrosis and desquamation (arrowhead), and inflammatory cell infiltration (arrow)

were seen in Panel (e) in gentamicin-treated rats.

Effects of RBBE on renal Oat3 function and expression in
gentamicin-induced nephrotoxicity rats

As demonstrated in Fig. 3, the administration of gentamicin had
a significant decrease in [*H]ES uptake in renal cortical slices when
compared with that of the control or RBBE rats (p <0.05). The
significant increases in [3HJES uptake were observed in GEN plus
RBBE (at dose of 500, or 1000 mg/kg) as compared with that in
gentamicin-treated rats (p < 0.05). This finding suggested that RBBE
treatment could prevent the impairment in Oat3 transport func-
tion induced by gentamicin. Additionally, RBBE at doses of 500 and
1000 mg/kg exhibited a comparable result, thus, RBBE treatment
at the dose of 500 mg/kg was selected for the subsequent experi-
ments.

There were no significant differences of renal Oat3 expression
in the whole lysate fraction among the experimental groups (Fig.
4). However, a membrane expression of Oat3 in the renal cortical
tissue was significantly decreased in gentamicin-treated rats in re-
lation to the control or RBBE rats (p <0.05) (Fig. 4). These results
indicated that the decreased renal Oat3 function in the gentamicin-
treated rats could be due to the down-regulation of membrane
Oat3 expression. Interestingly, RBBE treatment showed a significant
increase in membrane expression of Oat3 compared with that in
the gentamicin-treated rats (p <0.05) which was correlated with
the increase in renal Oat3 function in this study.

Effects of RBBE on renal PKCa expression

An overproduction of ROS has been shown to activate PKC in di-
abetic nephropathy (Arjinajrn et al., 2014). These were in the same
line of the results in this study. As illustrated in Fig. 5, the mem-
brane expression of PKCo was significantly increased in renal cor-
tical tissues in gentamicin-treated rats as compared to that of the
control or RBBE rats (p <0.05). RBBE treatment exhibited a signif-
icant decrease in membrane expression of PKCx to the same level
as in the normal control condition. This result confirmed that the
decrease in ROS production in gentamicin plus RBBE led to the in-
activation of PKCw in the renal cortical tissues in this study.

Effects of RBBE on renal Nrf-2, Keap 1, NQO-1 and HO-1 expressions

The Nrf2 pathway is the cellular responses activated against
oxidative stress (Zhang et al., 2014). We examined the potential
mechanisms of RBBE in the regulation of the anti-oxidative de-
fense involving the Nrf2 signaling pathway. As presented in Fig.
6, the expression level of Nrf2 in nuclear fraction was signifi-
cantly elevated whereas it showed significant decline in cytosol
fraction in gentamicin-treated rats when compared with the con-
trol or RBBE rats (p <0.05). These findings indicated the activa-
tion of Nrf2 translocation from the cytosol into the nucleus in-
duced by gentamicin treatment. Concomitantly, the expression of
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Fig. 3. Effects of RBBE on [?H]ES uptake in renal cortical slices. Renal cortical slices from all six experimental groups were pre-incubated in buffer containing 50 nM [3H]ES
for 30 min at 25 °C. Uptake was quantified and expressed as the percentage of control. CON: control, GM: gentamicin, GM + RBBE 250: gentamicin plus RBBE at dose of
250 mg/kg, GM + RBBE 500: gentamicin plus RBBE at dose of 500 mg/kg, GM + RBBE 1000: gentamicin plus RBBE at dose of 1000 mg/kg, RBBE: Riceberry bran extract at
dose of 1000 mg/kg. Values are presented as mean+S.E.M. (n=7). *p <0.05 as compared with control group; *p <0.05 as compared with gentamicin group; p <0.05 as
compared with GM + RBBE 250; Pp < 0.05 as compared with GM + RBBE 500; p < 0.05 as compared with GM + RBBE 1000; 9p < 0.05 as compared with RBBE.
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Fig. 4. Effects of RBBE on Oat3 expression in the renal cortex. Western blotting analysis of Oat3 protein (upper panel) and densitometric analysis (lower panel) in the
membrane (a) and whole cell lysate (b) fractions. Lanes 1, 2, 3 and 4 represent CON: control, GM: gentamicin, GM + RBBE: gentamicin plus Riceberry bran extract at dose of
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Keap1 protein in the whole cell lysate fraction was significantly in-
creased in gentamicin-treated group in comparison to the control
or RBBE groups (p < 0.05). Also, the expressions of HO-1 and NQO-
1 in the whole cell lysate fraction were significantly increased in
gentamicin-treated rats as compared with those in the control or
RBBE rats (p < 0.05). RBBE treatment significantly reversed both the
nuclear and cytosol expressions of Nrf2 when compared with those
in the gentamicin-treated rats (p < 0.05). Moreover, there were the
decreases in the expressions of Keapl, HO-1 and NQO-1 in the
whole cell lysate fractions in the gentamicin plus RBBE rats com-
pared with those in the gentamicin-treated rats (p < 0.05). The re-
sults suggest that RBBE treatment exhibits an effective antioxida-
tive effect to attenuate the gentamicin-induced oxidative stress in
the kidney that leads to the decrease activation of Nrf2 transloca-
tion to the nucleus resulting in the increased Keap 1 and decreased
HO-1 and NQO-1 expressions.

Discussion

Nephrotoxicity is the most frequent and serious complication of
gentamicin despite its clinical use for treatment of life-threatening
gram negative infections (Edson and Terrell, 1999). The selective
accumulation of gentamicin in the renal cortex especially in the re-
nal proximal convoluted tubules leads to tubular necrosis without
morphological changes in glomerular structures (Martinez-Salgado
et al, 2007). In the present study, gentamicin-induced nephro-
toxicity was presented with a marked renal hypertrophy as indi-
cated by the greater KW and KW/BW ratio in gentamicin-treated
rats, which probably resulted from the edema due to drug-induced
tubular necrosis (Erdem et al., 2000). Tubular damage has been
shown to impair the normal function of the kidney, generally
characterized by increased serum BUN and creatinine as well as
decreased urine creatinine and creatinine clearance (C) which

reflects the poor glomerular filtration rate (GFR) (Dilpesh and
Rahul, 2015). Similar results noted in the present study indi-
cated that tubular dysfunction occurred in the gentamicin-induced
nephrotoxicity. These findings are firmly confirmed by renal tubu-
lar morphologic changes including tubular necrosis, degeneration,
desquamation, dilatation, vacuolization and inflammatory cell infil-
tration. Thus, structural changes in the renal glomerular and tubu-
lar support the changes of renal function including elevations of
serum BUN and creatinine as well as decreased urine creatinine
and creatinine clearance in this study.

Currently, the exact mechanism by which gentamicin-induced
nephrotoxicity is still unclear. However, several studies have re-
ported the involvement of oxidative stress in gentamicin-induced
renal dysfunction (Cuzzocrea et al., 2002). Gentamicin enhances
the production of hydrogen peroxide, superoxide anion and hy-
droxyl radicals in renal cortical mitochondria, leading to more
oxidative stress in renal cortical cells and eventual cell damage
(Cuzzocrea et al., 2002; Du and Yang, 1994). Moreover, these free
radicals contribute to the peroxidation of lipid, protein and DNA.
Also, accumulation of free radicals triggered defense mechanisms
against these toxic radical species by using antioxidant enzymes
such as superoxide dismutase (SOD), catalase, glutathione perox-
idase (GPx) and glutathione (GSH) (Erdem et al., 2000). In this
study, gentamicin-induced oxidative stress was indicated by the
increased MDA level, a marker of lipid peroxidation, and the de-
creased SOD and GSH levels. This decrease in renal antioxidant en-
zymatic protection could aggravate the oxidative damage induce by
gentamicin treatment.

It has been reported that Riceberry bran contains high lev-
els of antioxidants such as anthocyanins, flavonoids and pheno-
lic compounds (Prangthip et al., 2013;Leardkamolkarn et al., 2011).
RBBE used in this study contains two major anthocyanins, cyani-
din 3-glucoside (C-3-G) and peonidin-3-glucoside (P-3-G), thus
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Fig. 5. Effects of RBBE on PKCa expression in the renal cortex. Western blotting
analysis of PKCa protein (upper panel) and densitometric analysis (lower panel) in
the membrane fraction. Lanes 1, 2, 3 and 4 represent CON: control, GM: gentamicin,
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possessing potent antioxidant activity. In addition, the main
flavonoid and simple phenolic compounds in RBBE are apigenin
and 4-vinylguaiacol, respectively. Anthocyanins have been reported
to possess the free radical scavenging abilities in both in vivo and
in vitro studies (Wang and Stoner, 2008). At present, little is known
about the biological effects of RBBE. The present study showed that
RBBE treatment improved the body weight and alleviated the re-
nal hypertrophy in gentamicin-treated rats. Administration of RBBE
extract on gentamicin induced nephrotoxic rats significantly pre-
vented the renal injury both functional and histological. Moreover,
the decreased kidney MDA and the increased SOD and GSH lev-
els suggested the decreased oxidative stress condition in gentam-
icin plus RBBE treated rats. These findings indicated that RBBE
protected the gentamicin-induced renal damage via its antioxidant
property.

Protein kinase C (PKC) is a family of serine-threonine ki-
nases, acting as an excellent target for direct redox-sensitive
modifications (Gopalakrishna and Jaken, 2000). Previous stud-
ies showed that ROS overproduction under the diabetic condi-
tion and gentamicin-induced cytotoxicity were shown to activate
PKC signaling (Bertolaso et al., 2003; Arjinajarn et al., 2014). The
present result demonstrated that the elevated expression of PKCo
in gentamicin-treated rats was restored in gentamicin plus RBBE-
treated rats. These findings confirmed the antioxidant effect of
RBBE. It has been shown that the activation of PKC mediates the
stimulation of Nrf2 in response to oxidative stress (Huang et al.,
2000). Nrf2 is a redox-sensitive transcription factor that regulates
the expression of several antioxidant and cytoprotective genes. In-
active Nrf2 is retained in the cytoplasm by its association with
an actin-binding protein, Keapl. During oxidative stress, Nrf2 is

phosphorylated in response to the protein kinase C, phosphatidyli-
nositol 3-kinase, and MAP kinase pathways, and then translocated
to the nucleus, being bound to AREs, leading to transactivation of
phase II detoxifying enzymes and antioxidant enzymes, such as
HO-1, NQO1, CAT, SOD, and GSH-Px (Huang et al., 2000;Ishii et al.,
2000; Mann et al., 2007). Previous study demonstrated that Nrf2
induced transcriptional activation of HO-1 and NQO1 (Huang et al.,
2000). Overexpression of Nrf2 has been shown to protect the kid-
ney cells against triptolide-induced oxidative stress in vitro study
(Li et al., 2012). Moreover, Nrf2 also protected gentamicin-induced
ototoxicity by up-regulating antioxidant enzymes including NQO1,
HO-1, SOD, and GCL and detoxifying proteins (Hoshino et al., 2011).
Consistent with the present results, oxidative stress induced by
gentamicin caused the nuclear translocation of Nrf2 as shown by
the elevated expression of Nrf2 in the nucleus accompanied with
the decreased expression of Nrf2 in the cytoplasm. Also, significant
increase in Keapl expression was observed in gentamicin-treated
rats. This finding indicated that the increasing in oxidative stress
induced the dissociation of Nrf2 from Keapl and then transloca-
tion of Nrf2 into the nucleus to activate antioxidant gene expres-
sion which firmly supported by elevated expressions of HO-1 and
NQO1 in gentamicin-treated rats. However, the increased activation
of the Nrf2 pathway could not counteract the overproduction of
ROS stimulated by gentamicin exposure as shown in this study. In-
terestingly, the decreased expressions of nuclear Nrf2 and whole
cell lysate of Keap 1 and subsequent reduction in HO-1 and NQO1
expressions were found in the gentamicin plus RBBE-treated rats.
These findings suggested that the decreased ROS production by
RBBE treatment led to the inactivation of Nrf2 to associate with
Keap 1, followed by down-regulation of antioxidant enzymes and
detoxifying proteins such as HO-1 and NQOT1. Thus, it might be
proposed that RBBE exerted an antioxidant action, leading to the
modulation of Nrf2 signaling pathway.

Organic anion transporters (Oats) play an important role in the
excretion of variety of endogenous and toxic exogenous substances
including toxins, drugs and their metabolites (Sekine et al., 2000).
Oat is also the site for drug-drug interactions and drug-induced
nephrotoxicity (You, 2002). The present results demonstrated that
nephrotoxicity induced by gentamicin was associated with the im-
paired function and decreased membrane expression of renal Oat3.
Previous study reported down-regulation of renal Oat3 expression
stimulated by the activation of PKCx (Takeda et al., 2000). More-
over, the increased PKCo expression induced by the overproduc-
tion of ROS in diabetic condition subsequently caused the down-
regulation of renal Oat3 expression (Arjinajarn et al., 2014). Con-
sistent with the previous study, our results demonstrated the de-
creased membrane Oat3 expression and were correlated with the
activation of PKCa expression in gentamicin-treated rats. An inter-
esting finding found in this study is the restoration of the func-
tion and expression of renal Oat3 in gentamicin-treated plus RBBE
treatment. The decreased expression of PKCa and improved renal
Oat3 function in gentamicin plus RBBE treatment could be due
to the reduced oxidative stress by RBBE treatment. This was sup-
ported by the previous study demonstrating that the antioxidant,
JBP485, improved acute renal failure by increasing the expression
and function of Oat1 and Oat3 along with decreasing overoxidation
of the kidney in gentamicin-induced ARF rats (Guo et al.,, 2013).

Conclusion

The findings of the present study indicated that the im-
paired renal function and renal Oat3 function and expression
in gentamicin-induced nephrotoxicity are closely associated with
the increase in oxidative stress condition in the renal cortical
tissues. RBBE effectively protected against renal dysfunction and
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up-regulated function and expression of renal Oat3 in gentamicin-
induced renal toxicity. The renoprotective mechanism of RBBE is
due to an antioxidative action, subsequently leading to modulation
of the PKC/Nrf2 antioxidant defense pathway.
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Pinocembrin attenuates gentamicin-induced nephrotoxicity
in rats

Sasivimon Promsan, Krit Jaikumkao, Anchalee Pongchaidecha, Nipon Chattipakorn,
Varanuj Chatsudthipong, Phatchawan Arjinajarn, Wilart Pompimon, and Anusorn Lungkaphin

Abstract: Oxidative stress mediated apoptosis of renal tubular cells is a major pathology of gentamicin-induced nephrotoxicity,
which is one of the prevailing causes of acute renal failure. Pinocembrin is a major flavonoid found in rhizomes of fingerroot
(Boesenbergia pandurata). It has pharmacological and biological activities including antimicrobial, anti-inflammatory, and anti-
oxidant effects. Preclinical studies have suggested that pinocembrin protects rat brain and heart against oxidation and apoptosis
induced by ischemia-reperfusion. The aim of the current study was to investigate the mechanisms of renoprotection elicited by
pinocembrin in gentamicin-induced nephrotoxicity. Nephrotoxicity was induced in rats by intraperitoneal injection (i.p.) of
gentamicin, and pinocembrin was administered via i.p. 30 min before gentamicin treatment for 10 days. Gentamicin-induced
nephrotoxicity was indicated by the reduced renal function and renal Oat3 function and expression. Gentamicin treatment also
stimulated Nrf2, HO-1, and NQO1, as well as the pro-apoptotic proteins Bax and caspase-3, concomitant with the attenuation of
Bcl-XL expression in the renal cortical tissues. Pinocembrin pretreatment improved renal function and renal Oat3 function and
reduced oxidative stress and apoptotic conditions. These findings indicate that pinocembrin has a protective effect against
gentamicin-induced nephrotoxicity, which may be due in part to its antioxidant and anti-apoptotic effects, subsequently leading
to improved renal function.

Key words: pinocembrin, nephrotoxicity, renal function, organic anion transporter, gentamicin, oxidative stress, apoptosis.

Résumé : L’apoptose dépendant du stress oxydatif dans les cellules tubulaires rénales est un effet néphrotoxique majeur de la
gentamicine et une cause prépondérante d’insuffisance rénale aigué. La pinocembrine est un important composé flavonoide que
I’on trouve dans les rhizomes de gingembre chinois (Boesenbergia pandurata). Son activité pharmacologique et biologique entraine
des effets antimicrobiens, anti-inflammatoires et antioxydants. Les résultats des études précliniques laissent présumer que la
pinocembrine permet de protéger les cellules du cerveau et du cceur contre ’apoptose dans un modele d’ischémie-reperfusion
chez le rat. Les présents travaux visaient a étudier les mécanismes de néphroprotection mobilisés par la pinocembrine contre la
toxicité rénale associée a la gentamicine. Nous avons induit la néphrotoxicité chez le rat en injectant de la gentamicine par voie
intrapéritonéale (i.p.) 30 min apres ’administration i.p. de pinocembrine pendant 10 jours. La néphrotoxicité induite par la
gentamicine se manifestait par la diminution de la fonction rénale de méme que de la fonction et de I’expression de I’Oat3.
L’administration de gentamicine a aussi activé Nrf2, HO-1 et NQO1 ainsi que la protéine pro-apoptotique Bax et la caspase 3, tout
en atténuant I’expression de Bcl-XL dans le cortex rénal. Le prétraitement par la pinocembrine a permis d’améliorer la fonction
rénale et la fonction de I’Oat3 dans le rein et d’atténuer le stress oxydatif et de faire rétrocéder d’apoptose. Ces résultats montrent
les effets protecteurs que la pinocembrine exerce contre la néphrotoxicité causée par la gentamicine. Ceux-ci pourraient étre en
partie liés aux effets antioxydants et anti-apoptotiques du traitement qui permettent subséquemment d’améliorer la fonction
rénale. [Traduit par la Rédaction]

Mots-clés : pinocembrine, néphrotoxicité, fonction rénale, transporteur anionique organique, gentamicine, stress oxydatif, apoptose.

Introduction

Gentamicin, an aminoglycoside antibiotic, has been widely used
as a bactericidal agent against severe Gram-negative infections
(Edson and Terrell 1999; Noone et al. 1974). However, prolonged
treatment of gentamicin produces serious side effects such as
nephrotoxicity and ototoxicity (Lopez-Novoa et al. 2011; Rizzi and
Hirose 2007). Gentamicin-induced renal toxicity is related to its
preferential accumulation in the renal proximal convoluted tu-

bules (Abdel-Raheem et al. 2009), leading to damage of the tubular
epithelial cells, which further progresses to acute renal failure
(Nagai and Takano 2004). Although the mechanisms of gentamicin-
induced nephrotoxicity are not fully defined, the generation of
reactive oxygen species (ROS), mostly in the renal cortical mito-
chondria (Walker and Shah 1987; Yang et al. 1995), induced vaso-
constriction, mesangial cell contraction, cellular damage, and
necrosis via lipid peroxidation, and these changes could be pre-
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vented or ameliorated by antioxidants (Abdel-Raheem et al. 2009;
Ajami et al. 2010; Mazzon et al. 2001; Nasri et al. 2013).

Nuclear factor E2-related factor-2 (Nrf2), a redox-sensitive tran-
scription factor, is a sensor of oxidative and electrophilic stress
(Xing et al. 2012). In vitro and in vivo studies have shown that Nrf2
is essential for the antioxidant response element (ARE) mediated
induction of several genes, including phase II detoxifying enzymes
such as glutathione-S-transferase and quinone reductase (Kalayarasan
etal. 2009). Nrf2 also activates the antioxidant enzymes and many
other proteins that detoxify xenobiotics and neutralize ROS and
(or) reactive nitrogen species (RNS). In gentamicin-induced ototoxicity,
Nrf2 protected hair cell damage by activating Nrf2-mediated anti-
oxidant enzymes, including NAD(P)H dehydrogenase quinone 1
(NQO1), glutamate-cysteine ligase catalytic subunit (GCLC), super-
oxide dismutase (SOD), and heme oxygenase 1 (HO1) (Hoshino
et al. 2011).

Organic anion transporter (Oat) plays a major role in the elim-
ination of organic anion substances. It is a family of solute carrier
(SLC) transporters that is classified into many types, e.g., Oatl,
Oat2, Oat3, Oat4, Oat5, Oat8, Oat9, and Oat10 (Koepsell 2013; Sekine
et al. 2000). Oat3 shows the highest expression at the basolateral
membrane of the proximal tubule cell. An impaired renal excre-
tion of various compounds along with down-regulation of Oat3
has been reported in gentamicin-induced acute renal failure (Guo
et al. 2013). However, the mechanisms of these alterations have
not been clearly elucidated.

Pinocembrin (5,7-dihydroxyflavonone, C,sH,,0,), a flavonoid found
abundantly in honeybee propolis (Bankova et al. 1982) and the
rhizomes of Boesenbergia pandurata (Punvittayagul et al. 2011), has
several biological actions, including anti-microbial (Del Rayo Camacho
et al. 1991; Pepeljnjak et al. 1985), antioxidant (Santos et al. 1998),
anti-inflammatory (Sala et al. 2003; Soromou et al. 2012), and vaso-
relaxation (Shi et al. 2011) effects. Recently, preclinical studies have
suggested that pinocembrin attenuates cerebral ischemic injury
in middle cerebral artery occlusion in rats (Gao et al. 2008). Pi-
nocembrin also reduced compensatory increases in SOD activity,
decreased in both malondialdehyde (MDA) content and myeloper-
oxidase (MPO) activity in global cerebral ischemia-reperfusion
(I/R) rat models (Shi et al. 2011). It exhibited cardioprotective ef-
fects during I/R by its antioxidant and anti-apoptotic effects
(Lungkaphin et al. 2015). These data led us to investigate the reno-
protective effect of pinocembrin against gentamicin-induced
nephrotoxicity. We tested the hypothesis that the renoprotective
mechanisms of pinocembrin against gentamicin-induced nephro-
toxicity are due to its antioxidant and anti-apoptotic effects.

Materials and methods

Chemicals and reagents

Gentamicin was acquired from the Government Pharmaceutical
Organization (Bangkok, Thailand). The pinocembrin compound
(95% purity) was isolated from the rhizomes of Boesenbergia pandurate,
which was carried out at the Department of Chemistry and Center
of Excellence for Innovation in Chemistry, Faculty of Science,
Lampang Rajabhat University (Lampang, Thailand). Tween 80 was
supplied by Calbiochem, Merck Millipore (Billerica, Massachusetts,
USA). Mammalian tissue lysis/extraction reagent was provided by
Sigma-Aldrich Corp. (St. Louis, Missouri, USA). Complete protease
inhibitor cocktail was acquired from Roche Applied Science (Indi-
anapolis, Indiana, USA). TBARS assay kit was purchased from Cay-
man Chemical (Ann Arbor, Michigan, USA). SOD activity assay kit
was provided by BioAssay Systems (Hayward, California, USA).
BUN and creatinine assay kits were purchased from DiaSys Diag-
nostic Systems GmbH (Holzheim, Germany). The radiolabeled es-
trone sulfate ([*HJES) was purchased from PerkinElmer (Sugar
Land, Texas, USA). Primary Oat3 antibody was from Cosmo Bio Co.
Ltd. (Tokyo, Japan). The Na+-K+ATPase, caspase-3, and Bcl-XL anti-
bodies were acquired from Millipore (Billerica, Massachusetts,

809

USA). The primary anti-HO1 and primary anti-NQO1 antibodies
were from Abcam (Cambridge, Massachusetts, USA). The primary
PKCa, NADPH oxidase (NOX4), and primary anti-Nrf2 antibodies
were from Santa Cruz Biotechnology (Dallas, Texas, USA). The
primary anti-Bax and B-actin antibodies were from Cell Signaling
Technology (Beverly, Massachusetts, USA). The horseradish perox-
idase (HRP) conjugated goat anti-rabbit or anti-mouse secondary
antibody was purchased from Amersham (Illinois, USA). A poly-
vinylidene fluoride (PVDF) membrane was provided by Millipore
(Billerica, Massachusetts, USA). The ECL enhanced chemilumines-
cence agent and Hyperfilm were acquired from GE Healthcare
(Buckinghamshire, UK).

The method of pinocembrin preparation

The air-dried powder (1 kg) of Boesenbergia pandurata rhizomes
was percolated with n-hexane at room temperature for 9 days.
Subsequently, the residue was percolated with ethyl acetate for
15 days. Then, the filtrate was evaporated to dryness under low
pressure to obtain an ethyl acetate crude extract (79.99 g). To
obtain pinocembrin, the ethyl acetate extract was first subjected
to coarse separation by silica column chromatography. Gradient
elution was conducted initially with n-hexane, gradually enriched
with ethyl acetate, followed by increasing amounts of methanol
in ethyl acetate and finally with methanol. The obtained solid was
recrystalized from ethanol to obtain pinocembrin (69.32 mg). Fi-
nally, structural confirmation was performed using UV spectros-
copy, Fourier transform infrared (FTIR) spectroscopy, 'H and 3C
nuclear magnetic resonance (*H NMR and ¥C NMR, respectively)
spectroscopy, and mass spectrometry (MS). The purity of pinocem-
brin was more than 95% (Charoensin et al. 2010).

A previous study (Charoensin et al. 2010) investigated the toxic-
ity dose of pinocembrin in a rat model. Pinocembrin at the doses
0f 1-100 mg/kg and 500 mg/kg were administrated by gavage feed-
ing. There was neither toxicity nor death in the rats studied in that
model. Recently, there was a report in a double-blind, placebo-
controlled, randomized study carried out in 58 healthy subjects (Cao
et al. 2015). Single ascending doses of pinocembrin (20-150 mg), as
well as a study of multidoses of 60 mg pinocembrin, were inves-
tigated. The results showed that pinocembrin was well tolerated
and no serious adverse events occurred. No subjects were dis-
continued because of a treatment-emergent adverse event. These
findings indicated that there was no lethal or toxic dose of pi-
nocembrin.

Animals

Male Sprague-Dawley rats (240-250 g) from the National Labo-
ratory Animal Centre, Mahidol University, Salaya, Nakornpathom,
were housed in the animal room at controlled temperatures in a
12 h light - 12 h dark cycle and fed with a normal pellet diet and
water ad libitum. This study was carried out in strict accordance
with the recommendations in the Guide for the Care and Use of
Laboratory Animals (1996, published by National Academy Press,
2101 Constitution Ave. NW, Washington, DC 20055, USA). The
protocol was approved by the Committee on the Ethics of Animal
Experiments of the Faculty of Medicine, Chiang Mai University
(Permit No. 13/2557). All surgery was performed under sodium
pentobarbital anesthesia, and all efforts were made to minimize
suffering.

Experimental design

The rats were randomly divided into 5 groups (6 rats per group)
and were treated for 10 days as follows: (i) the control group, the
rats were injected intraperitoneally (i.p.) with Tween 80; (i) the
gentamicin group, the rats were treated (i.p.) with gentamicin at a
dose of 100 mg/kg daily, (iii) the pinocembrin + gentamicin group,
the rats were injected (i.p.) with pinocembrin (dissolved in Tween 80 at
a dose of 50 mg/kg daily, obtained from air-dried fingerroot weigh-
ing 140 g) 30 min prior to the injection of gentamicin; (iv) the
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Table 1. Effects of pretreatment with pinocembrin (50 or 75 mg/kg) on physiological and renal function parameters in rats

treated with gentamicin (100 mg/kg).

Treatment
Gentamicin + 50 mg/kg  Gentamicin + 75 mg/kg Pinocembrin
Parameter Control Gentamicin pinocembrin pinocembrin alone (50 mg/kg)
Body mass (g) 337+7.95 294+8.13* 308+2.50% 323+3.30% 32417.50
Kidney mass (g) 1.3310.02 2.00%0.16* 1.50+0.03# 1.4710.06* 1.3210.02
KM/BM ratio 0.004+0.0001 0.006+0.0003* 0.005%0.0001* 0.004+0.0002# 0.004+0.0001

Renal function

Serum BUN (mg%) 21.50+0.76 31.16+1.83* 26.3311.80% 23.33%0.88% 21.40+0.68
Serum Cr (mg%) 0.47+0.02 0.7310.04* 0.58+0.03* 0.55+0.07# 0.3710.04
C, (mL/min) 2.07+0.11 1.17£0.07* 1.35+0.08# 1.51+0.36% 2.40%0.16

Note: Values are mean * SE (n = 6 rats per group). KM/BM ratio, kidney mass/body mass ratio; BUN, blood urea nitrogen; Cr, creatinine; C,,
creatinine clearance. Asterisk (*) indicates significantly (P < 0.05) different compared with control; hashtag (*¥) indicates significantly (P < 0.05)

different compared with gentamicin-treated rats.

pinocembrin-50 group, the rats were injected i.p. with pinocem-
brin (50 mg/kg daily) for 10 days; and (v) the pinocembrin-75 group,
the rats were injected i.p. with pinocembrin (75 mg/kg daily) for
10 days. The dose of pinocembrin used in this study was chosen
from our preliminary experiment and from a previous study
(Soromou et al. 2012).

After the treatment on 10th day, the animals were placed into
individual metabolic cages for 24 h urine collection and then
sacrificed under anesthesia for blood collection from the right
atrium. The kidneys were immediately removed, decapsulated,
and weighed. One of the kidneys was divided into two longitudi-
nal sections. Renal cortical tissues were isolated and kept for
Western blot analysis and evaluation of MDA. The other kidney
was perfused with cold PBS and then cut into 2 longitudinal sec-
tions: one was fixed in 10% neutralized formalin for further mor-
phological analysis, and in the other, the renal cortical tissues were
isolated and kept for SOD determination. Then, the tissue samples
were placed in liquid nitrogen and stored at —80 °C until use.

Determination of renal function

The serum and urine creatinine and serum BUN levels were
measured by following enzymatic colorimetric methods using
commercial kits. The data were expressed as mg/dL. The estima-
tion of glomerular filtration rate (GFR) or creatinine clearance
(C.s mL/min) was carried out using the following equation:

urine creatine x urine flow rate

Co = -
serum creatine

cr

Determination of renal Oat3 function

The uptake of radiolabeled estrone sulfate ([*HJES), a specific
Oat3 substrate, into the renal cortical slice, which reflects the
renal Oat3 function, was examined. After the animals were sacri-
ficed, the kidneys were removed, decapsulated, and placed in
freshly oxygenated ice-cold modified Cross and Taggart saline buf-
fer (containing the following: 95 mmol/L NaCl, 80 mmol/L manni-
tol, 5 mmol/L KCl, 0.74 mmol/L CaCl,, and 9.5 mmol/L Na,HPO,,
PH 7.4). Thin renal cortical slices (0.5 mm; 5-15 mg/slice, wet
mass) were cut with a Stadie-Riggs microtome and were pre-
incubated in modified Cross and Taggart buffer for 10 min then
incubated in 1 mL of buffer containing 50 nmol/L [3HJES for 30 min
at room temperature. At the end of the uptake period, the slices
were washed in 0.1 mol/L MgCl,, blotted on filter paper, weighed,
and dissolved in 0.5 mL of 1 mol/L NaOH, and then the preparation
was neutralized with 0.5 mL of 1 mol/L HCl. The radioactivity
was measured using a liquid scintillation analyzer (PerkinElmer,
Massachusetts, USA). The [HJES uptake was calculated as a ratio
of tissue to medium (T:M) (dpm/g tissue/dpm/mL medium).

Tissue preparation for Western blot analysis

Renal cortical tissue, 0.1 g, was chopped and homogenized on
ice in mammalian cell lytic buffer with a protease inhibitor cock-
tail. Each cellular component, whole-cell lysate, membrane, and
cytosolic fractions, were prepared from renal cortical slices using
differential centrifugation as previously described (Lungkaphin
et al. 2014). Briefly, the homogenate was centrifuged at 5000g for
10 min at 4 °C, the supernatant was designated as whole-cell ly-
sate, and then the supernatant was further centrifuged at 100 000g
for 2 h at 4 °C to obtain membrane (pellet) and cytosolic (super-
natant) fractions. The 5000g pellet was re-suspended and centri-
fuged at 10 000g 4 °C for 10 min. The supernatant fraction from
the spin was designated as the nuclear fraction. All the fractions
collected were stored at —80 °C until use.

Determination of renal Oat3 expression

The total cell lysates and the membrane fractions from the
renal cortex were subjected to SDS-PAGE and subsequently trans-
ferred to a PVDF membrane, as described above. Primary Oat3
antibody at a concentration of 1:500 was added. To confirm the
enrichment of the membrane fraction, the Na+-K*-ATPase expres-
sion was determined as a membrane fraction marker. The density
of the protein signal on Hyperfilm was analyzed using the histo-
gram function of Adobe Photoshop CS5 (Adobe Systems Inc., San
Jose, California) scanning. The protein level was normalized by
B-actin as a loading control.

Determination of renal lipid peroxidation

To determine conditions of renal oxidative stress, measure-
ment of the MDA level, a marker of lipid peroxidation, in the renal
cortical tissues was carried out. Briefly, the renal cortical tissues
were cut and suspended in CelLyticMT mammalian tissue lysis/
extraction reagent containing a 1% complete protease inhibitor
cocktail made according to the manufacturer’s protocol. The tis-
sues were then homogenized and centrifuged at 1600g for 10 min
at 4 °C. The supernatants were collected for the determination of
MDA concentration using a commercial TBARS assay Kkit, as previ-
ously described (Ohkawa et al. 1979). Each sample was expressed as
total MDA level to total protein concentration (nmol/mg protein).

Determination of renal cortical SOD activity

The renal cortex tissue was homogenized at 5 mL/g in cold lysis
buffer (50 mmol/L potassium phosphate, 0.1 mmol/L EDTA, 0.5%
Triton X-100) and centrifuged at 12 000g for 5 min at 4 °C. The
supernatants were used for total SOD activity determination ac-
cording to the manufacturer’s protocol.

Determination of renal oxidative stress and apoptosis
The renal oxidative stress pathway and apoptosis protein mark-
ers were determined by Western blot analysis. The renal cortical
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Fig. 1. Effects of pinocembrin pretreatment on [*H]ES uptake in
renal cortical slices. Renal cortical slices were incubated in buffer
containing 50 nmol/L [*H]ES for 30 min at room temperature. The
uptake was calculated as tissue-to-medium (T/M) ratio and then
converted to a mean percentage of the control. Values are expressed
as the mean * SEM from 6 rats per group (5 slices per rat). *, P < 0.05
compared with the control group; #, P < 0.05 compared with the
gentamicin-treated group.
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fraction was used to determine the protein expressions of PKCa,
Nrf2, HO-1, NQO1, NOX4, Bax, Bcl-XL, and caspase-3. The whole-
cell fraction was used to determine the PKCa, HO-1, NQO1, NOX4,
caspase-3, and the Bcl-2 protein family (pro-apoptotic Bax and
anti-apoptotic Bcl-XL proteins) expressions by Western blot anal-
ysis as described above. Briefly, total-cell lysates and cytosolic,
membrane, and nuclear fractions from the renal cortex were sub-
jected to 10% SDS-PAGE and subsequently transferred to a PVDF
membrane. The primary PKCa antibody at a concentration of
1:2 000, HO-1 antibody at a concentration of 1:2 000, primary anti-
NQO1 antibody at a concentration of 1:500, primary anti-NOX4
antibody at a concentration 1:500, primary anti-Bax at a concen-
tration of 1:3 000, Bcl-XL at a concentration of 1:500, and caspase-3
at a concentration 1:250 were used to probe overnight at 4 °C.
Determination of the Nrf2 expression was performed using nu-
clear and cytosolic fractions. Primary anti-Nrf2 antibody at a con-
centration 0f 1:250 was added. The membranes were washed three
times with TBST (Tris-buffered saline and Tween 20) and incu-
bated with HRP-conjugated goat anti-rabbit or anti-mouse second-
ary antibody at room temperature for 1 h and developed with an
enhanced chemiluminescence (ECL) agent. Each membrane was
stripped and re-probed with mouse anti-3-actin antibody that
served as a loading control or other antibodies for further detection
of the interest protein expression. The densities of the protein
signals on the Hyperfilm were analyzed using the histogram func-
tion of Adobe Photoshop CS5 (Adobe Systems Inc., San Jose, Cali-
fornia) scanning.

Histopathological study

The paraffin-embedded specimen was cut into 2 pm thick sec-
tions, which were mounted on microscope slides and stained with
hematoxylin and eosin (H&E) for histological assessment. The sam-
ples were examined under a light microscope for evaluation of tubu-
lar and glomerular changes. Histopathological alteration or tubular
damage was assessed by the degree of tubular dilatation, necrosis,
apoptosis, and cast formation in the renal tubular cells.

Statistical analysis

The data are expressed as mean + standard error of mean (SEM) and
analyzed using the SPSS version 17 statistical program (SPSS Inc., Chi-
cago, [llinois, USA). One-way analysis of variance (ANOVA), followed by
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Fig. 2. Effects of pinocembrin pretreatment on Oat3 expression in
the renal cortical tissue. Western blot analysis of Oat3 expression in
(A) membrane and (B) whole-cell lysate fractions of renal cortical
tissues. The signal intensity of Oat3 expression in membrane and
whole-cell lysate fractions was normalized to B-actin. Bar graphs
indicate mean * SEM (n = 6 rats per group). *, P < 0.05 compared with
the control group; #, P < 0.05 compared with the gentamicin-treated
group.
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the Newman-Keuls test, was performed. A P value < 0.05 was consid-
ered statistically significant.

Results

Effect of pinocembrin pretreatment on physiological and
renal function parameters in the gentamicin-induced
nephrotoxicity

There was no difference in the mean initial body mass between
the experimental groups. After 10 day of treatment, the gentamicin-
treated rats had significantly lower body mass and markedly
higher kidney mass, as well as higher kidney mass to body mass
ratio, than the control rats (P < 0.05) (Table 1). Compared with the

< Published by NRC Research Press



Can. J. Physiol. Pharmacol. Downloaded from www.nrcresearchpress.com by Dr Anusorn Lungkaphin on 07/29/16
For personal use only.

812

Fig. 3. (A) Effects of pinocembrin pretreatment on the renal cortical
MDA concentration. Thiobarbituric acid reactive substances (TBARS)
were measured in renal cortical tissues. (B) Effects of pinocembrin
pretreatment on superoxide dismutase (SOD) enzyme activity in
renal cortical tissue. The SOD enzyme activity was expressed as a
mean percentage of control. Values are the mean * SEM (n = 6 rats
per group). *, P < 0.05 compared with the control; #, P < 0.05 compared
with the gentamicin-treated group.
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control group, the serum BUN and creatinine levels were signifi-
cantly higher (P < 0.05) and the C. was markedly lower in the
gentamicin group (P < 0.05), indicating impaired renal function.
Pinocembrin pretreatment (50 or 75 mg/kg) apparently increased
the body mass and decreased the kidney mass and kidney mass to
body mass ratio (P < 0.05). The serum BUN and creatinine levels
were also significantly decreased (P < 0.05), although the C_. had
a tendency to increase in the gentamicin + pinocembrin (50 or
75 mg/kg) group compared with the pinocembrin group. Because
the pinocembrin at the doses of 50 and 75 mg/kg showed similar
results, we chose to use pinocembrin at the low dose (50 mg/kg)
for the subsequent experiments.

Effect of pinocembrin pretreatment on renal Oat3 function
and expression in the gentamicin-induced nephrotoxicity

A significant decrease in the [3H]ES uptake into the renal corti-
cal slides was observed in the gentamicin-treated rats compared
with the control rats (P < 0.05) (Fig. 1). Interestingly, pinocembrin
pretreatment led to significantly improved renal Oat3 function as
shown by an increase in the [H|ES uptake compared with the
gentamicin group (P < 0.05). To determine whether the decreased
function of renal Oat3 in the gentamicin-treated rats was partly
due to the down-regulated expression of Oat3 at the basolateral
membrane, Oat3 expressions in the membrane and whole-cell
lysate fractions of the renal cortex were determined by Western
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Fig. 4. Effects of pinocembrin pretreatment on the expressions of
(A) PKCa and (B) NOX4 in renal cortical tissues. Immunoblot analysis
for PKCa and NOX4 expressions in the whole-cell lysate fractions of
renal cortical tissue and immunostaining signal intensity of PKCa
and NOX4 expressions were normalized to B-actin. Bar graphs
indicate mean * SEM (n = 6 rats in each group). *, P < 0.05 compared
with the control; #, P < 0.05 compared with the gentamicin-treated
group.
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blot analysis. The expression level of renal Oat3 from the whole-
cell lysate fraction was unchanged in all of the experimental
groups (Fig. 2B). However, the membrane expression of Oat3 in
the gentamicin-treated rats was significantly decreased compared
with the control group (P < 0.05) (Fig. 2A). Pinocembrin pretreat-
ment significantly attenuated a decreased membrane expression
of Oat3 compared with the gentamicin-treated rats (P < 0.05).
These results suggest that the decreased renal Oat3 function in
the gentamicin-treated rats may result from the down-regulation
of Oat3 at the membrane of renal tubular cells. The reduced renal
Oat3 function and expression can be improved by pinocembrin
pretreatment in this study.
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Fig. 5. Effects of pinocembrin pretreatment on the expression of Nrf2 in the renal cortical tissue. Immunoblot analysis for Nrf2 expression in
(A) cytosolic fractions and (B) nuclear fractions and for (C) HO-1 and (D) NQO1 expressions in the whole-cell lysate fractions of renal cortical
tissues. Immunostaining signal intensity protein expressions were normalized to B-actin. Bar graphs indicate mean + SEM (n = 6 rats in each
group). *, P < 0.05 compared with the control; #, P < 0.05 compared with the gentamicin-treated group.
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Effect of pinocembrin pretreatment on oxidative stress
conditions in the gentamicin-induced nephrotoxicity

The renal cortical MDA was increased in the gentamicin-treated
rats compared with the control rats (P < 0.05) (Fig. 3A). An appar-
ent decrease of MDA to normal level in the pinocembrin + genta-
micin group (P < 0.05) indicated that a marked generation of
oxidative stress by gentamicin is significantly prevented by pi-
nocembrin pretreatment. The result of SOD activity was consis-
tent with results from the previous studies, demonstrating that
gentamicin-treated rats had a significant decrease in SOD activity
compared with the control rats (P < 0.05) (Fig. 3B). Surprisingly,
pinocembrin pretreatment could not improve the activity of the
SOD enzyme compared with the gentamicin-treated group.

Effect of pinocembrin pretreatment on the oxidative stress
pathways in the gentamicin-induced nephrotoxicity

Based on previous findings that PKCa was activated by the over-
production of ROS, we determined whether an increased oxidative
stress in the renal cortical tissue by gentamicin could activate
PKCa. As shown in Fig. 4A, the gentamicin-treated rats signifi-
cantly enhanced PKCa expression compared with the control rats
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(P < 0.05), and this increased PKCa expression was significantly
reduced by pinocembrin pretreatment (P < 0.05). These findings
indicate that the overproduction of ROS in gentamicin-treated
rats activates PKCa signaling pathways, and pinocembrin can at-
tenuate the production of ROS and consequently inactivate PKCa.
We found that NOX4 expression was stimulated in gentamicin-
treated rats (P < 0.05). The treatment with pinocembrin could
inhibit NOX4 expression compared with the gentamicin-treated
rats (P < 0.05) (Fig. 4B).

Nrf2, the transcription factor that promotes the antioxidant
defense system or protects against oxidative stress, has been
shown to protect against gentamicin-induced hair cell damage.
Thus, we postulated that an increased oxidative stress in gentamicin-
treated rats may activate the Nrf2 and Nrf2-mediated antioxidant
enzymes. As shown in Figs. 5A and 5B, the Nrf2 expression in the
nuclear fraction of the renal cortical tissue was significantly in-
creased in the gentamicin-treated rats compared with the control
rats (P < 0.05). However, there was no change in the Nrf2 expres-
sion in the cytosol fraction between the experimental groups.
These results suggest that the activation of Nrf2 leads to an increased
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Fig. 6. Effects of pinocembrin pretreatment on the expression of apoptotic proteins in the whole-cell lysate fractions of renal cortical tissues.
(A, B, and D) Representative immunoblot analysis for Bax, Bcl-XL, and caspase-3 expressions in renal cortical tissues, respectively. (C) Inmunostaining
signal intensities of the Bax/Bcl-XL ratio. Inmunostaining signal intensities of Bax, Bcl-XL, and caspase-3 expressions were normalized to B-actin. Bar
graphs indicate mean * SEM (n = 6 rats in each group). *, P < 0.05 compared with the control; #, P < 0.05 compared with the gentamicin-treated

group.

translocation of Nrf2 from the cytoplasm to the nucleus in
gentamicin-treated rats. Interestingly, the nuclear expression of
Nrf2 was reduced (P < 0.05) in the pinocembrin + gentamicin
treated rats compared with the gentamicin-treated rats. Addition-
ally, the expressions of the antioxidant enzyme and the detoxifi-
cation gene, HO-1 and NQOZ1, respectively, were apparently increased
(P < 0.05) in the gentamicin-treated rats compared with the con-
trol rats (Figs. 5C and 5D). Importantly, the increased HO-1 and
NQO1 expressions were significantly reduced by pinocembrin pre-
treatment (P < 0.05). These results suggest that pinocembrin pre-
treatment can lessen the oxidative stress conditions induced by
gentamicin through the modulation of the antioxidant defense
parameters.

Effect of pinocembrin on renal apoptosis in the
gentamicin-induced nephrotoxicity

The gentamicin-treated rats demonstrated an increase in the
expression of the pro-apoptotic protein Bax along with a decreased
expression of the anti-apoptotic protein Bcl-XL compared with the
control rats (P < 0.05) (Figs. 6A, 6B, and 6C). Pinocembrin pretreat-
ment significantly reversed an altered expression of the apoptosis-
related protein in the gentamicin-treated rats (P < 0.05). We found
that caspase-3 expression was increased in the gentamicin-treated
rats (P < 0.05). Pinocembrin treatment could reverse this effect by
reducing the level of caspase-3 compared with the gentamicin-
treated rats (P < 0.05) (Fig. 6D).

Effect of pinocembrin on renal morphology in the
gentamicin-induced nephrotoxicity

The histological changes and the pathological manifestations of
the kidney are presented in Fig. 7. Normal kidney morphology was
observed in the control (Fig. 7A) and the pinocembrin-treated
(Fig. 7D) groups. Nephrotoxicity in the gentamicin-treated rats
was evidenced by tubular dilatation, tubular epithelial damage,
intracellular cast formation, nuclear irregularity, karyorrhexis,
and inflammation (Fig. 7B); however, these defects were amelio-
rated by pinocembrin pretreatment (Fig. 7C).

Discussion

The present study demonstrated that gentamicin treatment
caused nephrotoxicity, which was manifested by marked in-
creases in serum BUN and creatinine with a decrease in C_.. These
findings were correlated with the histopathological damages of
the kidney. The impaired renal function was accompanied with
the reduced renal Oat3 function, an indicator of proximal tubular
transport function. The down-regulation of renal Oat3 function
and expression in gentamicin-treated rats was associated with the
increases in oxidative stress and apoptosis. Pinocembrin pretreat-
ment showed marked decreases in ROS production and apoptosis
leading to an improvement of renal function.

In this study, an elevation of renal cortical MDA level along with
the decrease activity of SOD indicated the increased oxidative stress
condition induced by gentamicin in rat kidneys. Several investi-
gators have reported the relationship between free radical forma-
tion and gentamicin-induced acute renal injury (Karahan et al.
2005; Shin et al. 2014; Walker et al. 1999). The subsequent gener-
ation of reactive oxygen metabolites damages the protein mole-
cules and degrades the membrane-bound phospholipids through
the process of lipid peroxidation (Sahu et al. 2013), which were
correlated with the inactivation of antioxidant enzymes such as
GSH-Px, CAT, and SOD (Kang et al. 2013; Karahan et al. 2005). The
decreased renal cortical SOD activity in gentamicin-treated rats

implied the depletion of antioxidant enzymes during the combating
process to oxidative stress (Kang et al. 2013). We postulated that
gentamicin-induced renal injury was caused by free radical genera-
tion with an attenuation of the antioxidant enzymes. Importantly, a
marked reduction of renal cortical MDA level accompanied with
an improved renal function in pinocembrin + gentamicin treated
rats might indicate that the ROS was scavenged and lipid peroxi-
dation was reduced by pinocembrin. However, pinocembrin pre-
treatment could not restore the decreased activity of SOD enzyme
in gentamicin-treated rats. We hypothesized that pinocembrin
might induce other mechanisms to overdrive ROS overproduc-
tion.

The disruption of the Nrf2/Keap1 complex (Keapl is the regula-
tory protein of Nrf2) has been activated by oxidative stress and
electrophiles (Xing et al. 2012). PKCa was activated by the overpro-
duction of ROS (Phatchawan et al. 2014; Lee et al. 2003). In this
study, Nrf2 was activated in the gentamicin-induced nephrotocix-
ity by the increase of oxidative stress conditions indicated by the
increased renal PKCa and NOX4 expressions. The activation of
Nrf2 acts as a cellular adaptive response to stimulate the expres-
sion of antioxidant enzymes at specific antioxidant response ele-
ments (ARE) within the regulatory regions of responsive genes
(Itoh et al. 1997; Kobayashi and Yamamoto 2005; Li and Kong 2009)
against gentamicin-induced oxidative stress. In the present study,
an increased translocation of Nrf2 into the nucleus in the renal
cortical tissue of the gentamicin-treated rats could lead to the
activation of the expression of target genes, including NQO1 and
HO-1. A study in rat kidney cells revealed a protective role of Nrf2
overexpression against triptolide-induced cytotoxicity in normal
rat kidney cells (NRK-52E) through counteracting oxidative stress
(Li et al. 2012). Nrf2 also protected age-related hearing injuries and
gentamicin-induced ototoxicity by up-regulating antioxidant en-
zymes including NQO1, HO-1, SOD, and GCL and detoxifying pro-
teins (Hoshino et al. 2011). It is noteworthy that pinocembrin
pretreatment resulted in a decreased ROS production leading to
the inactivation of Nrf2 as indicated by a significant reduction in
the nuclear translocation of Nrf2. The attenuation of oxidative
stress by pinocembrin pretreatment occurred via a decreased
Nrf2-mediated transcriptional regulation, as well as NQO1 and HO-1
expressions. In rats, the cytoprotective properties of pinocembrin
have been shown in chronic cerebral hypoperfusion (Guang and Du
2006) and transient global brain ischemia and reperfusion (Shi et al.
2011), which are associated with reduced oxidative stress. Pi-
nocembrin might act as both direct and indirect antioxidants via
the induction of many cytoprotective proteins, including antiox-
idant enzymes, and through the inactivation of Nrf2 by superim-
posing the overproduction of ROS, thus causing the reversal of
oxidative stress conditions. Several studies have investigated the
protective effects of natural compounds on gentamicin-induced
nephrotoxicity. Rosmarinic acid was shown to alleviate gentamicin-
induced nephrotoxicity via antioxidant activity, increases of renal
GSH content, and renal antioxidant enzyme activity (Tavafi and
Ahmadvand 2011). Recently, curcumin was also found to attenuate
renal injuries in gentamicin-induced toxicity in rats (He et al.
2015; Manikandan et al. 2011; Negrette-Guzman et al. 2015).

Gentamicin-induced apoptosis as shown by the elevated cellu-
lar pro-apoptotic (Bax and caspase-3) and reduced anti-apoptotic
(Bcl-XL) protein expressions was consistent with the histopatho-
logical changes in gentamicin-treated rat kidneys in this study.
Previously, the increased expressions of apoptotic protein Bax,
cytochrome c, cleaved caspase-9, and cleaved caspase-3 with a
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Fig. 7. Hematoxylin and eosin (H&E) staining of the kidneys (magnification, x40). Images of glomeruli and renal tubules from (A) control,
(B) gentamicin-treated, (C) gentamicin + pinocembrin treated, and (D) pinocembrin-treated rats. In the gentamicin-treated kidney (B), mitosis

(arrowheads) and tubular detachment (arrow) are shown. [Colour online.]

decrease in the expression of anti-apoptotic protein Bcl-2 were
observed in renal tubular cells of gentamicin-induced acute kid-
ney injury in rats (Shin et al. 2014). Excessive ROS generated in
gentamicin-induced nephrotoxicity is known to cause mitochon-
drial dysfunction, which is an early event in the intrinsic pathway
of apoptosis, resulting in morphological and functional changes
(Jia et al. 2013; Morales et al. 2010). Pinocembrin provided reno-
protection by inhibiting Bax and caspase-3 overexpressions in-
duced by gentamicin with an enhancing Bcl-XL expression, leading
to the alleviation of renal tubular necrosis and damage. It was
reported that the anti-apoptotic Bcl-2 family protein could protect
the integrity of mitochondrial membrane by binding to the outer
membrane of the mitochondria and blocking the efflux of cyto-
chrome c (Kalkan et al. 2012; Kuwana and Newmeyer 2003). The
effect of antioxidant treatment on gentamicin-induced apoptosis
was reported in both in vivo and in vitro studies (Kang et al. 2013;
Ojano-Dirain and Antonelli 2012). Therefore, the beneficial effect
of pinocembrin on gentamicin-induced apoptosis in this study
could be mediated by the antioxidant effect as the altered expres-
sions of apoptosis-related proteins were preceded by ROS produc-
tion.

In the present study, gentamicin-treated rats showed decreased
renal Oat3 function and membrane expression along with in-
creased PKCa protein expression. The down-regulation of mem-
brane expression of Oat3 was related to the PKCa activation by an
increase in ROS production (Phatchawan et al. 2014). Gentamicin
treatment might induce the trafficking of Oat3 from the basolat-
eral membrane into the cytoplasm of the proximal tubular cells,
resulting in decreased membrane expression of Oat3 and subse-
quently decreased renal Oat3 function. These actions might be
associated with the activation of PKCa protein expression through
an increased ROS generation by gentamicin treatment. These
were supported by the correlation between the decreased mem-

brane expressions of renal Oatl and Oat3 and the increasing level
of lipid peroxidation in nephrotoxicity rats (Ulu et al. 2012). The
restored function and membrane expression of renal Oat3 in
gentamicin-treated rats after pinocembrin pretreatment was con-
sistent with the previous study, demonstrating that decreased
renal Oatl and Oat3 expressions and functions could be reversed
after pretreatment with the antioxidant substance JBP485 (cyclo-
trans-4-1-hydroxyprolyl-i-serine) (Guo et al. 2013). Moreover, treat-
ment with a potent scavenger of free radicals has been reported to
prevent the renal toxic effects of gentamicin via the inhibition of
a PKC pathway (Parlakpinar et al. 2006). Therefore, the reduction
of ROS generation in gentamicin-treated rats by pinocembrin pre-
treatment might inactivate PKCa, which in turn up-regulated the
membrane expression of Oat3, leading to improved Oat3 function
and finally reversal of renal dysfunction.

Conclusion

The present results clearly show that pinocembrin can protect
gentamicin-induced kidney injury via an amelioration of oxida-
tive stress and apoptosis of renal tissues. It attenuates the increase
in oxidative stress and modulates the antioxidant enzymes via the
Nrf2/HO-1, NQO1 pathways, thereby leading to reduced protein-
related apoptosis resulting in improved renal Oat3 and kidney
functions. Therefore, pinocembrin could be inferred as an alter-
native therapeutic option to prevent gentamicin-induced nephro-
toxicity.
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