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Curcumin alleviated oxidation stress injury by mediating osteopontin in
nephrolithiasis rats
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ABSTRACT

Purpose: To explore the role and mechanism of curcumin (Cur) in reducing oxidative stress damage in rats with nephrolithiasis
induced by ethylene glycol (EG). Methods: Thirty male rats were divided into normal control, model, positive (10% potassium
citrate), Cur-10 (10 mg/kg curcumin) and Cur-20 (20 mg/kg curcumin) groups. Results: The results of kidney tissue section stained
by hematoxylin-eosin and von Kossa showed that curcumin treatment can inhibit the formation of kidney stones. The biochemical
test results showed that the urea (Ur), creatinine (Cr), uric acid (UA), inorganic phosphorus and Ca*" concentrations in urine
decreased after being treated with curcumin. There were significant differences between different doses of curcumin (P < 0.05).
Compared with the Cur-10 group, Cur-20 had a more significant inhibitory effect on malondialdehyde (MDA) (P < 0.05). In addition,
reverse transcription polymerase chain reaction (PCR) detection and immunohistochemical results indicated that the osteopontin
(OPN) in the kidney was significantly reduced after curcumin treatment. Conclusion: Curcumin could reduce the oxidative stress
damage caused by EG-induced kidney stones.
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Introduction

Nephrolithiasis is a common urinary system disease. The annual prevalence of nephrolithiasis worldwide is 3-5%, which
severely impacts human health'. More than 80% of kidney stones are composed of calcium oxalate, with calcium oxalate
hydrate as the primary form??. The formation of kidney stones involves pathophysiological processes such as oxidative
stress, inflammation, apoptosis, fibrosis, and autophagy*®. At present, the treatment of nephrolithiasis is mainly through
minimally invasive surgery to remove stones>S, while its high recurrence rate is still very high>’-*. Compared with surgical
treatment, drug treatment of kidney stones is safer and more convenient, which may also prevent the recurrence of stones'’.

Therefore, it is important to develop drugs that can safely and efficiently treat kidney stones.

Curcumin (Cur) is a polyphenolic substance isolated from the turmeric rhizome. Curcumin is the main active component
of turmeric, and it has various functions, including antioxidant'’, anti-inflammatory"?, antifibrosis®, antibacterial and antitumor
activities?, and protection from oxidative damage in the kidney'*. Animal models of oxidative damage to kidney tissue and kidney
stones have proven that curcumin can reduce the expression of inflammation-related factors, and induce anti-inflammatory
factors to inhibit the activation of the MAPK/ERK, TGF-/Smad, and PPAR-y pathways'"'***. In addition, curcumin could induce
the antioxidant response in the kidney, and nuclear factor Nrf2 to play a regulatory role, inhibit mitochondrial dysfunction,
reduce inflammation and prevent oxidative stress damage'>'®. Studies have shown that curcumin exhibits important renal
protection and stone suppression eftects in kidney diseases'""”. However, studies on the effects of curcumin about oxidative

stress state during the process of kidney stone formation and its underlying mechanism are relatively rare.

Ethylene glycol (EG) is the precursor of oxalic acid. After being absorbed in the body, it is quickly distributed in blood

and tissue fluid, and, finally, oxalic acid is formed in the liver. It is often used as a stone attractant for kidney calcium oxalate
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stone models. NH,ClI can acidify the urine and reduce calcium oxalate stones in the urine. The combination of EG and
NH,Cl can induce calcium oxalate stones in the kidney'*". Citric acid is a potent calcium ion chelator that can reduce the
activity, concentration, and saturation of calcium ions, reducing the formation of calcium salt crystals. It can also inhibit
the precipitation of calcium oxalate and calcium phosphate crystals, prevent the formation of stones, the growth and
aggregation of nuclei, and reduce the deposition of stones. It is usually used as a clinical drug for the treatment of kidney
stones>'>?. This study further explored of the effect of curcumin in the EG-induced rat kidney stone model to elucidate

the mechanism by which curcumin alleviate oxidative stress damage in nephrolithiasis rats.

Methods

Reagents and instruments

Curcumin (C805204), potassium citrate (P816198), EG (E808735), and NH,Cl (A801304) were all purchased from
the Macklin Biochemical Technology Co., Ltd. (China, Shanghai). Malondialdehyde (MDA) assay kit (A003-1-2) and
superoxide dismutase (SOD) assay kit (A001-3-2) were all from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China), osteopontin (OPN) antibody (SAB4501013, Sigma-Aldrich, USA). The fluorescence quantitative polymerase
chain reaction (PCR) detection kit (0513471) and reverse transcription kit (0512931) were all from Novoprotein Co.,
Ltd. (Shanghai, China). Automatic biochemical analyzer (CM-800 Hitachi, Japan), real-time fluorescent quantitative
PCR instrument (7500 Fast, Thermo Scientific, USA), optical microscope (DM500, Leica, Germany), microplate reader
(Multiskan MK3, Thermo Scientific, USA).

Animals

The study was approved by the Experimental Animal Ethics Committee of Ningbo University and supervised throughout

the process.

A total of 50 male specific-pathogen free Sprague Dawley rats (6-8 weeks, body weight, 200~250 g) were obtained
from Shanghai Jiesijie Laboratory Animal Co., Ltd. (Shanghai, China). Rats were maintained in the following experimental
conditions: a 12-h light-dark cycle; a maintained temperature of 20-25 °C with a relative humidity of 40-70%. The animal

ethics clearance was approved by the Animal Ethics Committee of the School of Medicine of Ningbo University.

Nephrolithiasis models and treatment

Animal models were established according to Wesson's method with modification*. They were randomly divided rats into
five groups: control, model, positive group, Cur-10 (10 mg/kg curcumin), Cur-20 (20 mg/kg curcumin). After all, the rats
were randomly divided into cages and adapted for 1 week. All groups of rats except the control group were given intragastric
stone attractant every week: 2% NH,Cl, according to the dose of 10 mL/kg, 6 times a week for 4 weeks, and 1% EG was given
in the drinking water every day. The control group was fed with distilled water every day. Drug intervention was started at
the beginning of the third week. For the Cur-10 and Cur-20 groups, a suspension of curcumin was given subcutaneously

injected at the back of the neck, while the positive control group was given 2% NH,ClI (solution in 20% potassium citrate).

Specimen collection

On the day before the end of the experiment, 3 rats were randomly selected from each group and placed them in a metabolic
cage, the urine samples were collected and stored at —80 °C from the rats within 12 h. When the experiment was over, the rats were
anesthetized with 2.5% phenobarbital sodium (45 mg/kg, i.p.). The blood was collected from the abdominal aorta, and serum
was separated by centrifugation at 3000x g for 5 min, aliquoted and stored at —80 °C. The rat kidneys were stripped and weighed.
The left kidneys were fixed in paraformaldehyde and embedded in paraffin for staining and immunohistochemistry. Kidney index
calculation formula: Kidney index = (2 x kidney weight/body weight) x 100, unit: g. The test was repeated three times for each sample.
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HE staining

Rat kidney tissue (1 x 1 x 0.5 cm’, n = 6) was treated with 4% paraformaldehyde for 24 h and embedded in paraffin
after dehydration. The samples were cut into 5 pm pieces. Tissue was dewaxed in water, stained with hematoxylin and eosin
(HE), and dehydrated sealed with neutral gum. Finally, the sample was photographed with an optical microscope (Leica).
The test was repeated three times for each sample.

Von Kossa dyeing

The paraffin sections of kidney tissue paraffin stions from the five groups (n = 6) were immersed in 5% silver
nitrate, irradiated with ultraviolet light for 45 min, washed with water for approximately 6-7 min, and treated with
5% sodium thiosulfate aqueous solution for 2 min. Then, the tissue sections were soaked in water for 5 min, dyed
with 0.1% nuclear fast red for about 5 min, washed with water for 5-10 s, dehydrated and mounted, then observed with
an optical microscope.

Oxidative stress index analysis

The right kidney tissue of the five groups (n = 6) was washed twice with precooled phosphate buffered saline (PBS)
solution. Then 0.5 g tissue was placed in a tissue homogenizer, 5 mL precooled PBS was added, and tissue homogenate was
prepared. After centrifugation, the culture supernatant was collected for MDA and SOD detection. The detailed procedure
was performed according to the kit instructions. Finally, a microplate reader was used to read the OD value. The test was
repeated three times for each sample.

Biochemical indicator detection

An automatic biochemical analyzer detected the contents of urea (Ur), creatinine (Cr), uric acid (UA), and calcium
(Ca?) in urine, the contents of UA, inorganic phosphorus (IP), Ca**, SOD, MDA in the right kidney and Ur, Cr, UA, IP,
Ca* content in serum of the five groups (n = 6) . The test was repeated three times for each sample.

Immunohistochemistry

The slices were placed in citrate buffer (pH = 6.0, 121 °C), added 3% H_,O, solution and incubated in the dark, and blocked
with 1% BSA solution. After antigen retrieval, the primary antibody (1:100) was added and incubated overnight at 4 °C.
Then, the secondary antibody (1:100) was added and incubated at room temperature for 1 h, added the diaminobenzidine
color developing solution, and the sections were counterstained with hematoxylin for 30 s. Finally, the sections were
dehydrated, and the film was mounted with neutral gum to detect the expression and distribution of OPN. Image] was
used to grayscale the photographies, three parts of each group of field-of-view photos were randomly selected, and the gray
value was calculated for quantitative statistics. The test was repeated three times for each sample.

Quantitative reverse transcription-PCR for detecting mRNA expression levels

The primer for the OPN gene was designed through with National Center for Biotechnology Information (NCBI) (https://
www.ncbinlm.nih.gov/), and B-actin was used as the internal reference. Total RNA was extracted by the TRIzol method, and
the RNA concentration was detected by Nanodrop (Thermo Fisher Scientific, USA). Then, the target complementary DNA
was obtained by reverse transcription, and fluorescence quantitative PCR reaction was performed according to NovoStart
SYBR qPCR SuperMix Plus. The conditions were as follows: predenaturation, 95 °C, 2 min. PCR reaction, 95 °C 20 s, 55 °C
30 s, 72 °C 40 s, 40 cycles. The fluorescence signal was detected at 72 °C and the relative gene expression was calculated
based on the cycle threshold (CT) value. The primer sequences were: Rat-OPN-F: CCA GCC AAG GAC CAA CTA CA,
Rat-OPN-R: CTG CCA AAC TCA GCC ACT TTGC; Rat B-actin-F: CCG TGA AAA GAT GGA CCC AGA T, Rat f-actin-R:
GGA CAG TGA GGC CAG GAT AGA. The test was repeated three times for each sample.
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Statistical analysis

The data are expressed as the mean + standard deviation. The normality test was performed using Shapiro Wilk (SPSS
22.0 software, Inc., Chicago, IL, USA), and p > 0.05 was considered to indicate a normal distribution. Differences between

groups were measured by one-way analysis of variance. P < 0.05 was considered statistically significant.

Results
Curcumin reduced the deposition of kidney stones

In the rat kidney stone model, it was found that the kidney was swollen, and the surface was uneven, accompanied by
stone-like particles (Fig. 1a). In the positive, control, Cur-10, and Cur-20 groups, the surfaces of kidneys were smooth with
no significant difference compared with the control group. The kidney index showed that after the administration of the
stone attractant, the kidney index in the model group was significantly higher than the other groups (Fig. 1b, P < 0.01).
However, the renal index of rats in the curcumin treatment group was significantly decreased compared with the model
group, and was not significantly different from that of the positive group (P > 0.05). In addition, the results of HE staining
confirmed that EG caused kidney stones in rats, as indicated by the black part (Fig. 1 c¢,d). After curcumin treatment, there
was no black deposition in the pathological stions of rat kidneys. The above data showed that curcumin could maintain
the normal appearance of rat kidneys, and inhibit the formation of renal stones during the process of EG-induced kidney
stones, which was equivalent to the efficacy of the positive drug potassium citrate in efficacy.
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Figure 1 - Curcumin reduces EG-induced calcium oxalate deposition. (a) Photographies of rat kidneys in each group. The kidney
surface of the control was smooth without particle sensation, the kidney surface of the model was swollen, accompanied by stone like
particles; (b) Kidney index (n = 6), "P < 0.01 means comparison with model group, P < 0.01 means comparison with the control group.
(c) HE staining results of kidney tissue, the black part indicates kidney stone; (d) von Kossa staining result of kidney tissue, the black
part indicates calcium deposition. Their magnification is 400 x.
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Curcumin reduces renal calculi to the kidney

After EG treatment, the urinalysis results of rats in each group within 12 h showed that the Cr content in urine increased
significantly (Fig. 2, P < 0.01). However, the positive control group and both Cur-10 and Cur-20 had no significant effect on
the Cr content. Compared with the control group, the Ur level in model increased significantly after EG induction (P < 0.01),
compared with model group, positive group and Cur treatment group could reduce Ur content (P < 0.05). The content of
UA in model also increased significantly after EG induction, too (P < 0.01). Compared with the model group, Cur treatment
was able to significantly reduce UA values (P < 0.05), although there were also some differences from the control group.
In comparison, the content of Ca** was not significantly different among the groups (P > 0.05). Compared with the model
group, curcumin treatment was able to significantly reduce IP values (P < 0.05), this is better than positive.
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Figure 2 - Urine biochemical test results. Changes of Cr, Ur, UA, Ca?*, and IP in urine (n = 3). The differences between two groups were measured
by Students t-test. "P < 0.05, “P < 0.01 means comparison with model group, “P < 0.05, P < 0.01 means comparison with the control group.

The biochemical test of rat serum showed that compared with the control, the UA content in the other groups’ serum
increased after the induction of the stone attractant (Fig. 3, P < 0.01). However, neither curcumin nor positive drug treatment
reduced the content of UA. This result suggested that curcumin could not reverse EG-induced upregulation of serum UA
levels in the serum. In the model group, the Ca** level was significantly higher than the Ca** level of the control. In contrast,
the increase in Ca** was significantly alleviated after the administration of curcumin and the positive control drug, which was
significantly different from the model group (P < 0.01). The IP content in serum was detected. Compared with the control,
the serum IP content increased significantly in the positive, Cur-10, and Cur-20 groups (P < 0.01). In the model group, the
IP content was significantly reduced (P < 0.01). Compared with that in the control group, the SOD content in serum was
significantly decreased after the treatment with the EG (P < 0.01). Compared with the model, the SOD content in the positive,
Cur-10, and Cur-20 groups was significantly increased (P < 0.05). Moreover, curcumin reduced the concentration of MDA in

the serum. In this regard, curcumin has shown more advantages in reducing MDA than the positive control (potassium citrate).
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Figure 3 - Serum biochemical test results. Changes of Cr, Ur, UA, Ca?*, and IP in serum (n = 6). The normality test was performed using
Shapiro-Wilk, differences between two groups were measured by Student’s t-test. P < 0.05, “P < 0.01 means comparison with model
group, “P < 0.01 means comparison with the control group.
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Curcumin reduced the damage of oxidative stress in rat kidneys

The results of the renal biochemical test showed that compared with control, the Cr, Ur, and UA contents in the model
increased significantly (Fig. 4, P < 0.01). Compared with the control, the Ca?* in the model group was significantly reduced
(P <0.01). However, Cr did not change significantly in the positive and Cur groups. In addition, the UA content in renal tissue
was instead increased in the positive and Cur groups. Positive drug and curcumin could significantly reduce the content of
Ca* and IP (P < 0.01), and the effect of high concentration of curcumin was better than that of the positive control drug.
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Figure 4 - Kidney tissue biochemical test results. Changes of UA, Ca®*, IP, SOD and MDA in kidney tissue (n = 6). The normality test
was performed using Shapiro-Wilk, differences between two groups were measured by Student’s t-test. ‘P < 0.05, “P < 0.01 means
comparison with model group, *P < 0.05, P < 0.01 means comparison with the control group.

Curcumin decreased the expression of OPN in rat kidneys

OPN is distributed in a variety of tissues and cells. It is the main protein in stone formation and plays an essential role in
forming crystals?®?. This study found that the protein expression of OPN was mainly distributed in renal tubules and blood
vessels, and the expression in the glomeruli was very shallow (Fig. 5a). Compared with the control group, the expression
of OPN in the model group was obvious. It was particularly prominent in the calcium salt deposits, while the positive
expression of OPN was in a small aggregate state. With different concentrations of curcumin treatments, it was found
that the expression of OPN in the Cur-10 was still at a high level, and the positive reaction in the Cur-20 was significantly
weakened. However, in the positive, Cur-10, and Cur-20 groups, none showed the large-scale concentrated expression
expressions in the calcium deposits as model groups. Figure 5b shows the result of the OPN expression in kidney tissue.
Compared with the control, the relative expression of the OPN gene in the model’s kidney was significantly increased
(P <0.01). OPN expression in the curcumin treatment groups was significantly reduced compared with that in the model
after different doses of curcumin treatment (P < 0.01). However, there was no difference between the curcumin treatments

(P > 0.05). The results showed that a low dose of curcumin could also efficiently inhibit OPN.
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Figure 5 - Detection of the expression of OPN in kidney tissue. (a) OPN immunohistochemical staining results (n = 6). Compared with
the control group, the expression of OPN in the model group was obvious. The positive expression of OPN was in a small aggregate
state; (b) Relative gene expression of OPN (n = 6). The normality test was performed using Shapiro-Wilk, differences between two
groups were measured by Student’s t-test. 'P < 0.05, “P < 0.01 means comparison with model group, P < 0.01 means comparison with

the control group.
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Discussion

In this study, a rat model of kidney stones was successfully established through EG induction. Furthermore, considering
that the absorption efficiency of curcumin in the human gastrointestinal tract was very low, most of it would be excreted
through the intestine?’. Therefore, we believe that the method of absorption through the intestinal tract has yet to be
discussed, so this experiment used the method of subcutaneous injection at the back of the rat’s neck to administer the
drug, and the method was innovative.

The HE staining results of kidney tissue sections showed that the model’s kidney tissue was severely expanded, tubules
were destroyed, and epithelial cells had fallen off. Glomerular atrophy, necrosis, and sclerosis were visible, and there was a
large infiltration of inflammatory cells. The renal tubules were dilated, with mesenchymal fibrosis, and large areas of kidney
stone crystals. This result indicated that calcium oxalate kidney stones induced by EG could affect kidney function. We did
not see obvious stones in the positive group. Cur-20 group tissue did not produce obvious lesions or stones. In Cur-10
tissue, the glomeruli had a small degree of atrophy but no expansion or disease. The results of von Kossa staining showed that
the model had a large amount of calcium ion stone deposits at the skin and pulp junction. In contrast, no obvious calcium
ion deposits were seen in the other groups. The black part in the picture was the explanation part. The renal function of
rats with calcium oxalate stones was significantly impaired, and these results were consistent with the results of Li et al.'’.

Biochemical analysis results showed that both potassium citrate gavage and different doses of curcumin injection could
effectively reduce the IP in the urine. However, it was worth noting that the Ur concentration in the Cur-10 group was significantly
lower than the Ur in Cur-20 group. Analysis of the calcium ion content in urine showed that the calcium ion content in the urine
of rats after EG induction was significantly reduced, and the calcium ion content was inversely proportional to the curcumin
dose. Potassium citrate is an energetic calcium ion chelating agent that can reduce calcium ion activity, concentration, and
saturation, thereby reducing the formation of calcium salt crystals and achieving the effect of stone removal***. Combining the
structural formula of curcumin and the experimental results, we speculated that the hydroxyl group in the curcumin diphenol
structure could form a hydrogen bond with the carboxyl group of oxalate, reducing the concentration of free oxalate ions,
reducing the deposition of calcium ions, and inhibiting the growth of calcium oxalate crystals.

An abnormal increase in IP content in serum is an essential indicator for detecting chronic kidney disease?”?. This study
found that after injection of different doses of curcumin, the content of Ur, UA, and IP in the serum of the curcumin treatments
decreased significantly, indicating that the curcumin drug had played a role in protecting renal function. Studies have
pointed out that curcumin can promote the expression of SOD, the main active product downstream of the Nrf2 signaling

pathway, by promoting the nuclear accumulation of Nrf2#-!

, reducing the oxidative damage level and oxidative stress in
the kidney, inhibiting the development of kidney stones, and helping to restore kidney function. In past reports, there have
been studies on biochemical analysis. Here, we analyzed various indicators in serum, urine, and kidney to more intuitively

reveal the specific effects of curcumin treatment to better reflect the efficacy of the drug.

The ROS generated by oxidative stress can stimulate cell apoptosis and autophagy, further aggravating cell damage,
and SOD can alleviate tissue damage caused by ROS. Compared with the model, after different doses of curcumin and
potassium citrate treatment, SOD activity was significantly increased. Furthermore, the MDA content of the model
group decreased, and the MDA content of the Cur-10 and positive groups was significantly lower than that of the model.
Cur-20 group had the lowest MDA content, which was extremely different from the model. The results showed that curcumin
could inhibit the development of kidney stones by reducing the level of oxidative damage and oxidative stress in the kidney
tissue, and protect kidney cells in a dose-dependent manner.

OPN plays a critical role in the formation of stones and is the leading organic component of urinary calcium kidney
stones??*2. Moreover, after binding to the receptor CD44, it could promote calcium oxalate crystals in epithelial cells,
which had been confirmed to be overexpressed in animal models of kidney stones induced by hyperoxaluria®. The results
of immunohistochemical showed that OPN was concentrated in renal tubules and blood vessels, and the expression in
glomeruli was very low. The positive expression of the OPN in the model group was stronger. There was a particularly strong
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positive expression in the calcium salt deposition site. In contrast, the expression of OPN in the curcumin treatments was
significantly lower than that of model, indicating that curcumin could inhibit the gene expression of OPN and even inhibit

the formation of kidney crystals.

Conclusion

The subcutaneous injection of curcumin could alleviate the oxidative stress damage of calcium oxalate kidney stones
induced by EG within a specific dose range. Curcumin may dissolve calcium oxalate stones in the renal tubules of rats and
reduce the oxidative damage of calcium oxalate stones to the kidneys. Therefore, curcumin could be used as a new drug

candidate to treat kidney stones.

Authors’ Contribution

Conception and design the study: Weng GB and Huang JJ; Technical procedures: Yao XP and Zhang P; Analysis
of data: Yao XP and Zhang P; Manuscript writing: Yang HM; Critical revision: Qi HG and Lou ZL; Final approval the
version to be published: Huang JJ, Yao XP, Zhang P, Lou ZL, Qi HG, Yang HM and Weng GB.

About the Authors

J1AN-JUN HUANG is Master of Medicine.
XuU-PING YAO is a Bachelor

PING ZHANG is a Bachelor.

ZHI-LING Lou is Master of Medicine.
HoNG-GANG QI is a Medical Doctor.
Hou-MENG YANG is a Medical Doctor.

Guo-BIN WENG is a Master of Medicine.

Conflict of Interest

Nothing to declare.

Data Availability Statement

Data will be available upon request.

Funding

Not applicable.

Acknowledgments
Not applicable.

8 Acta Cir Bras. V38. e380223 . 2023



10.

11.

12.

13.

14.

15.

16.

17.

18.

Huang ] et al.

References

Sohgaura A, Bigoniya P. A review on epidemiology and etiology of renal stone. Am J Drug Discov Dev. 2017;7(2):54-
62. https://doi.org/10.3923/ajdd.2017.54.62

Alexander RT, Hemmelgarn BR, Wiebe N, Bello A, Morgan C, Samuel S, Klarenbach SW, Curhan GC, Tonelli M;
Alberta Kidney Disease Network. Kidney stones and kidney function loss: A cohort study. BM]J. 2012;345:¢5287.
https://doi.org/10.1136/bmj.e5287

Al-Sawaf O, Clarner T, Fragoulis A, Kan YW, Pufe T, Streetz K, Wruck CJ. Nrf2 in health and disease: Current and
future clinical implications. Clin Sci (Lond). 2015;129(12):989-99. https://doi.org/10.1042/CS20150436

Moe OW. Kidney stones: Pathophysiology and medical management. Lancet. 2006;367(9507):333-44. https://doi.
0rg/10.1016/S0140-6736(06)68071-9

Convento MB, Pessoa EA, Cruz E, Gléria MA, Schor N, Borges FT. Calcium oxalate crystals and oxalate induce an
epithelial-to-mesenchymal transition in the proximal tubular epithelial cells: Contribution to oxalate kidney injury.
Sci Rep. 2017;7:45740. https://doi.org/10.1038/srep45740

Ali BH, Al-Salam S, Al Suleimani Y, Al Kalbani J, Al Bahlani S, Ashique M, Manoj P, Al Dhahli B, Al Abri N,
Naser HT, Yasin J, Nemmar A, Al Zaabi M, Hartmann C, Schupp N. Curcumin ameliorates kidney function and
oxidative stress in experimental chronic kidney disease. Basic Clin Pharmacol Toxicol. 2018;122(1):65-73. https://
doi.org/10.1111/bcpt.12817

Asselman M, Verhulst A, De Broe ME, Verkoelen CE. Calcium oxalate crystal adherence to hyaluronan-, osteopontin-,
and CD44-expressing injured/regenerating tubular epithelial cells in rat kidneys. ] Am Soc Nephrol. 2003;14(12):3155-
66. https://doi.org/10.1097/01.asn.0000099380.18995.7

SunX, LiuY, LiC, Wang X, Zhu R, Liu C, Liu H, Wang L, Ma R, Fu M, Zhang D, Li Y. Recent advances of curcumin in the
prevention and treatment of renal fibrosis. Biomed Res Int. 2017;2017:2418671. https://doi.org/10.1155/2017/2418671

Bellezza I, Giambanco I, Minelli A, Donato R. Nrf2-Keap1 signaling in oxidative and reductive stress. Biochim
Biophys Acta Mol Cell Res. 2018;1865(5):721-33. https://doi.org/10.1016/j.bbamcr.2018.02.010

Fontenelle LF, Sarti TD. Kidney stones: treatment and prevention. Am Fam Physician. 2019;99(8):490-6.

Li Y, Zhang J, Liu H, Yuan ], Yin Y, Wang T, Cheng B, Sun S, Guo Z. Curcumin ameliorates glyoxylate-induced
calcium oxalate deposition and renal injuries in mice. Phytomedicine. 2019;61:152861. https://doi.org/10.1016/j.
phymed.2019.152861

Sikora E, Scapagnini G, Barbagallo M. Curcumin, inflammation, ageing and age-related diseases. Immun Ageing.
2010;7(1):1. https://doi.org/10.1186/1742-4933-7-1

Mao JL, Xiong X, Gong H. [Effects of curcumin on tumor growth and immune function in prostate cancer-bearing
mice]. Zhonghua Nan Ke Xue. 2019;25(7):590-4.

Trujillo J, Chirino YI, Molina-Jijén E, Andérica-Romero AC, Tapia E, Pedraza-Chaverri J. Renoprotective effect of
the antioxidant curcumin: Recent findings. Redox Biol. 2013;1(1):448-56. https://doi.org/10.1016/j.redox.2013.09.003

Loboda A, Damulewicz M, Pyza E, Jozkowicz A, Dulak J. Role of Nrf2/HO-1 system in development, oxidative stress
response and diseases: An evolutionarily conserved mechanism. Cell Mol Life Sci. 2016;73(17):3221-47. https://doi.
org/10.1007/s00018-016-2223-0

XiaoY,XiaJ, WuS, LvZ, Huang S, Huang H, Su X, ChengJ, Ke Y. Curcumin inhibits acute vascular inflammation through
the activation of heme oxygenase-1. Oxid Med Cell Longev. 2018;2018:3295807. https://doi.org/10.1155/2018/3295807

Ghodasara J, Pawar A, Deshmukh C, Kuchekar B. Inhibitory effect of rutin and curcumin on experimentally-induced
calcium oxalate urolithiasis in rats. Pharmacognosy Res. 2010;2(6):388-92. https://doi.org/10.4103/0974-8490.75462

Tarr BD, Winters L], Moore MP, Cowell RL, Hayton WL. Low-dose ethanol in the treatment of ethylene glycol
poisoning. ] Vet Pharmacol Ther. 1985;8(3):254-62. https://doi.org/10.1111/j.1365-2885.1985.tb00954.x

Acta Cir Bras. V38. e380223 . 2023 9


https://doi.org/10.3923/ajdd.2017.54.62
https://doi.org/10.1136/bmj.e5287
https://doi.org/10.1042/CS20150436
https://doi.org/10.1016/S0140-6736(06)68071-9
https://doi.org/10.1016/S0140-6736(06)68071-9
https://doi.org/10.1038/srep45740
https://doi.org/10.1111/bcpt.12817
https://doi.org/10.1111/bcpt.12817
https://doi.org/10.1097/01.asn.0000099380.18995.f7
https://doi.org/10.1155/2017/2418671
https://doi.org/10.1016/j.bbamcr.2018.02.010
https://doi.org/10.1016/j.phymed.2019.152861
https://doi.org/10.1016/j.phymed.2019.152861
https://doi.org/10.1186/1742-4933-7-1
https://doi.org/10.1016/j.redox.2013.09.003
https://doi.org/10.1007/s00018-016-2223-0
https://doi.org/10.1007/s00018-016-2223-0
https://doi.org/10.1155/2018/3295807
https://doi.org/10.4103/0974-8490.75462
https://doi.org/10.1111/j.1365-2885.1985.tb00954.x

Curcumin alleviated oxidation stress injury by mediating osteopontin in nephrolithiasis rats

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

10

Laitinen J, Liesivuori J, Savolainen H. Urinary alkoxyacetic acids and renal effects of exposure to ethylene glycol
ethers. Occup Environ Med. 1996;53(9):595-600. https://doi.org/10.1136/0em.53.9.595

Rodgers AL. Physicochemical mechanisms of stone formation. Urolithiasis. 2017;45(1):27-32. https://doi.org/10.1007/
$00240-016-0942-1

Wesson JA, Johnson R], Mazzali M, Beshensky AM, Stietz S, Giachelli C, Liaw L, Alpers CE, Couser WG, Kleinman
JG, Hughes J. Osteopontin is a critical inhibitor of calcium oxalate crystal formation and retention in renal tubules. |
Am Soc Nephrol. 2003;14(1):139-47. https://doi.org/10.1097/01.asn.0000040593.93815.9d

Yasui T, Fyjita K, Asai K, Kohri K. Osteopontin regulates adhesion of calcium oxalate crystals to renal epithelial cells.
Int J Urol. 2002;9(2):100-8. https://doi.org/10.1046/j.1442-2042.2002.00429.x

Kaleta B. The role of osteopontin in kidney diseases. Inflamm Res. 2019;68(2):93-102. https://doi.org/10.1007/s00011-
018-1200-5

Yallapu MM, Jaggi M, Chauhan SC. Curcumin nanoformulations: a future nanomedicine for cancer. Drug Discov
Today. 2012;17(1-2):71-80. https://doi.org/10.1016/j.drudis.2011.09.009

Fabris A, Lupo A, Bernich P, Abaterusso C, Marchionna N, Nouvenne A, Gambaro G. Long-term treatment with
potassium citrate and renal stones in medullary sponge kidney. Clin ] Am Soc Nephrol. 2010;5(9):1663-8. https://doi.
org/10.2215/CJN.00220110

Goldfarb DS. Empiric therapy for kidney stones. Urolithiasis. 2019;47(1):107-13. https://doi.org/10.1007/s00240-018-1090-6

Salomo L, Rix M, Kamper AL, Thomassen JQ, Sloth JJ, Astrup A. Short-term effect of the New Nordic Renal Diet on
phosphorus homoeostasis in chronic kidney disease Stages 3 and 4. Nephrol Dial Transplant. 2019;34(10):1691-9.
https://doi.org/10.1093/ndt/gty366

Santos G, Elias RM, Dalboni MA, Silva G, Moysés R. Chronic kidney disease patients who smoke have higher serum
phosphorus. ] Bras Nefrol. 2019;41(2):288-92. https://doi.org/10.1590/2175-8239-JBN-2018-0156

Chen SM, Chen TH, Chang HT, Lin TY, Lin CY, Tsai PY, Imai K, Chen CM, Lee JA. Methylglyoxal and D-lactate in
cisplatin-induced acute kidney injury: Investigation of the potential mechanism via fluorogenic derivatization liquid
chromatography-tandem mass spectrometry (FD-LC-MS/MS) proteomic analysis. PLoS One. 2020;15(7):€0235849.
https://doi.org/10.1371/journal.pone.0235849

LiuZ, Xie L, Qiu K, Liao X, Rees TW, Zhao Z, Ji L, Chao H. An Ultrasmall RuO2 Nanozyme Exhibiting Multienzyme-
like Activity for the Prevention of Acute Kidney Injury. ACS Appl Mater Interfaces. 2020;12(28):31205-16. https://doi.
org/10.1021/acsami.0c07886

Wang X, Zhang Y, Han S, Chen H, Chen C, Ji L, Gao B. Overexpression of miR-30c-5p reduces cellular cytotoxicity
and inhibits the formation of kidney stones through ATGS5. Int ] Mol Med. 2020;45(2):375-84. https://doi.org/10.3892/
jmm.2019.4440

Carroll HA, Templeman I, Chen YC, Edinburgh R, Burch EK, Jewitt JT, Povey G, Robinson TD, Dooley WL, Buckley
C, Rogers PJ, Gallo W, Melander O, Thompson D, James L], Johnson L, Betts JA. Hydration status affects thirst and
salt preference but not energy intake or postprandial ghrelin in healthy adults: A randomised crossover trial. Physiol
Behav. 2019;212:112725. https://doi.org/10.1016/j.physbeh.2019.112725

Okada A, Yasui T, Hamamoto S, Hirose M, Kubota Y, Itoh Y, Tozawa K, Hayashi Y, Kohri K. Genome-wide analysis
of genes related to kidney stone formation and elimination in the calcium oxalate nephrolithiasis model mouse:
detection of stone-preventive factors and involvement of macrophage activity. ] Bone Miner Res. 2009;24(5):908-24.
https://doi.org/10.1359/jbmr.081245

Acta Cir Bras. V38. e380223 . 2023


https://doi.org/10.1136/oem.53.9.595
https://doi.org/10.1007/s00240-016-0942-1
https://doi.org/10.1007/s00240-016-0942-1
https://doi.org/10.1097/01.asn.0000040593.93815.9d
https://doi.org/10.1046/j.1442-2042.2002.00429.x
https://doi.org/10.1007/s00011-018-1200-5
https://doi.org/10.1007/s00011-018-1200-5
https://doi.org/10.1016/j.drudis.2011.09.009
https://doi.org/10.2215/CJN.00220110
https://doi.org/10.2215/CJN.00220110
https://doi.org/10.1007/s00240-018-1090-6
https://doi.org/10.1093/ndt/gfy366
https://doi.org/10.1590/2175-8239-JBN-2018-0156
https://doi.org/10.1371/journal.pone.0235849
https://doi.org/10.1021/acsami.0c07886
https://doi.org/10.1021/acsami.0c07886
https://doi.org/10.3892/ijmm.2019.4440
https://doi.org/10.3892/ijmm.2019.4440
https://doi.org/10.1016/j.physbeh.2019.112725
https://doi.org/10.1359/jbmr.081245

