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Abstract

Objective To investigate the effect of a-lipoic acid (a-LLA) in the prevention and treatment of ethylene glycol-induced calcium
oxalate deposition in a rat model and preliminary exploration of the mechanism.

Methods Sixty male Wistar rats were divided randomly and equally into six groups including two a-LA prevention groups,
two a-LA therapeutic groups, one controlled group and one intervention group. Besides controlled group, other group
received 1% glycol solution and 2 ml 2% ammonium chloride for 4 weeks as a stone inducer. The prevention groups received
0.1 and 0.2 mg/kg body weight/day/rat a-LA as food supplement during inducing stone and therapeutic groups received 0.1
and 0.2 mg/kg body weight/day/rat a-LA for 4 weeks after 4 weeks stone inducing.

Results The volume of urine, the pH and magnesium levels in the preventive and therapeutic groups were higher in a dose-
independent manner (p < 0.05), and urinary calcium was lower (p < 0.05). Antioxidant stress enzyme activity (glutathione,
superoxide dismutase, catalase) in serum and kidney homogenates in the preventive and therapeutic groups underwent
significant regeneration (p < 0.05) and malondialdehyde levels and the production of free radical moieties decreased. Patho-
logical observation demonstrated that there was deformation due to renal tubular expansion in the control group, greater
visible inflammatory cell infiltration into the interstitial spaces and partial destruction of the glomerular structures. a-lipoic
acid improved the lesions to varying degrees. The extent of crystal deposition was lower in the preventive and therapeutic
groups compared with the control group (p <0.05).

Conclusion The present study indicated that a-LA provides both preventive and therapeutic effects against the deposition
of calcium oxalate crystals in rats.
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Introduction

Urinary stones are the third most common disorder of the
urinary tract, affecting 1-5% of the population in Asia, 5-9%
in Europe and 13% in North America. A recent study esti-
mated that patients experience a high recurrence rate of 50%
within 5-10 years and 75% within 20 years [1]. Patients with
nephrolithiasis often suffer short-term symptoms such as
acute renal colic, nausea, vomiting and hematuria, and long-
term complications such as chronic urinary tract obstruction,
hydronephrosis and renal damage [2]. Though the surgical
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procedures are widely used in removing of the renal stone,
these therapies have obvious shortcoming. Thus, to ensure
maximum efficiency of treatment and prevent urinary tract
calculi, the study of nephrolithiasis treatments has become
a current focus of attention [3].

As is well known, the urinary stones were mainly com-
posed by four types (calcium oxalate, uric acid, calcium
phosphate and struvite), of which CaOx accounts for the
majority [4]. Therefore, to date, CaOx nephrolithiasis has
received the most attention and has been reported in the
greatest detail. The mechanism of oxalate stone formation
is complex and remains unclear. The supersaturation of sol-
utes combined with oxidative stress plays an important role
during the process [5]. According to supersaturation theory,
the formation of CaOx involves multiple processes, includ-
ing supersaturation of hyperoxaluria, crystal nucleation,
growth, aggregation, deposition within the renal tubules and
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migration to the renal papillary surfaces [6]. Renal epithelial
cells are often impaired or undergo apoptosis because of
exposure to CaOx crystals [7]. During this event, oxidative
stress in the renal cells has been shown to be the principal
reason for renal cell injury. A series of pathological disor-
ders are activated including the persistent suppression of
antioxidants, the release of multiple inflammatory cytokines
and the permanent destruction of macromolecules by reac-
tive oxygen species (ROS) [8]. Damage caused by ROS can
be reduced by the use of antioxidants which can be found in
a variety of natural substances [9]. It has been reported that
antioxidants in herbs and remedies are safe and effective for
urinary stones. Nevertheless, there are few medicines that
can be used satisfactorily in clinical therapy, especially for
the prevention or treatment of the recurrence of stones. But-
terweck et al. [10] reported that it was unclear what ingre-
dients were contained in many therapies, their mechanisms
of action or their active components. Thus, an effective and
safe medicine to treat and prevent the early formation of
urolithiasis is urgently required.

a-Lipoic acid (a-LA, 1,2-dithiolane-3-pentanoic acid),
a short-chain fatty acid, is a natural free radical scaven-
ger found in many naturally occurring substances such as
herbal remedies and animal-derived products [11]. On the
one hand, it can repair injured cells by scavenging ROS and
regenerating levels of other antioxidants. On the other hand,
it easily dissolves in both water and fat. Therefore, it has a
broad spectrum of antioxidant effect and has been proven in
some clinical trials and animal experiments to be an effective
antioxidant in diseases such as diabetes [12], nerve disor-
ders [13] and liver disease [14]. Hence, a-LA has also been
termed an “ideal antioxidant” or “universal antioxidant”.
Furthermore, early stone formation in rats and humans is
the same at the ultrastructural level. Renal calcium oxalate
formatted by ethylene glycol in rats is frequently used to
mimic deposition of the human renal calcium oxalate. Dur-
ing this process ammonium chloride reported to acceler-
ate the crystal deposition [15]. Thus, the aim of this study
was to investigate the effect of a-LA in the prevention and
early treatment of ethylene glycol-induced CaOx deposi-
tion in rats. The mechanism of action was also preliminar-
ily explored. With the potential characteristic of a-LA, our
results may indicate whether a-LA can be used as a potential
medicine for urolithiasis in future clinical practice.

Materials and methods
Chemical reagents and animals
a-LA (purity >98%, powder), ethylene glycol

(purity > 99.9%, liquid) and ammonium chloride
(purity > 98%, liquid) were obtained from Aladdin
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Bio-Chem Technology Co. (Shanghai, China). All other
reagents were purchased from the Biological Engineering
Research Institute Co. (Nanjing, China). All reagents were
of analytical grade and procured by their supplier.

Sixty, 8-week-old, male, specific pathogen-free (SPF)
Wistar rats weighing 200 + 10 g were purchased from the
Dossy Experimental Animals Co. (Chengdu, China). The
animals were housed in a facility at Tianfu Life Science and
Technology Park (Chengdu, China) and maintained as fol-
lows: (1) environmental temperature: 20-25 °C, (2) relative
humidity: 50-55%, (3) light/dark cycle: 12 h/12 h, (4) clean
water to drink, (5) rat chow provided in the standard labora-
tory feed.

Experimental design

The rats were randomly allocated into six groups of ten
using a random number table, after a week of acclimatiza-
tion. Groups were as follows (A to F): Group A served as the
controlled group in which rats were maintained with regular
food, drinking water and received 2 ml normal saline by
gavage every day for 4 weeks; Group B acted as the interven-
tion group in which rats received regular rat food, 1% glycol
solution as drinking water and 2 ml 2% ammonium chloride
per day by gavage for 4 weeks; Groups C and D were disease
prevention groups in which both stone-inducing reagents
(1% glycol solution as drinking water and 2 ml 2% ammo-
nium chloride by gavage per day for 4 weeks) and different
doses of a-LA as a supplement and placed in regular rat food
(Group C: 0.1 mg/kg body weight/day/rat; Group D: 0.2 mg/
kg body weight/day/rat) were administered. Groups E and F
represented therapeutic groups in which total experimenta-
tion was a total of 8 weeks. Rats received regular rat food,
1% glycol solution as drinking water and 2 ml 2% ammo-
nium chloride by gavage per day over the whole 8-week
period. From the 4th week to the end of the study, rats in
group E were given 0.1 mg/kg body weight/day/rat a-LA
mixed with the rat food and 0.2 mg/kg body weight/day/rat
in group F as a therapeutic medicine.

Urine/serum/renal homogenate analysis

The general condition of each rat was evaluated at the end
of the study. Each rat was anesthetized and decapitated
after collecting 24-h urine samples using the metabolic
cage method. Urine samples were tested immediately for
pH then a drop of concentrated hydrochloric acid was added
prior to storage at 4 °C for future urinalysis. Calcium and
magnesium levels in the urine were measured by automatic
atomic absorption spectrometry. Urinary oxalate levels were
analyzed according to method of Hodgkinson et al. [16].
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Samples of retro-orbital sinus blood were collected which
were then centrifuged at 3000 rpm/2000g for 15 min until
the serum had fully separated. Blood urea nitrogen (BUN)
was quantified and glutathione (GSH), catalase (CAT),
superoxide dismutase (SOD) and malondialdehyde (MDA)
activity as indicators of oxidative stress were measured.

The abdomen of each rat was opened and both kidneys
were harvested. After the gross morphology of the kidneys
was observed, both were placed into iced saline to wash
away any blood and the left organ retained for pathologi-
cal examination. The right kidney was placed in a tissue
masher (15,000 rpm for 15 min) and ground to form a tissue
homogenate which was then analyzed for GSH, CAT, SOD
and MDA activity. using enzymatic activity kits (Biological
Engineering Research Institute Co., Nanjing, China).

Kidney pathological examination
and evaluation of crystal deposition

Kidney tissue was fixed in 10% neutral buffered formalin for
24 h then dehydrated in an increasing gradient of alcohol
(75% for 4 h; 85% for 2 h; 90% for 2 h; 95% alcohol for 1 h;
anhydrous for 20 min) then xylene (each for 10 min). After
dehydration, the specimens were embedded in paraffin wax
and then sectioned using a 5-pm microtome. Hematoxylin
and eosin (HE) stain was used to observe renal architecture
and Von Kossa stain for crystal deposition.

A light microscope (Nikon, Eclipse E100) was used to
examine the slides. Three regions of the kidney (cortex,
juxta-medulla and medulla) were photographed 100 times.
Nine regions per slide and five slides per kidney were ran-
domly observed to determine the quantity of CaOx crystal

deposition. Crystal deposition in renal tubules was scored
in accordance with the method of Lee et al. in which each
region was scored 0-3 depending on the degree of crystal
deposition (0 for no crystal, 1 for very little crystal, 2 for
moderate levels of crystal and 3 for heavy crystallization
[17].

Statistical analysis

One-way ANOVA was used to compare the means of multi-
ple groups. A least squares difference (LSD)-¢ test was used
to compare two groups using GraphPad Prism software for
Windows, Version 6.01. p <0.05 was considered statistically
significant.

Results
Evaluation of the general condition of rats

None of the 60 rats in any of the six groups died over the
duration of the experiment. Rats in group A were larger than
at the start of the experiment; they were more active with
strong limbs and their coat was white and shiny. They had
eaten approximately 20-25 g/day and drank approximately
30-35 ml/day water during the final week of the experi-
ment. In group B, the growth rate of the rats was signifi-
cantly lower than in group A during the first week of the
experiment, each rat eating approximately 10-15 g/day and
drinking less than 20 ml. Rats were thinner, more apathetic,
less active and with less body hair than group A at the end
of the study. The general conditions of rats in groups C and
D was similar to those in group A. The general condition of
rats in groups E and F was similar to those in group B over

Table 1 Data of general

. > . Body weight (g)  Urine output (ml)  Urine PH Calcium (mmol/l) Magnesium (mmol/l)
conditions and urinalysis X + s
A 437314642 33.21+7.37 9.31+0.27 8.41+1.01 31.95+2.27
B 258.94+2550° 26.31+4.93 8.02+0.78*  15.10+3.11 20.26 +1.56
C 300.12+32.28°  32.55+4.29° 9.35+0.76°  11.35+1.25° 25.35+1.89°
D 36243+22.70 32.64+3.06™ 9.37+0.88"  12.56+2.11% 28.14+1.75%
E 370.31+£31.60 35314229 8.92+0.75>  14.39+1.01° 30.11+2.03°
F 388.22+.17.81  35.11+2.51% 8.86+0.77% 13.56+1.89" 33.75+0.59*

A: controlled group; B: intervention group; C: low-dose prevention group; D: high-dose prevention groups;
E: low-dose therapeutic groups; F: high-dose therapeutic groups

The collection time: Groups A, B, C, and D are for the 4th week of feeding, and Groups E, F are for the 8th

week

4P <0.05 vs Group A
°P <0.05 vs Group B
°P<0.05 vs Group C
4P <0.05 vs Group D
¢P<0.05 vs Group E
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the first 4 weeks of the experiment. However, the apparent
intake of drinking water increased, and their mental condi-
tion improved significantly after the rats consumed a-LA.
The weights of rats are presented in Table 1.

Urine/serum/renal homogenate analysis
Urine analysis

All urine specimens were yellowish, clear liquid with a pun-
gent odor with no apparent differences in appearance or odor
across groups. As shown in Table 1, the volume of urine and
the pH in group A were significantly lower than in any other
group (p <0.05). Urinary calcium excretion was significantly
higher in the prevention (C and D) and therapeutic (E and
F) groups than in the control (p <0.05). Furthermore, uri-
nary magnesium excretion was higher than in other groups
(p<0.05).

Serum analysis

In serum specimens, there was no significant difference in
BUN between groups (p > 0.05). Oxidative stress indicators
in kidney homogenates were similar. GSH, SOD and CAT
activity of the rats in the control were lowest (p <0.05),
while MDA was higher than in other groups (p <0.05). In
the prevention and therapeutic groups, GSH, SOD and CAT
were higher than those in the control group and lower than
the blank (p <0.05), while the MDA was higher than the
blank group and lower than control (p <0.05). All these
values were also dose dependent. The results are detailed
in Table 2.

Table 2 Serum oxidative stress indicators and BUN X + s

Renal homogenate analysis

As shown in Table 3, three antioxidant stress indicators
(GSH, SOD, CAT) of the rats in the intervention group were
significantly lower than those in the other groups (p <0.05),
while MDA was the highest in all groups (p <0.05). In the
prevention and therapeutic groups, GSH, SOD and CAT
activity was higher than the intervention group and lower
than the blank (p <0.05), while MDA was higher than the
controlled group and lower than the control. All results were
dose dependent.

Pathological examination of kidney tissue
and evaluation of crystal deposition

The kidneys of the controlled group were a normal shape,
had a dark red color, smooth surface, compact with a smooth
cross-section. In the intervention group, the color of the
kidneys was yellowish-red with a surface that was irregu-
lar with tissue that was edematous and brittle. Additionally,
in cross-section there was a gravel-like appearance. In the
prevention and therapeutic groups, lesions (tissue edema
and color change) were lighter than the intervention group.
Cross-sections were not apparently different from normal
kidneys.

Under a light microscope (100 times magnification), renal
glomerular tubules in the controlled group were arranged
densely and orderly. No apparent inflammatory cell infil-
tration was observed. In the intervention group, almost
all renal tubules were dilated and deformed. Protein was
observed in abundance in the renal tubules. A number of
glomerular structures were destroyed by fibrous hyperpla-
sia and inflammatory cells were observed in the stroma.

Parameters GSH (U/mg prot) SOD (U/mg prot) CAT (U/mg prot) MDA (nmol/mg prot) BUN (mmol/l)
A 43.03+4.57 601.91+16.22 2.35+2.13 3.60+1.35 35.00+4.00
B 27.27 4257 521.67 +8.11° 1.32+1.63 5.91+0.55° 34.11+2.49
C 30.91+5.51° 553.50+56.91° 1.73+1.64° 443+1.17° 32.80+3.97
D 33.94+8.95 586.02 +39.47% 2.27+1.33% 4.25+0.92% 35.50+1.87
E 31.51 +2.96" 550.48 +20.15° 1.53+1.01° 5.11+2.11° 36.51+£2.61
F 38.56+4.82% 580.11 +20.23% 2.45+0.56" 4.41+0.99% 37.21+1.05

A: controlled group; B: intervention group; C: low-dose prevention group; D: high-dose prevention groups; E: low-dose therapeutic groups; F:

high-dose therapeutic groups

The collection time: Groups A, B, C, and D are for the 4th week of feeding, and Groups E, F are for the 8th week

2P <0.05 vs Group A
P <0.05 vs Group B
€P<0.05 vs Group C
4P <0.05 vs Group D
€P<0.05 vs Group E
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Table 3 Oxidative stress

indicators of Kidney tissue Parameters GSH (U/mg prot) SOD (U/mg prot) CAT (U/mg prot) MDA (nmol/mg prot)
homogenates X + s A 15.50+0.94 346.77+13.55 4.69+0.42 0.59+0.17

B 11.54+0.43° 328.19+8.78? 3.44+0.69° 1.89+0.11%

C 12.12+0.87° 336.23 +58.39° 4.35+0.77° 0.98 +0.26°

D 12.90 +1.09% 353.78 £53.50 4.54+0.87% 0.66+0.48"

E 13.85+0.44° 333.74+£40.01° 3.94+1.01° 1.23+0.31°

F 12.51 +£0.50* 364.82+24.76% 4.11+2.02% 0.85+0.46"

A: controlled group; B: intervention group; C: low-dose prevention group; D: high-dose prevention groups;
E: low-dose therapeutic groups; F: high-dose therapeutic groups

The collection time: Groups A, B, C, and D are for the 4th week of feeding, and Groups E, F are for the 8th

week

4P <0.05 vs Group A
®P <0.05 vs Group B
°P<0.05 vs Group C
4P <0.05 vs Group D
¢P <0.05 vs Group E

Fig.1 Represented HE staining paraffin sections viewed under light
microscope of rat kidneys in each group (X 100 times). a Controlled
group, b intervention group, ¢ low-dose prevention group, d high-
dose prevention groups, e low-dose therapeutic groups, f high-dose
therapeutic groups

Gray-brown crystals were observed in the majority of renal
tubules as demonstrated by HE staining (Fig. 1), and black
calcium deposits observed by Von Kossa staining (Fig. 2).
Calcium oxalate crystals were observed in the majority
of renal tubules which were partially connected. In the
low-dose prevention and therapeutic groups, lesions were

Fig.2 Represented Von-kossa staining paraffin sections viewed under
light microscope of rat kidneys in each group (X 100 times). a Con-
trolled group, b intervention group, ¢ low-dose prevention group, d
high-dose prevention groups, e low-dose therapeutic groups, f high-
dose therapeutic groups

significantly lighter than in the intervention group, with no
apparent inflammatory cell infiltration observed. Calcium
oxalate crystals were deposited in a number of renal tubules.

In the high-dose prevention and therapeutic groups,
kidney tissue was almost normal with intact glomerular

@ Springer
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Fig.3 Effect of a-LA on oxalate in the kidney of experimental rats
in each group: a controlled group, b intervention group, ¢ low-dose
prevention group, d high-dose prevention groups, e low-dose thera-
peutic groups, f high-dose therapeutic groups (b P <0.05 vs Group B,
¢ P<0.05 vs Group C, d P<0.05 vs Group D, e P<0.05 vs Group E)

structures. There was no edema or inflammatory cell infil-
tration observed in the specimens. Mildly dilated renal
tubules and CaOx crystal deposits were observed in small
regions. The difference in extent of Caox crystal deposi-
tion is shown in Fig. 3.

Discussion

The general condition of an animal is a marker of early dis-
ease progression [18]; thus these parameters were taken into
consideration. In the present study, rats in the intervention
group were in a worse condition than in other groups, most
likely related to toxicity caused by the accumulation of large
quantities of oxalic acid (mainly in the damaged organs, such
as the kidneys and brain), which affected apathy, appetite,
growth and development of the rats. The volume of urine
also decreased due to a reduction in drinking water intake
and nephrotoxicity of oxalic acid, which reduced the excre-
tory function of the kidneys. However, the volume of urine
in a-LA treated rats increased. Furthermore, o-L A reduced
the symptoms of systemic poisoning in rats. Increased urine
output can also reduce the concentration of oxalate in urine
and increase the scouring effect on freshly deposited crystals
in renal tubules [19].

The properties of urine are crucial in determining crys-
tal deposition. Therefore, the study of urinary chemistry
associated with the formation of minerals from stones will
provide important information [20]. First, a-LA alkalized
the urine to a certain extent. Boruczkowska et al. [21] found
that alkaline urine decreased the supersaturation of CaOx
and increased the protective components of the urine, such
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as citrate and potassium. Second, a-LA also changed the
ionic strength of urine. The results demonstrate that a-LA
increased magnesium excretion in urine and inhibited the
excretion of calcium. The concentration of each ionic com-
ponent in the urine is also an important factor affecting the
formation of stones, of which calcium and magnesium are
important factors. Increased urinary calcium is among the
most important risk factor in the formation of CaOx stones.
Approximately one-third of patients with calcium oxalate
stones suffered from hypercalciuria [22]. In addition to the
combination of ionic activity and other inhibitory factors,
urinary calcium can also combine with oxalic acid ions in
urine to form a large quantity of calcium oxalate, which
greatly increases the saturation of calcium oxalate in urine,
accelerating the formation of stones [23, 24]. Urinary mag-
nesium is an additional important inhibitor in the stone for-
mation process which can combine with oxalate ions to form
magnesium oxalate which has a lower stability coefficient
and reduces the supersaturation of oxalate ions [25]. In con-
clusion, a-LA changes the physical and chemical properties
of urine to prevent and treat early CaOx crystals by increas-
ing urine volume, magnesium levels, pH and reducing uri-
nary calcium excretion.

CaOx crystals or large stones might lead to urinary
obstruction which causes the accumulation of creatine, uric
acid and BUN in serum [26]. However, no significant dif-
ferences in serum BUN levels were observed among any
group of rats. This might be related to the short duration of
the study and strong compensatory function of the kidneys.

Pathology slides displayed tubule epithelial injury. A pre-
vious study reported that this type of injury is principally
due to the toxicity caused by high concentrations of oxalic
acid that result in increased inflammation and oxidative
stress [27]. ROS mostly consist of free radicals or unpaired
ions, in addition to their metabolites (including hydrogen
peroxide, hydroxyl free oxygen, superoxide anions and nitric
oxide radicals, etc.), and are important signals, in addition
to being molecules with high chemical activity. They are
primarily responsible for damage to carbohydrates, lipids,
proteins and nucleotides [28, 29]. The body has a set of
free oxygen scavenging enzymes, including GSH, SOD and
CAT. GSH is responsible for decomposing hydrogen per-
oxide, whereas SOD scavenges superoxide anions and CAT
decomposes hydrogen peroxide free radicals, the most reac-
tive oxygen species. In physiological conditions, the oxida-
tive stress reaction is in a state of dynamic equilibrium with
the antioxidant system. As a product of free radical-mediated
tissue damage, MDA is known to be a good indicator of
the extent of the oxidative stress response [30]. It also has
been shown in cell experiments that oxalic acid can induce
increased ROS and oxidative stress that leads to renal epithe-
lial cell damage. Furthermore, the principal site of peroxide-
induced oxidative stress is within the mitochondria [28].
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In the present experiments, GSH, SOD and CAT activ-
ity in the intervention group decreased significantly but
MDA increased. Moreover, the shape of the tubules became
distorted, in addition to leukocyte infiltration and greater
quantities of CaOx crystals observed in the lumens of renal
tubules. These observations may be closely related to oxy-
gen-free radicals in the renal epithelial cells induced by
oxalic acid. Nijveldt et al. [31] reported that cellular func-
tions are inhibited by such radicals. Although the mechanism
of the process is not entirely clear, lipid peroxidation is con-
sidered a key event. When cells are damaged, the adherence
and retention of CaOx crystals occurs more easily [32, 33].
The retention of CaOx crystals further stimulates renal epi-
thelial cells to produce related inflammatory factors [34].
The combination of these oxygen-free radicals and inflam-
matory factors initiates the destruction of renal tubular cells
and induces apoptosis. However, the inflammatory response
of the renal tubules in rats was significantly reduced when
a-LA was administered prophylactically. The results indicate
that antioxidant enzymes (GSH, SOD and CAT) in blood
and kidney homogenates increased and the products of oxi-
dative stress (MDA) declined in a dose-dependent fashion.
Importantly, the quantity of CaOx crystals decreased sug-
gesting that a-LA can protect renal tubular cells from CaOx
crystal deposition through an anti-oxidative stress reaction
in an oxalic acid environment, an effect that is positively
dose-dependent. Furthermore, in the therapeutic group, the
same outcomes were reached, indicating that damage due to
oxalic acid is reversible if treated in a timely manner with
a-LA. a-LA can improve the toxic resistance of the kidneys
to oxalic acid, inhibit oxalic acid-induced oxidative stress
and repair the antioxidant stress system. Thus, in the short
term, a-LA has a therapeutic effect on damaged renal tubular
epithelium that detaches adhered calcium oxalate crystals
and prevents freshly formed free calcium oxalate crystals
from being retained in the kidney.

In conclusion, these data confirm that a-LA provides par-
ticular preventive and therapeutic effects on early calcium
oxalate crystal deposition in rats.
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