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Aim: To identify the key proteins involved in the nephrotoxicity induced by andrographolide sodium bisulfite (ASB).

Methods: Male ICR mice were intravenously administrated with ASB (1000 or 150 mgkg d™) for 7 d. The level of malondialdehyde
(MDA) and the specific activity of superoxide dismutase (SOD) in kidneys were measured. The renal homogenates were separated by
two-dimensional electrophoresis, and the differential protein spots were identified using a matrix-assisted laser desorption/ionization

(MALDI) time-of-flight (TOF)/TOF mass spectrometry.

Results: The high dose (1000 mg/kg) of ASB significantly increased the MDA content, but decreased the SOD activity as compared

to the control mice. The proteomic analysis revealed that 6 proteins were differentially expressed in the high-dose group. Two stress-
responsive proteins, ie heat shock cognate 71 kDa protein (HSC70) and peroxiredoxin-6 (PRDX6), were regulated at the expression
level. The remaining 4 proteins involving in cellular energy metabolism, including isoforms of methylmalonyl-coenzyme A mutase (MUT),
nucleoside diphosphate-linked moiety X motif 19 (Nudix motif19), mitochondrial NADH dehydrogenase 1 alpha subcomplex subunit 10
(NDUFA10) and nucleoside diphosphate kinase B (NDK B), were modified at the post-translational levels.

Conclusion: Our findings suggest that the mitochondrion is the primary target of ASB and that ASB-induced nephrotoxicity results from

oxidative stress mediated by superoxide produced by complex I.
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Introduction

Andrographis paniculata (Burm f) Nees (Acanthaceae) (A
paniculata, Chuanxinlian) is a widely used Chinese medicinal
herb that is believed to be effective for relieving fever, inflam-
mation and pain according to traditional Chinese medicine.
Compared with other Chinese medicinal herbs, A paniculata
has been well studied. The major bioactive compounds are
02 A paniculata
has a variety of health benefits, including anti-inflammation,

diterpenoids, flavonoids and polyphenols

anti-cancer and immunity enhancement. Andrographolide
(CxH300s), the major diterpenoid of A paniculata, has multiple
pharmacological properties and is a potential chemotherapeu-
tic agent®.
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Andrographolide sodium bisulfite (ASB, C,,H,,0O,;SNa,
436.23) is a water-soluble sulfonate of andrographolide that
is synthesized by an addition reaction with sodium bisulfite.
Lianbizhi (LBZ) injection, which contains ASB as its sole com-
ponent, has been used clinically in mainland China to treat
infectious diseases such as bacillary dysentery, mumps, laryn-

. How-

gitis, tonsillitis and upper respiratory tract infections
ever, reports of adverse drug reactions (ADRs) have increased
in the past decade, leading to the issue of a drug use warning
from the State Food and Drug Administration of Chinal. The
clinical ADRs to LBZ injection are diverse, the most serious of
which is acute renal failurel* *®. There are various explana-
tions for the cause of ADRs to LBZ, such as allergic reactions®,
cross-reactions with aminoglycosides in combination therapy™
and nephrotoxicity”, but extensive studies of the toxicology of
LBZ injection are still scarce.

Injection agents for Chinese medicinal herbs generally
include bioactive ingredients and additives. Bioactive ingre-



dients are usually synthesized, semi-synthesized or extracted
from herbs; additives are added to increase the hydrophilic-
ity of the active ingredient. The toxicities of the injection
agents could therefore be due to the toxicities of the bioactive
ingredients, additives, and/or impurities resulting from the
manufacturing process. The potential nephrotoxicity of LBZ
injections has been suggested by several recent toxicologi-
cal studies. Renal damage triggered by a single intravenous
injection of two kinds of LBZ with different purities has been
reported”. We previously used purified ASB (>99% pure),
the raw material for LBZ injection, to investigate its toxicity
in kidneys"”. Administration of ASB at a high dose (1000
mg/kg) for 7 d resulted in renal dysfunction and an increase
in both the serum creatinine and blood urea nitrogen levels.
In addition, microscopic examination revealed the presence of
tubular interstitial injury and cloudy swelling in the proximal
tubule in the high-dose group. However, the mechanism of
renal toxicity of ASB remains unclear.

A global proteomics approach typically links separation and
identification technologies to create a protein profile or differ-
ential protein display. Proteomic techniques have been used
in kidney toxicity studies of chemicals such as the antibiotic
gentamicin and the chemotherapeutic agent cisplatin and have
provided insight into the mechanisms governing key pro-
teins in critical biological pathways that create adverse drug
effects"".

In the present study, a differential proteomic analysis of
the mouse kidney was performed to identify the key proteins
involved in kidney dysfunction induced by ASB administra-
tion and to investigate the mechanism of ADRs to LBZ. A
two-dimensional (2-D) electrophoresis proteomic approach
revealed that six proteins were significantly differentially
expressed in the murine kidney upon exposure to ASB.

Materials and methods
Animals and treatment

Male ICR mice weighing 18-22 g were purchased from the
Zhejiang Experimental Animal Center. All animals were
housed with a 12-h light/12-h dark cycle at 22 °C and 55%+5%
relative humidity. Food (Zhejiang Experimental Animal
Center, China) and tap water were provided ad libitum. All
experiments were carried out according to the guidelines of
China for the care and use of laboratory animals. Each of the
mice was randomly assigned to one of three experimental
groups (each n=10): high-dose ASB (1000 mg/kg), low-dose
ASB (150 mg/kg) and a control group. The ASB groups were
induced with daily intravenous (iv) injections of 20 mL/kg
body weight of ASB (99%, Zhejiang Jiuxu Pharmaceutical Co,
Ltd, China) in a 0.9% sodium chloride injection solution (Hua-
dong Pharmaceutical Co, Ltd, Hangzhou, China) for 7 d. The
control group received an equal volume of 0.9% sodium chlo-
ride injection solution. Mice were sacrificed 1 h after the last
injection, and the kidneys were surgically removed for further
analysis.
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Measurement of malondialdehyde content and superoxide
dismutase activity

One removed kidney from each animal was homogenized
with saline 1:10 (w/v) and centrifuged at 3000xg for 10 min.
The supernatant was used to measure the content of malondi-
aldehyde (MDA), one of the end products of lipid peroxida-
tion and an indicator of reactive oxygen species (ROS) produc-
tion, and the specific activity of superoxide dismutase (SOD),
using commercially available kits (Nanjing Jiancheng Bioen-
gineering Institute, Nanjing, China) in accordance with the
manufacturer’s protocols. The data were statistically analyzed
using Student’s f-test to compare the means of two different
groups.

Protein extraction for proteomic analysis

Renal proteins were extracted as previously described.
After removing the renal capsule, the kidney was excised
into several thin slices and washed in ice-cold PBS to remove
the contaminating blood. The tissue was frozen in liquid N,,
ground to powder, and resuspended in lysis buffer containing
7 mol/L urea, 2 mol/L thiourea, 4% (w/v) CHAPS, 2% (v/v)
ampholyte (pH 3-10), 120 mmol/L DTT, 40 mmol/L Tris-base
and protease inhibitor cocktail (50 pL for 1 mL lysis buffer,
Sigma), followed by a 30-min incubation at RT. After centrifu-
gation (10 000xg for 5 min at 4 °C), the supernatant was stored
at -80 °C as a 500-pL aliquot, and the protein concentration
was determined using the Bradford method with a Bio-Rad
Protein Assay Kit (Bio-Rad Laboratories, Hercules, CA, USA).

2-D electrophoresis and staining

Immobiline™ DryStrips, pH 3-10 NL (non-linear), 13 cm long
(Amersham Biosciences, Uppsala, Sweden) were rehydrated
overnight with rehydration buffer (250 pL per strip) contain-
ing 7 mol/L urea, 2 mol/L thiourea, 2% (w/v) CHAPS, 0.5%
(v/v) ampholytes (pH 3-10), 40 mmol/L DTT, 40 mmol/L
Tris-base, and 0.002% (w/v) bromophenol blue. The first-di-
mension separation, isoelectric focusing (IEF), was performed
in an Ettan IPGphor III IEF System (Amersham Biosciences,
Uppsala, Sweden) at 20 °C using the stepwise mode to reach
23 100 V-h with cup loading. For each sample, 400 ng total
protein was premixed with the rehydration buffer, followed
by a short spin-down before loading a sample cup with 100
pL. After IEF, the proteins on the strip were equilibrated for
15 min in buffer containing 6 mol/L urea, 130 mmol/L DTT,
30% (v/v) glycerol, 75 mmol/L Tris-base, 2% (w/v) SDS, and
0.002% (w/v) bromophenol blue, and then in buffer containing
6 mol/L urea, 135 mmol/L iodoacetamide, 30% (v/v) glycerol,
75 mmol/L Tris-base, 2% (w/v) SDS, and 0.002% (w/v) bro-
mophenol blue for 15 min. The IPG strip was then transferred
onto a 12.5% acrylamide slab gel for the second-dimension
separation, which was performed in an Ettan DALTsix Elec-
trophoresis Unit (Amersham Biosciences, Uppsala, Sweden)
with a current of 12 mA/gel for 4 h at 25 °C. The separated
protein spots were visualized with CBB G-250 stain using the
Colloidal Coomassie staining protocol in the GE Healthcare
handbook (80-6429-60).
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Spot analysis, matching and statistical analysis

Image Master 2D Platinum 7.0 (Amersham Biosciences) soft-
ware was used to match and analyze protein spots on 2-D
gels and for the statistical analysis. The parameters used for
spot detection were (i) mini-mal area=5 pixels; (ii) smooth fac-
tor=3.0; and (iii) saliency=2000.

Protein identification

The protein spots of interest were analyzed by matrix-assisted
laser desorption/ionization (MALDI) time-of-flight (TOF)/
TOF mass spectrometry (MS) by a commercial company (Bei-
jing Proteome Research Center, Beijing, China). The proteins
were subsequently identified with the MASCOT search algo-
rithm (http:/ /www.matrixscience.com) using a combination
of peptide mass fingerprint profiles and MS/MS sequencing
data. The UniProt Knowledgebase and NCBI databases were
used.

Results

Index of renal oxidation

Oxidative stress is a pathway for renal injury"~. To investigate
whether the renal damage induced by ASB is caused by ROS,
the levels of SOD and MDA in the renal tissue were analyzed
(Figure 1, 2). Upon ASB treatment, SOD activity decreased,
whereas the MDA content increased. The downregulation of
SOD activity and the upregulation of MDA were both dose-

[13]
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Figure 1. Concentration changes in MDA in the kidneys of mice exposed
to ASB. The homogenates of kidneys from mice treated with or without
ASB iv administration for 7 d were used to measure MDA content. n=10.
Mean+SD. °P>0.05, °P<0.01 vs control, t-test.
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Figure 2. Specific activity changes in SOD in the kidneys of mice exposed
to ASB. The homogenates of kidneys from mice treated with or without
ASB iv administration for 7 d were used to measure the SOD specific
activity. n=10. Mean+SD. °P>0.05, °P<0.01 vs control, t-test.
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dependent. However, only the group treated with the high
dose of ASB was significantly different from the control group,
suggesting that the toxicity is only trigged by a high concen-
tration of ASB, consistent with our previous results"’.

Differentially expressed renal proteins

Because only the high dose of ASB caused significant changes
in renal function and redox status, this study focused on the
proteomic analysis of the kidney after treatment with a high
dose of ASB. Approximately 500 protein spots were visual-
ized in each 2-D gel. Representative 2-D gels of both the high-
dose group and the control group are illustrated in Figure 3,
in which the proteins that were differentially expressed in
the ASB group are numbered. In total, seven differentially
expressed protein spots in the 2-D gel were identified by
MALDI TOF/TOF MS (Table 1). Because two protein spots
(spots 6 and 7) were identified as the same protein, nucleoside
diphosphate kinase B (NDK B), six proteins were actually
regulated by ASB administration. The individual changes in
the seven spots were magnified (Figure 4). Of the seven pro-
tein spots, three were upregulated, including methylmalonyl-
Coenzyme A mutase (MUT, spot 1), peroxiredoxin-6 (PRDX6,
spot 5) and NDK B (spot 6). The other three spots, heat shock
cognate 71 kDa protein (HSC70, spot 2), mitochondrial NADH
dehydrogenase 1 alpha subcomplex subunit 10 (NDUFA10,
spot 3) and NDK B (spot 7) were downregulated. The remain-
ing spot (spot 4), which was identified as nucleoside diphos-
phate-linked moiety X motif 19 (Nudix motif19), displayed an
acidic shift with a slight molecular weight increase in the ASB
group, suggesting an ASB-induced post-translational modifi-

10

Figure 3. Representative 2-D gel images of kidney proteins isolated from
mice with (right) or without (left) ASB treatment. For each sample, 400
ug of total protein extracted from the mouse kidney was loaded onto a 13-
cm IPG strip for isoelectric focusing and separated by SDS-PAGE (12.5%)
with CBB staining. The differentially expressed spots detected by Image
Master 2D Platinum 7.0 are numbered and summarized in Table 1. Open
arrows indicate spots with greater abundance between the corresponding
gels.
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Table 1. Differentially expressed proteins in the kidney of mouse treated with ASB identified by TOF/TOF MS.

*

Spot Protein Gene Accession Functional My, pl pl Mascot Sequence ASB  Fold
(UnifrotKB) classification (kDa) theoretical estimated score coverage effect change

1 Methylmalonyl-Coenzyme Mut Q3UJU1  Amino acid degradation; 82791.6 6.45 5.95 158 25% 1 4.9
A mutase (MUT) propanoate metabolism

5 Peroxiredoxin-6 (PRDX6) Prdx6 008709 Response to ROS 24871 5.7 5.7 351 40% 1 4.6

6 Nucleoside diphosphate Nme2 Q01768  Nucleotide metabolism  17351.9 6.97 7.48 184 59% 1 1.9
kinase B (NDK B)

2 Heat shock cognate 71 kDa Hspa8, P63017  Stress response 68736.2 5.37 5.4 225 21% l 2.3
protein (HSC70) Hsc70

3 NADH dehydrogenase Ndufal0 Q99LC3 Oxidative phosphoryl- 40577.7 7.63 6.1 72 23% l 1.3
[ubiquinone] 1 alpha ation
subcomplex subuint 10,
mitochondrial (NDUFA10)

7 Nucleoside diphosphate Nme2 Q01768 Nucleotide metabolism  17351.9 6.97 6.97 252 46% l 6.2
kinase B (NDK B)

4 Nucleoside diphosphate- Nudt19, P11930 Fatty acid oxidation 40294.4 6.22 6.18 261 16% shift -
linked moiety X motif 19, D7Rp2e

mitochondrial (Nudix
motif19, RP2p)

“Molecular weights estimated from the experiment data in this study are all similar to the theoretic one.
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ASB Figure 4. Magnified images of the altered

proteins in the mouse kidney induced by
ASB treatment. The spots numbered in

- NDK B (spot 7) Figure 3 are shown in the corresponding
7‘. ﬂ. 2 " regions of the individual gels (n=3). The
7 spots with pl values that differ from

- P ‘ the theoretical values are marked with

asterisks. Open arrows indicate spots
with greater abundance between the
corresponding gels.
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cation (PTM). The increase in MUT (spot 1) was also due to an
ASB-induced PTM because it showed an acidic shift relative
to its theoretical pI and was found only in ASB group gels. In
contrast, both NDUFA10 (spot 3) and NDK B (spot 6) exhib-
ited different pls from their theoretical values, even in the con-
trol group (Table 1), suggesting an acidic isoform of NDUFA10
and a basic isoform of NDK B, respectively. Because they

were present in both the ASB group and the control group,
NDUFAT10 (spot 3) and NDK B (spot 6) were considered to be
the respective isoforms under physiological conditions. Inter-
estingly, the two spots of NDK B were regulated oppositely:
the basic isoform (spot 6) was upregulated, whereas the spot
exhibiting the theoretical pl (spot 7) was downregulated, sug-
gesting that ASB treatment shifted NDK B to its basic isoform.
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Discussion

In the present study, we used differential proteomic analysis
to identify the proteins regulated by ASB in the mouse kidney.
Seven spots, which were identified as six proteins, were differ-
entially expressed and/or post-translationally modified after
ASB treatment and identified by MALDI TOF/TOF MS (Table
1). This is report to demonstrate an alteration in kidney pro-
tein expression following ASB-induced renal injury.

Protein involved in cellular energetics

Nudix motif19 is a member of the Nudix hydrolase super-
family and was recently identified as a CoA diphosphatase
involved in fatty acid p-oxidation™!. Nudix motif19 is highly

151 and

expressed in the mouse kidney at both the protein
mRNA levels”, suggesting it has an important role in the
kidney. The slight PTM of Nudix motif19 induced by ASB
reflects a disturbance in fatty acid catabolism, which could
lead to catabolite accumulation and result in the inhibition of
fatty acid p-oxidation and a reduction in energy supply.

MUT is strictly a mitochondrial enzyme. It catalyzes the
isomerization of methylmalonyl-coenzyme A (CoA) to succi-
nyl-CoA"” and is the key enzyme for the transfer of the catab-
olites of branched-chain amino acids and odd-chain fatty acids
into the tricarboxylic acid cycle™. A knockout of Mut in the
mouse results in tubulointerstitial renal disease in response to

respiratory chain dysfunction™.

A similar interstitial nephri-
tis was triggered by ASB in our previous study"”. The MUT
dysfunction resulting from the ASB-induced acidic shift in pl
in this study may be similar to the inactivation caused by Mut
deletion. Therefore, the ASB-induced nephrotoxicity is likely
due to respiratory chain dysfunction.

NDUFA10 is a subunit of mitochondrial respiration chain
complex I (NADH: ubiquinone oxidoreductase)®. PTMs
regulate the activity and the interactive capacity of complex
I subunits®). The phosphorylation of NDUFA10 in bovine
heart has been proposed to influence the affinity of NADH
binding and the activity of complex I”. In this study, one of
the acidic isoforms of NDUFA10 was more highly expressed
in the control group, in agreement with its important role in
the electron transport chain of intact mitochondria. The ASB
group displayed a relative reduction in this isoform, suggest-
ing that ASB partially inhibits PTM and leads to functional
decline. Complex I is the major source of superoxide®, and
impairment of complex I causes oxidative damage that is a
part of the progression of different pathologies, including Par-
kinson’s disease®®. Although further study is needed to iden-
tify the PTM of NDUFA10 in the mouse kidney, the partial
inhibition of the PTM of NDUFA10 upon treatment with ASB
suggests aberrant superoxide generation by complex I. Exces-
sive endogenous ROS can contribute to acute renal injury!.
Hence, the ASB-induced changes in the PTM of NDUFA10
might contribute to ASB nephrotoxicity.

NDK B belongs to the nm23 gene family and encodes nucle-
oside diphosphate kinase (NDK), which has multiple func-
tions that are involved not only in cell energy conversion but
also in many cellular processes™. In this study, NDK B was

Acta Pharmacologica Sinica

identified from two spots in the control group and one spot in
the ASB group due to the ASB-induced basic shift in NDK B,
suggesting a change in the function of NDK B. Both NDK B
and NDK A are modified after H,O, treatment®, and Cyslo9 of
NDK A was identified as the site of oxidative modification by
ROS™.. Because Cys'” is also present in NDK B and no other
PTM of NDK B has been reported, the basic isoform of NDK B
also seems to be subject to oxidative modification under physi-
ological conditions, which would support the existence of a
higher ROS level in the kidney than in other tissues"”. Altered
NDK expression is associated with the inhibition of cellular
proliferation and apoptosis™!, and NDK B overexpression
reduces H,0,-induced cell death in BAF3 cells®!. Further-
more, a recent proteomic analysis revealed that NDK B (pl 7.6)
was upregulated in neuronal nitric oxide synthase (nNOS)-
knockout mice due to an increased level of superoxide®".
Therefore, the increase in the basic isoform of NDK B (pl 7.48)
in our proteomic analysis may enable its antioxidative func-
tion against superoxide triggered by ASB, which is partially
supported by the increased MDA content in the ASB group.

The above proteins were all modified by ASB at the post-
translational level and are all mitochondrial proteins except
NDK B, a dual-localized mitochondrial protein™!. Their
modification by ASB reflects a decline or loss of mitochondrial
activity in cellular energy metabolism, especially in cell res-
piration. Taken together, the alterations in the protein profile
suggest that the mitochondrion is likely the primary target of
ASB.

Proteins involved in the stress response

HSC70 is a required chaperone-mediated protein folding
cofactor that belongs to the heat shock protein (HSP) 70 family.
Unlike its cognate protein HSP70, which is induced only under
stress, HSC70 is constitutively expressed and is involved in
other housekeeping functions, including cell cycle regulation
and the stress response. Depletion of the HSC70 pool has
been linked to a block in the activation of caspases that inhibit
apoptosis signaling”®" *.
also observed in ochratoxin A-induced cell death associated
with ROS generation™). Therefore, the decrease in HSC70
after ASB administration indicates that apoptosis signaling

Attenuated HSC70 expression was

was activated in renal cells in response to oxidative stress. In
addition, PRDX6, an antioxidant enzyme, was upregulated
by ASB. PRDX6 belongs to the peroxiredoxin family, and
its overexpression in mice or transfected cells reduces
cellular H,O, levels and decreases oxidative stress-induced
apoptosis™.
suggests a correlation between oxidative stress and the renal

The regulation of stress-responsive proteins

toxicity of ASB that occurs via cell apoptosis. This proposal
is supported by the alterations in the biochemical index,
including an increase in the MDA content and a decrease in
SOD activity, which suggest that a redox imbalance occurs in
the mouse kidney after ASB treatment.

Upregulation of PRDX6 by superoxide
Although PRDX6 is frequently reported to increase in vitro in



response to cytotoxic substrates, such as glucose and H,O,,
most efforts have failed to detect a corresponding increase
in vivo™ *. Several mechanisms for the in vivo upregulation
of PRDX6 have been described, including the high level of

superoxide caused by a lack of NO to scavenge superoxide

[30

in the nNOS-knockout mouse®, the excessive ROS gener-

ated by complex I due to increased glutathione oxidation after
ischemia-reperfusion®!, and the high level of endogenous
ROS resulting from the markedly reduced GSH level in a

38

CFTR-defective mouse lung®™!. Complex I is the major source

of superoxide®.

Furthermore, superoxide production by
complex I increases in response to oxidation of the mitochon-
drial GSH pool™. From these previous studies, it has been
suggested that PRDX6, which likely belongs to a core cellular
antioxidative defense, is upregulated by superoxide generated
by complex I. However, not all ROS inducers increase the in
vivo expression of PRDX6. Paraquat fails to upregulate PRDX6

B8 A similar result was observed in the rat

[40]

in the mouse lung
kidney after ip injection of chloroform™. To our knowledge,
this is report of a reagent that can upregulate PRDX6 in the
kidney in vivo.

In summary, we have identified changes in six renal mouse
proteins after exposure to ASB, all of which were related to
cellular energetics or the oxidative stress response. The modi-
fication of MUT and NDUFAT10 is related to the dysfunction
of the mitochondrial respiratory chain, and the regulation
of NDK B and PRDX6 is associated with abnormal superox-
ide generation. Our results suggest that oxidative stress in
response to superoxide production in the mitochondria plays
an important role in the renal toxicity induced by ASB treat-
ment. The proteomics data in this study provide new insights
into the biochemical pathways involved in ASB nephrotoxic-
ity, which will aid in the future reduction of ADRs to LBZ in
clinical applications.
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