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ABSTRACT

Aristolochic acid, found in the Aristolochia species, causes aristolochic acid nephropathy (AAN) and can
develop into renal failure. Methylglyoxal (MGO) is a highly cytotoxic compound generated from the met-
abolic process of glucose or fatty acids. It binds to proteins and forms N°-(carboxymethyl)lysine (CML),
which contributes to aging and diabetes mellitus complications. However, no relevant literature explores
the relationship of MGO and CML with AAN. By injecting AA (10 mg/kg BW) into C3H/He mice for 5 con-
secutive days, we successfully developed an AAN model and observed tubular atrophy with decreased
renal function. Creatinine clearance also decreased from 10.32 + 0.79 ml/min/kg to 2.19 + 0.29 ml/min/
kg (p < 0.01). The concentration of MGO in kidney homogenates increased 12xcompared to the control
group (from 18.23 + 8.05 ng/mg of protein to 231.16 £ 17.57 pg/mg of protein, p < 0.01), and CML was
observed in the renal tubules of the mice by immunohistochemistry. Furthermore, compared to the con-
trol group, GSH levels decreased by 0.32x(from 2.46 + 0.41 uM/pg of protein to 0.78 + 0.15 pM/pg of pro-
tein, p <0.01), whereas intra-renal antioxidant capacity decreased by 0.54x(from 6.82+0.97 U to
3.71 £0.25 U; unit is equivalent to M Trolox/mg of protein, p < 0.01). In this study, we found that serious

kidney damage induced by AA is related to an increase and accumulation of MGO and CML.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Aristolochic acid nephropathy (AAN) is a type of progressive
interstitial nephropathy that may lead to permanent, irreversible
renal failure [1]. In Belgium, researchers reported that a group of
patients who took Aristolochia fangchi to lose weight later devel-
oped renal failure [2]. Traditionally, Aristolochia has been used to
treat arthritis, infections, inflammations, and tumors [3,4]. It was
once inappropriately used as a substitute for Stephania tetrandra,
which led to Chinese herb nephropathy, later named AAN. Large
amounts of aristolochic acid (AA) are found in Aristolochia, and
AA has also been discovered in other plants. The Food and Drug
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Administration has advised the population to stop using botanical
products containing AA. However, certain products containing AA
remain available through online purchasing or because of
contamination in herbal remedies [5]. Previously, the pathogenic
mechanism for AAN was unclear, but several hypotheses on the
mechanism exist; for example, direct cell toxicity [6], ischemia-in-
duced tubular atrophy [7], and epithelial-mesenchymal transition
[8]. Besides, antioxidant enzyme dysfunction and mitochondrial
damage were observed in rats injected with AA [9].

Methylglyoxal (MGO) is a reactive intermediate metabolic of
glycolysis and is also derived from amino acids and acetone [10].
Levels of MGO are elevated in serum and renal tissue in diabetic
patients [11]. MGO is a highly cytotoxic compound and both the
production and removal of MGO are involved in radical generation
[10]. Also, MGO is detoxified through the glyoxalase system, which
comprises glyoxalase I and II and uses a catalytic amount of GSH.
The MGO also undergoes non-enzyme reactions that rapidly react
with protein to form advanced glycation end products (AGEs), such
as N®-(carboxymethyl)lysine (CML). It is considered an indicative
marker of diabetes mellitus complications [12].
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Lou et al. showed that AA administered to rats caused the accu-
mulation of fat droplets in renal tubular cells and systemic distur-
bance of free fatty acid [13]. Because fatty acid is a source of MGO
[10], we were doubtful as to whether MGO also increased in the
kidneys of AA mice. Moreover, Yu et al. discovered that exposing
AA to human cells could induce oxidative DNA damage associated
with GSH depletion [14]. GSH is a necessary component in metab-
olized MGO. Exposing AA to human promyelocytic leukemia cells
(HL-60) caused GSH depletion, implying that MGO could be mass
produced when cells are incubated with AA. Although MGO is such
an important cytotoxic constituent, somehow no paper has yet re-
ferred to the relationship between MGO and AAN. The purpose of
this study was to determine if a change occurs in MGO levels in
the AAN model.

This study analyzed intra-renal MGO and CML levels in an AAN
model as well as the relationship of the intra-renal GSH level and
oxidative stress at the same time.

2. Materials and methods
2.1. Chemicals

Citric acid, bovine serum album (BSA), creatinine, paraformal-
dehyde, sodium bisulfate, sodium heparin, MGO (40% aqueous
solution), AA, sodium hydroxide (NaOH), ammonium chloride,
5,6-Diamino-2,4-dihydroxy-pyrimidine, xylene, and CML antibody
were purchased from Sigma-Aldrich Fine Chemicals Inc. (St. Louis,
MO, USA). An oxygen radical antioxidant capacity activity assay kit
was obtained from Cell Biolabs Inc. (San Diego, CA, USA). A Bio-Rad
protein assay kit was purchased from Bio-Rad (Richmond, CA,
USA). Acetonitrile (ACN) was purchased from Merck (Darmstadt,
Germany). A microalbumin kit was purchased from Goodbiotech
(Taichung, Taiwan). A GSH assay kit was purchased from Cayman
Chemical (MI, USA).

2.2. Animal treatment and sample preparation

Six-week-old female C3H/He mice were purchased from the Na-
tional Laboratory Animal Breeding and Research Center (Taipei,
Taiwan). All animals received humane care according to guidelines
in the Guidebook for the Care and Use of Laboratory Animals. The
mice were divided into two groups of 8 mice each after 1 week
of acclimation. The control group was given 0.1 ml of normal saline
by tail vein injection for 5 d (Days 1 through 5). The toxicity group
was given 0.1 ml of AA in normal saline (adjust to 10 mg/kg BW) by
tail vein injection for 5d (Days 1 through 5). After given AA for
14 d, both groups were placed in rodent metabolic cages for 24 h
for urine collection. Once the experiment was completed, the mice
were sacrificed after being anesthetized with pentobarbital
(50 mg/kg BW). Blood and kidney samples were collected and
stored at —80 °C before use. Kidney samples of 0.25 g were homog-
enized in 250 pl of cold PBS and centrifuged at 1x10%g for 10 min
at 4 °C. An aliquot of the supernatant was stored at —80 °C for use.
Remaining portions of the kidney were fixed in 4% paraformalde-
hyde solution for later paraffin-embedding.

2.3. Determination of serum and urinary creatinine

Serum and urinary creatinine were determined through HPLC.
This process has been described in previous studies [15]. Urine di-
luted to 25 xand used 2 mM cimetidine in 10 mM HCI as the inter-
nal standard. Analyzed by HPLC using a Capcell Pak C18 column
(25 cmx0.46 cm ID, 5 um particle size; Shiseido, Tokyo, Japan)
and monitored at 234 nm. The mobile phase was composed of
ACN and 100 mM of a sodium dihydrogen PBS containing 30 mM

sodium lauryl sulfate adjusted to pH 3.0 with hydrochloric acid
(36/60, v/v). The flow rate was 0.8 ml/min.

2.4. Determination of blood urea nitrogen (BUN) concentration

The concentration of BUN was determined with an urease assay
kit, in which urea was hydrolyzed into ammonia and carbon diox-
ide using urease. Decreasing levels of NADH were detected by tak-
ing readings at A340 nm during the glutamate dehydrogenase
catalysis of ammonia and a-ketoglutaric acid into L-glutamic acid
[16].

2.5. Determination of N-acetyl-p-p-glucosaminidase (NAG)

Urinary NAG was determined according to Leaback and Walker.
The NAG reacted with 4U-methylumbelliferyl-N-acetyl-B-glucos-
aminide (4-MU-NAG) in a 0.15 M glycine buffer (pH 10.3). Fluores-
cence release was then quantified as a concentration of NAG [17].

2.6. Microalbumin and urine protein

Microalbumin was determined using a commercial kit that em-
ployed immunoturbidimetric methods. After conditioning the
sample with a Tris buffer, an anti-albumin antibody was added.
The sample was incubated for 10 min and then analyzed at
405 nm.

Urine protein was quantified using a Bio-Rad protein assay kit
with bovine serum albumin (BSA) as the standard. The absorbance
wave of the protein was measured at 595 nm and the concentra-
tion was calculated from the BSA standard curve.

2.7. Determination of MGO concentration in kidney samples

Kidney homogenates were stored in the dark at —-80°C. A0.5 M
ammonium chloride buffer (pH 10.0) was added to create an alka-
line environment. The derivatizing reagent used was 5,6-Diamino-
2,4-dihydroxy-pyrimidine (DDP). After incubation for 30 min at
60 °C, the derivatization reaction was stopped with 0.01 M citric
acid (pH 6.0). HPLC analysis was performed on an ODS column
(Biosil, 250 mmx4.6 mm ID; 5 pm particle size; Biosil Chemical
Co. Ltd., Taipei, Taiwan) at 33 °C. The compounds were separated
isocratically using a mobile phase composed of a mixture of ACN
and 0.01 M citric acid buffer adjusted to a pH level of 6.0 with
NaOH (3/97, v/v).

The flow rate was 0.7 ml/min, the injection volume was 50 pl,
and eluted fractions were detected at Ex/Em = 330/500 nm. The
MGO standard was used to calculate MGO concentrations in the
samples [18].

2.8. Immunohistochemistry

Mouse kidneys were fixed with 4% paraformaldehyde for 2 d,
dehydrated with different concentrations of sucrose, and embed-
ded in paraffin. Paraffin sections of 5 pm thickness were used for
an immunohistochemistry study to determine the localization
and levels of CML. After blocking endogenous peroxidase activity
by using 0.3% H,0, for 30 min, CML antibody was diluted 50x to
incubate O/N and then reacted for 1 h with goat anti-rabbit IgG
conjugated with a peroxidase-labeled second antibody diluted
250x. Peroxidase activity was visualized using a hematoxylin
stain. The first antibody was deleted to form the negative control
(data not shown).
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2.9. Determination of GSH concentration in kidney samples

GSH was measured with the GSH assay kit, which used the sulf-
hydryl group of GSH reactants with DTNB (5,5'-dithio-bis-(2-nitro-
benzoic acid)) and produced yellow 5-thio-2-nitrobenzoic acid
(TNB). In brief, tissue homogenates were deproteinized and added
to the prepared cocktail by mixing the following reagents: MES
Buffer (0.2 M 2-(N-morpholino)ethanesulfonic acid, 0.05 M phos-
phate, and 1 mM EDTA, pH 6.0), cofactor mixture (NAPH" and glu-
cose-6-phosphate), GSH reductase and glucose-6-phosphate
dehydrogenase, and DTNB. The cocktail was then incubated in
the dark, and the absorbance was measured at 405 nm at 5 min
intervals for 30 min (totaling 6 measurements). The GSSG was used
as the standard to calculate GSH concentration in the kidney [19].

2.10. Antioxidant assay

Antioxidant activity was estimated using an oxygen radical
antioxidant capacity assay. The homogenates was diluted
100xprior to assay. Samples were incubated with a fluorescent
probe in a 96-well plate for 30 min at 37 °C. 2,2’-Azobis (2-amidi-
nopropane) hydrochloride (AAPH) was added as a free radical ini-
tiator. Trolox™ was used as a standard and diluted to 50, 30, 20,
10, 5, 2.5, and O pM in 50% acetone. Fluorescence (Ex, 480 nm;
Em, 520 nm) was recorded every 5 min for 60 min. The fluores-
cence decay rate was calculated using the area under the curve
(AUC) and compared with the standard. The antioxidant activity
of the kidney was also corrected using protein assay.

2.11. Statistical analysis

All data are expressed as the mean + SEM, and differences be-
tween each group were analyzed using two-tailed Student’s ¢ test.
A p-value of <0.01 was considered statistically significant.

3. Results
3.1. Successfully induced AAN model: renal function determination

Compared to control mice, mice in the AA group showed signif-
icantly increased levels of urinary protein (24.90 + 2.41 (mg/dl)/Ucr
(mg/dl) vs 8.40 + 1.09 (mg/dl)/Ucr (mg/dl), p < 0.01). Microalbumin
also increased significantly in mice injected with AA (31.39 +2.49
(mg/dl)/Ucr (mg/dl) vs 0.47 £ 0.07 (mg/dl)/Ucr (mg/dl), p <0.01).
Urinary creatinine levels decreased in AA mice (from 21.67 + 1.30
(mg/dl)/Ucr (mg/dl) to 8.57 + 0.42 (mg/dl)/Ucr (mg/dl)), but serum
creatinine levels increased (from 0.08 +0.00 mg/dl to
0.28 + 0.02 mg/dl). Creatinine clearance (Ccr), an effective index
for expressing the glomerular filtration rate (GFR), was calculated
using an equation developed by Hsu and Wana and was found to
have decreased from 10.32 +0.79 ml/min/kg to 2.19 £ 0.29 ml/
min/kg [20]. In addition, BUN increased in mice from 24.25+
1.70 mg/dl to 117.9 £ 6.70 mg/dl after AA injection. Levels of NAG,
an enzyme highly expressed in renal tubules, increase in urine
when tubular cells are damaged. Urinary NAG levels rose from
122.77 +7.31 U/Ucr (mg/ dl) to 388.89 + 18.82 U/Ucr (mg/ dl) (p <
0.01) in the AA mice group. All renal function data consistently
showed that 5 d of AA injected at a rate of 10 mg/kg/d led to kidney
malfunction.

3.2. Effects of AA on MGO

Fig. 1A and B showed the HPLC chromatogram of MGO. The MGO
was derivated and demonstrated fluorescence with a retention time
of 26 min. After quantification with the standard (the linearity

range was from 13 to 1170 pg/l, R = 0.997, data not shown), MGO
levels in the kidney were determined to be significantly higher in
the AA group than in the control group (231.16 + 17.5 pg/g protein
vs 18.23 + 8.05 pg/g protein, p < 0.01, Fig. 1C).

3.3. Immunohistological staining of CML

With these MGO data, an immunohistochemical analysis was
performed to locate CML in mice kidneys after AA treatment. A
faint level of CML staining was detected in the control group, but
this level increased in the AA group, especially in the tubule region
(Fig. 2B).

3.4. Effect of AA on GSH and the antioxidant capacity in the kidney

After 14 d of completion AA injections, GSH levels in the kidney
remained significantly low. Intrarenal GSH levels in the AA group
were lower than those in the control group (0.78 + 0.15 puM/pg of
protein vs 2.46 + 0.41 pM/pg of protein, p < 0.01) (Fig. 3A).

At the same time, the antioxidant ability of AA mice kidneys
was determined to be lower than that of the kidneys in control
mice, too (3.71 £0.25 vs 6.82 £0.97 U; unit is equal to uM Trol-
ox/|g protein, p < 0.01) (Fig. 3B).

3.5. Hypothetical scheme in which AA induces renal damage

Fig. 4 shows a mechanism for AA-induced kidney injury based
on an analysis of findings from injecting mice with AA. Levels of
MGO and CML were elevated and caused significant carbonyl stress
in AA-injected mice. These elevated levels then provoked oxidative
stress, causing GSH depletion and reducing antioxidant capacity.

4. Discussion

Several laboratories develop AA models. After administering
Wistar rats with 5 mg/kg/d of AA i.p. 5 d/week for 16 week, Zheng
et al. sacrificed these rats at weeks 8, 12, 16, 20, and 24 [21]. They
observed that, beginning in week 16, BUN and SCR increased signif-
icantly, with the appearance of proximal tubular epithelial cell
swelling, luminal narrowing, and epithelial cell necrosis. Debelle
et al. employed a low dose (1 mg/kg) and a high dose (10 mg/kg)
of AA subcutaneous injection in Wistar rats for 35 d and assessed
their renal functions [22]. Data from this study showed that inject-
ing 10 mg/kg of AA (equivalent to a dose 30x that given to an AAN
patient) induced renal fibrosis and renal failure. The experiment
employed in the Debelle et al. study resulted in the successful de-
sign of a short-term AAN model similar to a model for humans [22].

The renal function data collected in our study are consistent
with that introduced in the literature review: urine protein levels
increased, microalbumin appeared, and proximal tubules were
damaged in AA-injected mice. Significant decreases in Ccr levels
and increases in BUN levels occurred, and urinary NAG, an enzyme
highly expressed in the renal tubules, was confirmed to have in-
creased. By using biopsy and pathological diagnosis, the AAN mod-
el of mice was imitated successfully (data not shown).

Although the International Agency for Research on Cancer con-
siders high concentrations of AA a Group 1 carcinogen for humans,
herbal medicines with low concentrations of AA (e.g., Xixin) are
not restricted completely. Therefore, the occurrence of AAN re-
mains a critical problem [1,23]. However, the pathogenic mecha-
nism of AAN is not completely clear. A few in vitro studies
investigated the relationship between AA and oxidative stress.
Chen et al. suggested that inhibited renal NQO1 activity suppressed
nitro reduction, which is the intermediate metabolic of AA and
attenuates its nephrotoxicity [24]. AA can also suppress DNA repair
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Fig. 1. Effect of AA in the MGO concentration in the mice renal tissues. AA (10 mg/kg/d) was injected (i.v.) for 5 days. MGO was determined by HPLC. Chromatograms of MGO
in (A) control and (B) AA 10 mg/kg/d group. MGO was separated at 26 min and normalized by protein concentration. And the quantification of MGO was shown in (C).

#p < 0.01 vs control group. n = 6-8.

and triggers oxidative DNA damage in proximal tubular cells in the
human kidney. It also reduces the gene expression of antioxidant
enzymes such as superoxide dismutase, GSH reductase, and GSH
peroxidase [25]. Yu et al. employed human promyelocytic cells
and proximal tubular cells to investigate whether AA induced a
dose-dependent increase of reactive oxygen species (ROS) that ele-
vated levels of DNA strand breaks and GSH depletion [14]. Pozdzik
et al. discovered that AA could increase oxidative stress, mitochon-
drial injury, and apoptosis in C3H/He Mice [9]. We also found that
antioxidant capacity declines in kidneys affected by AA (from
6.82 £0.97 to 3.71 £ 0.25 U; unit is equal to uM Trolox/|Lg protein)
(Fig. 3B), suggesting that oxidative stress is involved in AA toxicity.

However, there is no data about carbonyl stress in AA toxicity.
This study analyzed intra-renal MGO and CML levels in an AAN
model and the relationship between the intra-renal GSH level
and oxidative stress. Following our experiments, the data showed
deep connection between carbonyl stress and AAN. Carbonyl stress
is represented by MGO and its protein-binding products (AGEs)
and may contribute to long-term complications of end-stage renal
disease and cardiovascular diseases. [26]. However, even a slightly

increased MGO level is enough to cause serious damage to the kid-
neys over time. In the AAN model, high levels of MGO quickly ap-
peared and resulted in rapid disease development. We observed
that the MGO level for the AA-injected mice was 12xthat of the
control group (Fig. 1C). Because we connected an old-line patho-
genic pathway to another new disease, we believe this is an impor-
tant finding.

We found that serum methylglyoxal did not increase signifi-
cantly in the kidneys (data not shown) and could be explained
by the concentrations of AA. Because organic anion transporters
(OATs), which are expressed in proximal tubule cells, are involved
in the uptake of AA [27]. AA concentration would greatly increase
in proximal tubule cells and trigger MGO and CML accumulation
(Figs. 1C and 2B).

In addition, the data show that GSH decreases in the C3H/He AA
model (Fig. 3A), a result that is consistent with the in vitro data ob-
tained by Yu et al. [14]. According to the study performed by Yu
et al. [14], GSH levels were reduced by 54.9 £ 10.5% after adding
200 pM AAI-HL-60 cells for 30 min. Additional treatment with
5mM Trion, which may reduce oxidative stress and apoptosis
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Fig. 2. Immunostaining of CML in mice kidneys after (A) normal saline and (B) AA
10 mg/kg/d, i.v. for 5 days. No CML staining in control kidney but increased CML
expression by AA in the tubular cells (arrow) at day 14 in AA-treated mice. Nuclei
were counterstained with hematoxylin. Original magnification: 400x.

markers, did not improve GSH levels (57.2 + 9.8%, compared to the
control group); however, additional treatment with 10 mM NAC
was determined to possibly reverse a decline in GSH levels
(107.2 £ 15.1%, compared to the control group). Their results indi-
cated that, in the pathogenic mechanism of AA, GSH reduction is
more important than ROS generation. In our opinion, the reason
for decreased antioxidant capacity in the AA model is due to the
diminished of GSH in AA mice. And the decreasing GSH level just
because the massively MGO accumulation in the kidney.

To date, no standard treatment regimens for AAN exist. In 1993,
a group of 12 AAN patients in Belgium with moderate levels of re-
nal failure were treated with prednisolone at 1 mg/kg for 1 month
[28], and then with a titer of 0.1 every 2 weeks until the dose was
maintained at 0.15 mg/kg. Continued 12-month therapy showed
that steroids could inhibit chronic renal interstitial fibrosis caused
by AAN; however, half the patients demonstrated side effects be-
cause of long-term steroid use. In animal studies, a combined treat-
ment of enalapril for 35 d with 65 d of candesartan did not improve
renal function and fibrosis in AAN rats [29]. Clinical doctors remain
committed to finding a better regimen to treat AAN. Our discovery
of this novel pathogenic pathway, which is the same pathogenic
pathway causing diabetes mellitus complications, could introduce
MGO-CML control into current AAN therapies and improve treat-
ment efficacy.
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(A) GSH concentrations in mice kidneys. (B) The antioxidant capacity in the mice
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homogenates using DTNB and a fluorescent probe, respectively. The data were
corrected using protein assay. *p < 0.01 vs control group. n = 6-8.
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Fig. 4. Hypothetical scheme in which AA induces renal damage. A hypothesis in
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observed.
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