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a b s t r a c t

Troxerutin, a natural bioflavonoid, has been reported to have many benefits and medicinal properties. In
this study, we evaluated the protective effect of troxerutin against D-gal-induced oxidative DNA damage
in mouse kidney, and explored the potential mechanism of its action. Our data showed that troxerutin
significantly decreased levels of urea, uric acid and creatinine in serum and the renal histological injury
in D-gal-treated mice. Troxerutin markedly restored Cu/Zn-SOD, CAT and GPx activities in the kidney of D-
gal-treated mouse. Furthermore, the increase of 8-hydroxydeoxyguanosine (a marker of oxidative DNA
damage) induced by D-gal was effectively suppressed by troxerutin. Internucleosomal DNA ladder frag-
mentation and the number of terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine tri-
phosphate (dUTP) nick-end-labeling (TUNEL)-positive cells in D-gal-treated mice were inhibited by
troxerutin, which might be attributed to its antioxidant property by decreasing activities of nicotinamide
adenine dinucleotide phosphate oxidase (NADPH oxidase) and levels of reactive oxygen species (ROS). In
conclusion, these results suggested that troxerutin could protect the mouse kidney against D-gal-induced
injury by improving renal function, attenuating histopathologic changes, reducing ROS production,
renewing the activities of antioxidant enzymes and decreasing DNA oxidative damage. This study pro-
vided novel insights into the protective mechanisms of troxerutin in D-gal-induced kidney injury.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

D-Galactose (D-gal) is a reducing sugar and can be metabolized
at normal concentration. However, at high levels, it can be con-
verted into aldose and hydroperoxide under the catalysis of gal-
actose oxidase, resulting in the generation of a superoxide anion
and oxygen-derived free radicals (Wu et al., 2008). D-Gal also re-
acts readily with the free amines of amino acids in proteins and
peptides both in vivo and in vitro to form advanced glycation
end products (AGEs). Evidence shows that AGEs could remarkably
cause the accumulation of reactive oxygen species (ROS), espe-
cially superoxide radicals and hydrogen peroxide release **(Fan
et al., 2009; Lu et al., 2007, 2010a,b; Wu et al., 2008; Shan
ll rights reserved.
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et al., 2009). Mice injected with D-gal have been used as an ani-
mal model of oxidative stress (Lu et al., 2007, 2010a,b; Fan
et al., 2009; Zhang et al., 2009; Shan et al., 2009). Recently, we
found that in this mouse model, oxidative damage was associated
with DNA damage.

Troxerutin, a trihydroxyethylated derivative of the natural bio-
flavonoid rutin, is present in tea, coffee, cereal grains and a variety
of fruits and vegetables (Fan et al., 2009). Many reports have dem-
onstrated that troxerutin possesses a variety of biological activities,
such as anti-oxidative, anti-inflammatory, anti-neoplastic, anti-
erythrocytic, anti-thrombotic, anti-fibrinolytic, and anti-c-radia-
tion induced DNA damage (Blasig et al., 1987, 1988; Boisseau
et al.,1995; Gandhi et al., 2004; Kessler et al., 2002; Wenisch and
Biffignandi, 2001; Sarkar et al., 2005; Maurya et al., 2005,
2004a,b; Lu et al., 2007, 2010a,b; Zhang et al., 2009). Moreover,
the troxerutin has already been used for years to treat some cardio-
vascular disease (CVD) (Boisseau et al., 1995; Gohel and Davies,
2009). Recently, reports from our laboratory also confirmed that
nephroprotective effect of it through anti-inflammation and anti-
oxidation (Fan et al., 2009).

However, to our knowledge, it has not yet been reported that
troxerutin could attenuate the renal DNA damage in D-gal-treated
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mice. In the present study, we aimed to evaluate whether troxeru-
tin has protective effect against D-gal-induced kidney DNA damage
and to explore the mechanism of its action.
2. Materials and methods

2.1. Animals and treatments

Ten-week-old male Kunming strain mice (29.63 ± 4.88 g) were purchased from
the branch of national breeder center of rodents (Shanghai). Prior to experiments
mice had free access to food and water and were kept under constant conditions
of temperature (23 ± 1 �C) and humidity (60%). Eight mice were housed per cage
on a 12-h light/dark schedule (lights on 08:30–20:30). After a week of adaptation,
mice were divided randomly into four groups. Group 1 and group 4 served as vehi-
cle control with injection of saline (0.9%), and the other two groups of mice (groups
2 and 3) received daily subcutaneous injection of D-gal (Sigma–Aldrich, MO, USA) at
dose of 500 mg/(kg day) for 8 weeks, respectively. At the same time, mice in groups
3 and groups 4 received daily troxerutin (troxerutin; Purity >99%; Baoji Fangsheng
Biotechnology Co. Ltd., Baoji, China) of 150 mg/(kg day) in distilled water by oral ga-
vage for 8 weeks, and the mice of groups 1 and 2 were given distilled water orally at
the same dose (Lu et al., 2010a). After the experiment termination, mice were sac-
rificed, the whole blood of mice was collected into heparinized test tubes and cen-
trifuged at 2000g for 15 min at 4 �C to separate serum, and the serum was stored at
�70 �C freezer for further analysis. The kidney tissues were immediately collected
for experiments or stored at �70 �C for later use. All experiments were performed
in compliance with the Chinese legislation on the use and care of laboratory ani-
mals and were approved by the respective university committees for animal
experiments.
2.2. Histological evaluations

The mice were perfused transcardially with 100 ml of normal saline (0.9%). The
kidney tissues were fixed in a fresh solution of 4% paraformaldehyde (pH 7.4) at 4 �C
for 24 h, incubated overnight at 4 �C in 100 mM sodium phosphate buffer (pH 7.4)
containing 30% sucrose; and embedded in optimal cutting temperature (OCT) com-
pound (Leica, CA, Germany). Cryosections were collected on 3-aminopropyl-tri-
methoxysilane-coated slides (Sigma–Aldrich). The stains applied to renal biopsy
specimens used for light microscopy included haematoxylin–eosin, periodic acid-
Schiff (PAS), Masson’s trichrome. For each kidney, 100 intersections were examined.
Tubulointerstitial damage was performed by the method of Francescato et al.
(2007). In brief, tubulointerstitial damage was defined as tubular necrosis, inflam-
matory cell infiltrate, tubular lumen dilation or tubular atrophy. Damage was
graded according to Shih et al. (1988) on a scale of 0–4 (0 = normal; 0.5 = small focal
areas; 1 = involvement of less than 10% of the cortices and outer medullae; 2 = 10–
25% involvement of the cortices and outer medullae; 3 = 25–75% involvement of the
cortices and outer medullae; 4 = extensive damage involving more than 75% of the
cortices and outer medullae). We also evaluated the number of tubules with cellular
necrosis from the renal cortices and outer medulla by grid fields (0.245 mm2).

Glomerular damage in the present study was scored by light microscopy
according to the scoring system of Wu et al. (2005). Briefly, Glomerular lesions (to-
tal score: 0–12) included glomerular hypercellularity, glomerular segmental lesions
(crescents, adhesions and segmental sclerosis) and global glomerular sclerosis. The
glomerular lesion score of each type was determined as follows: 0, no lesion; 1, le-
sion in <10% of glomeruli; 2, lesion in >10% but <25% of glomeruli; 3, lesion in >25%
and <50% of glomeruli; 4, lesion in >50% of glomeruli.
2.3. Estimation of urea, uric acid, creatinine

The levels of urea, uric acid and creatinine in serum were estimated spectropho-
tometrically using commercial diagnostic kits (Jiancheng Institute of Biotechnology,
Nanjing, China).
2.4. Assay of ROS level

ROS was measured as described previously, based on the oxidation of 2070-
dichlorodihydrofluorescein diacetate to 2070-dichloro-fluorescein (Shinomol and
Muralidhara, 2007; Lu et al., 2010a). Briefly, the homogenate was diluted 1:20 times
with ice-cold Locke’s buffer (154 mM NaCl, 5.6 mM KCl, 3.6 mM NaHCO3, 2.0 mM
CaCl2, 10 mM D-glucose, and 5 mM HEPES, pH 7.4) to obtain a concentration of
5 mg tissue/ml. The reaction mixture (1 ml) containing Locke’s buffer (pH 7.4),
0.2 ml homogenate and 10 ml of DCFH-DA (5 mM) was incubated for 15 min at
room temperature to allow the DCFH-DA to be incorporated into any membrane-
bound vesicles and the diacetate group cleaved by esterases. After 30 min of further
incubation, the conversion of DCFH-DA to the fluorescent product DCF was mea-
sured using a spectrofluorimeter with excitation at 484 nm and emission at
530 nm. Background fluorescence (conversion of DCFH-DA in the absence of
homogenate) was corrected by the inclusion of parallel blanks. ROS formation
was quantified from a DCF-standard curve and data are expressed as pmol DCF
formed/min/mg protein.

2.5. Assay of NADPH oxidase activity

NADPH oxidase activity was assayed spectrophotometrically at 600 nm. The
assay mixture contained, in a total volume of 1 ml, 0.05 M potassium phosphate
buffer (pH 7.7), 95 mol of dichlorophenol indophenol, 100 mol of NADPH (Sigma–
Aldrich, MO, USA), and an appropriate amount of the PMS. The reduction of
dichlorophenol indophenol was expressed in terms of nanomoles of dichlorophenol
indophenol reduced per minute per milligram of protein using an extinction
coefficient of 21 cm�1 millimolar�1 (Ramesh and Begum, 2008).

2.6. Assay of Cu, Zn-SOD activity

Chemicals used in the assay, including xanthine, xanthine oxidase, cytochrome
c, bovine serum albumin (BSA) and SOD, were purchased from Sigma Chemical
Company (St. Louis, MO, USA). Cu, Zn-SOD activity was measured using the method
of McCord and Fridovich (1969). Solution A was prepared by mixing 100 ml of
50 mM PBS (pH 7.4) containing 0.1 mM EDTA and 2 lmol of cytochrome c with
10 ml of 0.001 N NaOH solutions containing 5 lmol of xanthine. Solution B con-
tained 0.2 U xanthine oxidase/mland 0.1 mM EDTA. Fifty microliters of a tissue
supernatant was mixed with 2.9 ml of solution A and the reaction was started by
adding 50 ll of solution B. Change in absorbance at 550 nm was monitored in a
spectrophotometer (Shimadzu UV-2501PC, Japan). A blank was run by replacing
the supernatant with 50 ll of ultra pure water. Cu, Zn-SOD levels were expressed
as units per mg protein with reference to the activity of a standard curve of bovine
copper-, zinc-SOD under the same conditions.

2.7. Assay of CAT activity

CAT activity was assayed by the method of Aebi (1984). In brief, to a quartzcu-
vette, 0.65 ml of the phosphate buffer (50 mmol/l; pH 7.0) and 50 ll sample were
added, and the reaction was started by addition of 0.3 ml of 30 mM hydrogen per-
oxide (H2O2). The decomposition of H2O2 was monitored at 240 nm at 25 �C. CAT
activity was calculated as nM H2O2 consumed/min/mg of tissue protein.

2.8. Assay of GPx activity

The GPx activity assay was based on the method of Paglia and Valentine (1967).
tert-Butylhydroperoxide was used as substrate. The assay measures the enzymatic
reduction of H2O2 by GPx through consumption of reduced glutathione (GSH) that
is restored from oxidized glutathione GSSG in a coupled enzymatic reaction by GR.
GR reduces GSSG to GSH using NADPH (Sigma–Aldrich, MO, USA) as a reducing
agent. The decrease in absorbance at 340 nm due to NADPH consumption was mea-
sured in a Molecular Devices M2 plate reader (Molecular Devices, Menlo. Park, CA).
GPx activity was computed using the molar extinction coefficient of
6.22 mM�1 cm�1. One unit of GPx was defined as the amount of enzyme that cata-
lyzed the oxidation of 1.0 lmol of NADPH to NADP+ per minute at 25 �C.

2.9. Assay of nuclear 8-hydroxy-2-deoxyguanosine (8-OHdG) level

Nuclear 8-OHdG contents in kidney were assayed by the method of Umemura
et al. (2009). Briefly, to prevent 8-OHdG formation as a byproduct during DNA iso-
lation, nuclear DNA was extracted with a commercially available DNA extractor kit
(Wako Pure Chemical Industries, Ltd.) containing an antioxidant NaI solution to dis-
solve cellular components. For further prevention of autooxidation in the cell lysis
step, deferoxamine mesylate (Sigma Chemical Co.) was added to the lysis buffer
(Helbock et al.,1998). The DNA was digested to deoxynucleotides with nuclease
P1 and alkaline phosphatase, and levels of 8-OHdG (8-OHdG/10�5 deoxyguanosine)
was assessed by high-performance liquid chromatography (HPLC) with an electro-
chemical detection system (Agilent Technologies, NYSE:A, USA).

2.10. Deoxyribonucleotidyl transferase (TdT)-mediated dUTP-fluorescein isothiocyanate
(FITC) nick-end-labeling (TUNEL) assay

For the TUNEL staining, the standard protocol for frozen sections was followed
(BD ApoAlert™ DNA Fragmentation assay kit, BD Biosciences Clontech, Palo Alto,
CA, USA). The sections were immersed in a Coplin jar (VWR International, Aurora,
CO, USA) containing fresh 4% formaldehyde/PBS, and incubated at room tempera-
ture for 5 min. The sections were washed twice with PBS for 5 min. The liquid
was allowed to drain thoroughly, and the slides were placed on a flatsurface. Each
section was covered with 100 ml of 20 mg/ml Proteinase K solution (section III) and
incubated at 37 �C for 5 min. After two washes of 5 min each with PBS, the sections
were transferred into a Coplin jar containing 4% formaldehyde/PBS and then
washed in PBS again. The cells were covered in equilibration buffer (from the kit)
and equilibrated at room temperature for 5 min. The equilibration buffer was
drained, and TdT incubation buffer was added to the tissue sections. To perform



Fig. 1. Effect of troxerutin on D-gal-induced changes in renal functional markers:
(A) serum urea, (B) serum uric acid and (C) serum creatinine in mice. All values are
expressed as mean ± S.E.M. (n = 3). **p < 0.01, compared with the control group;
##p < 0.01, vs. D-gal-treated group.
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the tailing reaction, the slice was placed in a dark and humidified 37 �C incubator
for 1 h. The tailing reaction was terminated by immersing the samples in 2� sal-
ine-sodium citrate (SSC) at room temperature for 15 min. Samples were washed
three times with PBS for 5 min to remove unincorporated fluorescein-dUTP. Finally,
strong, nuclear green fluorescencein apoptotic cells were observed on a fluorescent
microscopy equipped with a standard fluorescein filter (520 ± 20 nm). All cells
stained with propidium iodide exhibit strong red cytoplasmic fluorescence when
viewed at 620 nm. Specimens were analyzed with a Zeiss Axioskop 40™ micro-
scope equipped for light microscopy (Carl Zeiss, Oberkochen, Germany). The images
were taken with a CCD camera (CoolSNAP™ Color, Photometrics, Roper Scientific
Inc., Trenton, NJ, USA) and processed with Image-Pro� Plus 6.0 software (Media
Cybernetics Inc., Newburyport, MA, USA). For analysis; plaque areas were excluded,
and the number of stained cells in 0.01 mm2 was estimated by blind manual count-
ing of seven regions located at a consistent position per section.

2.11. DNA fragmentation assay

Apoptotic DNA fragmentation was assayed using the commercial kits (BioVision
Inc. USA) according to the manufacturer’s instructions. The extracted DNA dissolved
in suspension buffer loading buffer were loaded on a 1.2% (w/v) agarose gel and
subjected to electrophoresis at 75 V for 1–2 h. DNA ladders were visualized by
UV illumination after staining with ethidium bromide (EB).

2.12. Statistic analysis

All statistical analyzes were performed using the SPSS software, version 11.5. A
one-way analysis of variance (ANOVA; p < 0.05) was used to determine significant
differences between groups and the individual comparisons were obtained by Tur-
key’s HSD post hoc test. Statistical significance was set at p 6 0.05.

3. Results

3.1. Effects of troxerutin on serum urea, uric acid and creatinine levels
in D-gal-treated mice

The levels of serum urea, uric acid and creatinine were consid-
ered to serum biochemical marker of renal damage. In order to
determine whether troxerutin can attenuate the kidney damage
in the D-gal-treated mouse, we measured the levels of serum urea,
uric acid and creatinine (Fig. 1). In D-gal-treated mice, the levels of
serum urea, uric acid and creatinine significantly increased by 52%,
101% and 105% as compared with vehicle controls, respectively
[Furea(3,8) = 16.872, p < 0.01; Furic acid(3,8) = 46.925, p < 0.01;
Fcreatinine(3,8) = 49.323, p < 0.01; D-gal group vs. control group].
However, the levels of serum urea, uric acid and creatinine in the
mice cotreated with D-gal and creatinine decreased by 25%, 47%
and 43% as compared with the D-gal-treated mice, respectively
[Furea(3,8) = 16.872, p < 0.01; Furic acid(3,8) = 46.925, p < 0.01;
Fcreatinine(3,8) = 49.323, p < 0.01 vs. D-gal group]. Interestingly, there
were no significant difference in levels of serum urea, uric acid and
creatinine among the control group, the troxerutin group and the
troxerutin + D-gal group (Fig. 1).

3.2. Effects of troxerutin on histology changes in D-gal-treated mice
kidney

Kidney histological study was used to determine the protective
effect of troxerutin on D-gal-induced injury. As shown in Fig. 2, the
results of histopathological evaluation showed that troxerutin
exhibited protective effect against D-gal-induced kidney injury.
D-Gal treatment caused several visible histology changes. In
D-gal-treated mice the renal sections showed extensive tubular
damage by presence of necrotic epithelial cells. Significant number
of nephrons with distended tubular lumen containing copious
amounts of proteinaceous glomerular filtrate and characterized
by pyknosis and karyolysis of tubular epithelial nuclei were ob-
served. In some areas exfoliation of epithelial cells was observed
in the tubular lumen (Fig. 2B). Moreover, the score for tubulointer-
stitial and glomerular lesions was significantly higher in the
D-gal-treated mice as compared with vehicle controls (p < 0.05)
(Fig. 2E). The number of tubules with cellular necrosis from the re-
nal cortices and outer medulla also increased in the D-gal-treated
mice as compared with vehicle controls (p < 0.01) (Fig. 2F).
Whereas, troxerutin significantly alleviated the kidney damage in
D-gal-treated mice. No visible histological changes in the kidney
could be observed among the control group, the troxerutin group
and the troxerutin + D-gal group (Fig. 2A, C and D).
3.3. Troxerutin decreases ROS in the kidney of D-gal-treated mice

Evidence reveals that D-gal can react with protein non-enzy-
matically forming Schiff bases and are converted into AGEs, which
induces ROS (Cai et al., 2006; Lu et al., 2007, 2010a,b; Shan et al.,
2009; Tian et al., 2005; Fan et al., 2009). As shown in Fig. 3A,
D-gal administration significantly increased ROS by 68% in the mice
kidney [F(3,8) = 39.086, p < 0.01] as compared to the control group.
The data indicated that oxidative stress in vivo was elevated in the



Fig. 2. Morphological and histological evaluation of kidney in mice. (A) Renal outer medulla of the vehicle control mouse; (B) renal outer medulla of D-gal-treated mouse; (C)
renal outer medulla of D-gal-treated mouse fed with troxerutin; (D) renal outer medulla of mouse fed with troxerutin; (E) the score for tubulointerstitial and glomerular
lesions; (F) the number of tubules with cellular necrosis from the renal cortices and outer medulla. The black arrow indicates necrosis or exfoliation of tubular cells. The white
arrow indicates pyknosis or karyolysis of tubular epithelial nuclei. ##p < 0.01, compared with the control group; *p < 0.05 and **p < 0.01, vs. D-gal-treated group. Original
magnification, 10 � 10.
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kidney of D-gal-treated mice. Interestingly, troxerutin could de-
crease ROS in the kidney by 30% [F(3,8) = 39.086, p < 0.01] as com-
pared to the D-gal-treated mice (Fig. 3A). There was no significant
difference in level of ROS among the control group, the troxerutin
group and the troxerutin + D-gal group.

3.4. Effects of troxerutin on activity of NADPH oxidase in D-gal-treated
mice kidney

NADPH oxidase is an important enzymatic source for the gener-
ation of reactive oxygen species (ROS) that damage cells in a vari-
ety of pathologic conditions (Wang et al. 2007). To determine
whether troxerutin would confer protection against D-gal-induced
kidney injury and whether ROS derived from NADPH oxidase
played a role as an initiator of these putative protective effects,
we examined the changes in the activity of NADPH oxidase. As
shown in Fig. 3B, the activity of NADPH oxidase in D-gal-treated
mice was significantly increased by 43% as compared with vehicle
controls [F(3,8) = 28.972, p < 0.01]. However, the activity of NADPH
oxidase in the mice cotreated with D-gal and troxerutin decreased
by 23% as compared with the D-gal-treated mice [F(3,8) = 28.972,
p < 0.01 vs. D-gal group]. No appearance difference could be ob-
served in activities of kidney NADPH oxidase among the control
group, the troxerutin group and the troxerutin + D-gal group
(Fig. 3B).

3.5. Effects of troxerutin on activities of the antioxidant enzyme D-gal-
treated mice kidney

In order to determine whether troxerutin can attenuate the
oxidative damage in the kidney of D-gal-treated mice, we mea-
sured the activities of major antioxidant enzymes, including



Fig. 3. Effect of troxerutin on the level of ROS and activity of NADPH oxidase in D-
gal-treated mouse kidney. (A) Level of ROS; (B) activity of NADPH oxidase. Each
value is expressed as mean ± S.E.M. (n = 3). **p < 0.01, compared with the control
group; ##p < 0.01, vs. D-gal-treated group.

Fig. 4. Effect of troxerutin on the activity of antioxidant enzymes in D-gal-treated
mouse kidney. (A) Cu/Zn-SOD activity; (B) CAT activity; (C) GPx activity. All values
are expressed as mean ± S.E.M. ##p < 0.01, compared with the control group;
**p < 0.01, vs. D-gal-treated group.

Fig. 5. Effect of troxerutin on the level 8-OHdG in D-gal-treated mouse kidney. Each
value is expressed as mean ± S.E.M. (n = 3). ##p < 0.01, compared with the control
group; **p < 0.01, vs. D-gal-treated group.
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Cu/Zn-SOD, CAT and GPx in mouse kidney. The results showed that
troxerutin could renew the activities of these antioxidant enzymes
in the kidney of D-gal-treated mice (Fig. 4).

In D-gal-treated mouse, renal Cu/Zn-SOD activity was signifi-
cantly decreased by 57% as compared with vehicle controls
[F(3,8) = 29.325, p < 0.01]. Interestingly, the renal Cu/Zn-SOD activ-
ity of the troxerutin + D-gal-treated mice was markedly increased
by 110% as compared with D-gal-treated mice [F(3,8) = 29.325,
p < 0.01] (Fig. 4A). Renal CAT activity was markedly decreased by
32% in D-gal-treated mice as compared with that in the vehicle
controls [F(3,8) = 26.736, p < 0.01]. In contrast, the treatment of
troxerutin caused a dramatic increase by 44% in renal CAT
activities of D-gal-treated mice [F(3,8) = 26.736, p < 0.01] (Fig. 4B).
Renal GPx activities were significantly decreased (78%) in the
D-gal-treated mice as compared with vehicle controls
[F(3,8) = 38.704, p < 0.01]. However, troxerutin markedly increased
the activities of GPx (320%) in D-gal-treated mice [F(3,8) = 38.704,
p < 0.01] (Fig. 4C).

Interestingly, there were no significant difference in renal activ-
ities of Cu/Zn-SOD, CAT and GPx among the control group, the trox-
erutin group and the troxerutin + D-gal group.

3.6. Effects of troxerutin on level of 8-OHdG in the kidney of D-gal-
treated mice

8-OHdG is one of such important oxidative DNA lesions formed
by the oxidation of the C-8 position of 20-deoxyguanosine, which
has commonly been used as a biomarker of oxidative DNA damage
(Toyokuni et al., 1995; Singh et al., 2007; Pilger and Rudiger, 2006;
Chen et al., 2010). In order to determine whether troxerutin can



Fig. 6. Agarose gel electrophoresis of DNA fragments in mouse kidney. Lane 1: DNA
marker; lane 2: The vehicle control mouse; lane 3: D-gal-treated mouse; lane 4: D-
gal-treated mouse fed with troxerutin; lane 5: Mouse fed with troxerutin.
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attenuate the kidney DNA damage in the D-gal-treated mouse,
we measured the level of 8-OHdG. As shown in Fig. 5, the level
of 8-OHdG in D-gal-treated mice was significantly increased by
86% as compared with vehicle controls [F(3,8) = 19.987, p < 0.01].
Interestingly, troxerutin could decrease the level of 8-OHdG in
the kidney by 40% [F(3,8) = 19.987, p < 0.01] as compared to the
D-gal-treated mice. There was no significant difference in level of
8-OHdG among the control group, the troxerutin group and the
troxerutin + D-gal group (Fig. 5).

3.7. Effect of troxerutin on the DNA ladder fragmentation in the kidney
of D-gal-treated mice

Orderly fragmentation of DNA in the form of a ladder due to
endonucleolytic attack is reportedly considered as an apoptosis
and DNA damage related event. DNA fragmentation is considered
as one of the later steps in apoptotic program (Hickey et al.,
2001). As shown in Fig. 6, clear DNA ladder formation was ob-
served in kidney tissue of the D-gal-treated mice. Administration
of troxerutin exerted a significant protective effect against D-gal-
induced DNA damage as evidenced by markedly weaker DNA lad-
der formation (Fig. 6). No appearance difference could be observed
in DNA ladder formation among the control group, the troxerutin
group and the troxerutin + D-gal group.

3.8. Effect of troxerutin on the D-gal-induced apoptosis in mouse
kidney

We used the TUNEL assay to investigate the effect of troxerutin
on the D-gal-induced apoptosis (Fig. 7). The number of TUNEL-po-
sitive cells in the kidney of D-gal-treated mice was significantly in-
creased [F(3,8) = 45.626, p < 0.01]. There were significantly fewer
TUNEL-positive cells in the kidney of mice cotreated with D-gal
and troxerutin as compared with the mice treated with D-gal
[F(3,8) = 45.626, p < 0.01]. However, there was no significant differ-
ence in the number of TUNEL-positive cells in the kidney among
the control group, the troxerutin group and the troxerutin + D-gal
group (Fig. 7).

4. Discussion

The kidney is a highly specialized organ that maintains the
internal environment of the body by selectively excreting or
retaining various substances according to specific body needs.
Alcohol, methamphetamine, glycerol, lipopolysaccharide, and
many other drugs can induce renal injury (Rodrigo et al., 2002;
Tokunaga et al., 2006; de Jesus Soares et al., 2007; Ueki et al.,
2007; Fan et al., 2009). D-Gal is a reducing sugar and can be metab-
olized at normal concentration. Whereas, at high levels, D-gal can
be converted into aldose and hydroperoxide under the catalysis
of galactose oxidase, leading to the formation of a superoxide anion
and oxygen-derived free radicals (Wu et al., 2008). D-Gal also re-
acted readily with the free amines of amino acids in proteins and
peptides in vivo to form advanced glycation endproducts (AGEs).
Evidence showed that AGEs could remarkably cause the accumula-
tion of ROS (Zhang et al., 2005; Lu et al., 2007; Tian et al., 2005; Wu
et al., 2008; Lu et al., 2010a,b; Fan et al., 2009). ROS are associated
with the inflammatory response and frequently they contribute to
the tissue damaging effects of inflammatory reactions (Cuzzocrea
et al., 2000; Fan et al., 2009; Lu et al., 2010b). Our previously stud-
ies have demonstrated that D-gal can induce renal injury, including
oxidative stress and inflammation in mice, which can lead to renal
dysfunction (Fan et al., 2009). In the present study, we demon-
strated long-term injection of D-gal in mouse kidney induces
over-production of ROS and leads to renal oxidative damage.
Whereas, troxerutin by oral gavage administration markedly de-
creased the level of ROS in D-gal-treated mice, which might be as-
cribed to its ability to scavenge and prevent free radical generation
(Lu et al., 2007, 2010a,b; Fan et al., 2009). ROS could also cause the
damages of DNA, proteins and lipids within cells, which led to tis-
sue injury (Zhang et al., 2009; Fan et al., 2009; Liu et al., 2010). In
nephrotoxic compounds-treated animal, the histological changes
of kidney, such as structure damage, renal tubular epithelial cell
necrosis, leukocyte infiltration, tubular epithelial cell pyknosis
and glomerular lesions were observed (Fan et al., 2009; de Jesus
Soares et al., 2007; Ueki et al., 2007). In this study, the results
showed that troxerutin markedly decreased the levels of serum
urea, uric acid and creatinine in D-gal-treated mice (Fig. 1) and im-
proved the D-gal-induced histopathologic changes in mouse kidney
(Fig. 2). These results suggest that troxerutin could protect mouse
kidney against D-gal-induced renal dysfunction and histopatho-
logic damage.

Recent studies confirmed an important role for NADPH oxidases
as major sources of ROS involved in renal dysfunction. In particu-
lar, NADPH oxidases are specifically activated by many of the stim-
uli that are known to cause renal endothelial dysfunction (Etoh
et al. 2003; Tian et al., 2008; Dworakowski et al., 2008; An et al.,
2009; Xie et al., 2009; Kim et al., 2009; Jiang, 2009). In this study,
we confirmed that D-gal administration significantly increased
activity of NADPH oxidases in the kidney, which contributed to
the increase of ROS. However, troxerutin could markedly inhibit
the activities of NADPH oxidases in the kidney of D-gal-treated
mice, which could be associated with decreased ROS levels in the
kidney of D-gal-treated mice (Fig. 3). Therefore, potential mecha-
nisms underlying the nephroprotective effect of troxerutin on the
D-gal-treated mice might be ascribed at least in part to its ability
to inhibit activity of troxerutin and prevent free radical generation.

Antioxidant enzymes can protect cellular compounds against
damage induced by free radicals. Superoxide dismutases (SOD),
catalase (CAT) and glutathione peroxidases (GPx) are important
antioxidant enzymes (Boots et al., 2008). The SOD decomposes
superoxide radicals (O�2 ) and produce H2O2. H2O2 is subsequently
removed to water by CAT in the peroxisomes, or by GPx oxidizing
GSH in the cytosol (Dröge, 2002; Lee and Choi, 2003). So the activ-
ities of these enzymes have been used to assess oxidative stress in
cells (Fen et al., 2008). Many studies have shown that the excessive
ROS induced by D-gal would break the balance between ROS pro-
duction and antioxidant defenses. The antioxidant enzymes may
be exhausted and its concentration depletions (Fan et al., 2009;
Lu et al., 2007, 2010a,b; Wu et al., 2008; Shan et al., 2009). In the



Fig. 7. A. In situ detection of fragmented DNA [deoxyribonucleotidyl transferase-mediated dUTP-FITC nick-end-labeling (TUNEL) assay] in the kidney of mice. The kidney
tissues were processed for TUNEL and photographed using a fluorescence microscope with either propidium iodide (PI) filter alone (left) or an FITC filter alone (middle). The
merged images show that apoptotic cells appear yellow and non-apoptotic cells appear red (right). Scale bars = 100 mm. B. The histogram showed the relative proportion of
TUNEL-positive cells in the kidney of mice. All values are expressed as mean ± S.E.M. ##p < 0.01, compared with the control group; **p < 0.01, vs. D-gal-treated group. (For
interpretation of the references in colour in this figure legend, the reader is referred to the web version of this article.)

C.-M. Liu et al. / Food and Chemical Toxicology 48 (2010) 2809–2817 2815
present study, the activities of antioxidant enzymes in mouse kid-
ney, including SOD, CAT and GPx, were dramatically decreased by
the treatment of D-gal. It indicated that D-gal induced the oxidative
stress by the inhibiting the activities of antioxidant enzymes
(Fig. 4). Interestingly, troxerutin could markedly increase the activ-
ities of those antioxidant enzymes in the kidney of D-gal-treated
mice (Fig. 4). It suggested that troxerutin could at least partly
attenuate oxidative stress by renewing the activities of those anti-
oxidant enzymes in D-gal-treated mouse kidney.

ROS has also been reported to injure DNA via causing single-
strand breaks, DNA–protein cross-links and modification of base
residues such as the introduction of a hydroxyl group (–OH) into
the C-8 position of guanosine and guanine residues forming 8-OHdG
and 8-hydroxyguanine being the widely used as a sensitive
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biomarker of DNA oxidation (Valko et al., 2006; Cooke et al., 2006;
Yoshioka et al., 2008; Chen et al., 2007; Gałaźyn-Sidorczuk et al.,
2009). It was reported cadmium, potassium bromate ethanol, ciga-
rette smoke, ferric nitrilotriacetate, arsenic trioxide, methylmer-
cury, streptozotocin, dimethylarsinic acid, cyclosporine, carbon
tetrachloride and other nephrotoxic compounds can induce increase
of 8-OHdG levels in the kidney (Gałaźyn-Sidorczuk et al., 2009;
Umemura et al., 2009; Chen et al., 2010; Iqbal et al., 2009; Li et al.,
2010; Jin et al., 2008; Imaeda et al., 2002; Etoh et al., 2003; Shi
et al., 2006; Vijayaraghavan et al., 2001; Ghee et al., 2008; Jeong
et al., 2009). In this study, 8-OHdG level in the kidney was deter-
mined (Fig. 5). The level of 8-OHdG was increased markedly in the
kidney of D-gal-treated mice, which correlated with the level of
ROS, suggesting that DNA is a common target of ROS induced by
D-gal in kidney. Whereas, treatment with troxerutin produced a sig-
nificant decrease in the level of kidney 8-OHdG as compared with
D-gal-treated mice. Our findings indicate that troxerutin may play
an effective role in protecting kidney function from D-gal-induced
oxidative DNA damage by decreasing the 8-OHdG level in kidney
of D-gal-treated mice.

Apoptosis is the process of programmed cell death that may oc-
cur in multicellular organisms. Cell apoptosis or necrosis can inev-
itably affect glomerular filtration rate and endothelial function,
resulting in renal failure (Bonegio and Lieberthal, 2002; de Vries
et al., 2003; Favreau et al., 2010). Studies with D-gal-lesioned mice
and D-gal-lesioned rats have shown that D-gal-induced oxidative
stress is a potent inducer of apoptosis. Recent reports from our lab-
oratory and others have also demonstrated that continuous subcu-
taneous injection of D-gal in mice induced an increase in cell
karyopyknosis, apoptosis and levels of cleaved caspase-3 protein
in hippocampal neurons (Cui et al., 2006; Lu et al., 2007, 2010c).
In our present study, the renal apoptosis level was significantly
higher in D-gal-treated group than in vehicle controls, which may
lead to impaired renal function (Fig. 7). Several reports suggest that
DNA becomes an easy target for both apoptosis and necrosis, and
the stability of the cellular genomic apparatus is constantly chal-
lenged by a wide-spectrum of exogenous (high energy radiations,
environmental toxicants) and endogenous (oxidative damage, fac-
tor imbalance) threats, which generate DNA lesions (Hickey et al.,
2001; Maurya et al., 2005, 2004a,b). Internucleosomal DNA frag-
mentation is a significant feature of DNA damage and apoptotic
cell death. As shown in Fig. 6, there was elevated DNA fragmenta-
tion in the kidney of D-gal-treated mice, associated with increased
ROS. Whereas, administration of troxerutin effectively inhibited
DNA ladder formation in the kidney of gal-treated mice (Fig. 6).
Moreover, high ROS concentrations contribute to the apoptotic cell
death whenever they are generated in the context of the apoptotic
process (Slater et al., 1995; Lu et al., 2010a). Based on labeling of
DNA strand breaks in the kidney of mice, the TUNEL method was
used to analyze apoptotic cells in situ (Fig. 7). Our previous reports
showed that D-gal administration can induce apoptosis of brain tis-
sue (Lu et al. 2010b). The present study showed that D-gal in-
creased the number of TUNEL-positive cells in the kidney of mice
(Fig. 7). However, we found that troxerutin markedly decreased
the number of TUNEL-positive cells in mice treated with D-gal.
Thus, it suggests that troxerutin has a potential nephroprotective
effect against D-gal-induced DNA damage and apoptosis by its anti-
oxidant activity.

Until now, this is the first time where the nephroprotective ef-
fects of troxerutin on D-gal-induced oxidative DNA damage have
been examined. Here we demonstrated that troxerutin administra-
tion attenuated D-gal-induced renal dysfunction and histopatho-
logic changes. Troxerutin decreased the activity of NADPH
oxidases, renewed the activities of the antioxidant enzymes,
down-regulated the levels of ROS and 8-OHdG, and reduced the
number TUNEL-positive cells and DNA ladder formation. Troxeru-
tin consequently improved D-gal-induced oxidative DNA damage
in the kidney of mice.
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