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Abstract
Background: When melamine is used as an additive in infant formula, it may cause acute nephrotoxicity in humans, as well as in other animals. This study was designed to examine the effects of a melamine-cyanuric acid mixture on cytotoxicity in vitro and rat-acute nephrotoxicity. 
Methods: In the in vitro study, crystal formations created by the melamine-cyanuric acid mixture were evaluated in media with differing pH conditions over a 24-hour period, and co-treatment with sodium citrate to observe the crystal formation. In the animal study, rats exposed to a melamine-cyanuric acid mixture (400 mg/kg, 1:1) via oral gavage 14 days. And co-treat with sodium citrate to observe the crystal formation in rats.
Results: Melamine-cyanuric acid mixture-induced crystal was pH-dependent in a conditioned medium, and sodium citrate could decrease the crystal formation. Melamine -cyanuric acid treated rats showed marked kidney-swelling, vacuolization and necrosis in the proximal tubules, and numerous polarizable crystals were located in the distal segments, causing increases in kidney weight, serum BUN, and creatinine. After co-treatment with sodium citrate, these increases can all be reversed. Moreover, the degrees of nephrotoxicity, proliferating of cell nuclear antigen protein and urolithiasis- related osteopontin were also decreased in the kidneys. 
Conclusion: Sodium citrate could decrease melamine-cyanuric acid mixture-induced crystal formation that leads to urolithiasis and nephrotoxicity in rats. These results may provide a strategy for melamine-cyanuric acid-intoxication therapy in animal.
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1. Introduction

Melamine and cyanuric acid contamination in animal food has caused renal failure in dogs and cats, due to polarizable crystals with striations that were found to be present in the distal tubules or collecting ducts of the examined animals [1]. Melamine and cyanuric acid were also present in renal tissues [2-5]. Moreover, melamine and cyanuric acid-adulterated feed has caused renal failure in pigs, increasing mortality for the period between two weeks post-weaning and the age of two months. The safe dietary concentrations of melamine and cyanuric acid have been determined to be 3,209-29,000 and 1,126-9,100 mg/kg, respectively [6,7]. Recently, we also reported subchronic nephrotoxicity in rats due to melamine and cyanuric acid [1]. The melamine and cyanuric acid crystals of various sizes were mixed with the necrotic cell debris and inflammatory cells, accompanied by tubular dilation and interstitial fibrosis [1].
The explanation of how a melamine-cyanuric acid mixture causes urolithiasis, leading to renal failure, is still unclear. The renal toxicity of melamine and cyanuric acid has been widely studied, and the melamine-cyanuric acid-caused urolithiasis in renal tubules has been believed to be the mechanism that induces acute renal failure [8-11]. It has been proposed that melamine-cyanuric acid-caused urolithiasis could be dissolved in blood and re-concentrated in the distal renal tubules, with the kidneys being the only target-organs affected by crystallization [12]. Melamine-contaminated infant formula, which can result in nephrolithiasis, has caused an international public-health crisis [8]. However, the affected babies did not show typical symptoms of nephrolithiasis, nor increased incidences of hematouria and leukocyturia [13].

Pet food with melamine-cyanuric acid contamination has caused more severe symptoms of fatal nephrotoxicity than similar incidents involving human beings [8]. Blood-purification therapy, using peritoneal dialysis and hemodialysis, showed no significant difference in the time of recovery of renal function [14]. The clinical treatment of nephrolithiasis could be adequate hydration and urine alkalization [13,15]. Sodium citrate salts can inhibit nephrocalcinosis and calculi formation as a result of decreased urinary saturation [16], and this preparation alters the risk factors for calcium oxalate urolithiasis [17]. Urine alkalinization and stone liberalization were the most effective treatments for melamine- induced urinary calculi in infants [18]. Therefore, in this study, we have evaluated the sodium citrate effects in melamine-cyanuric acid mixture-induced renal cells cytotoxicity, as well as acute nephrotoxicity in rats.
2. Materials and Methods
2.1. Chemicals
Melamine (99%) was purchased from Sigma Co. (Saint Louis, MO, USA); cyanuric acid (95%) was purchased from Merck (D-6100, Darmstadt, Germany); and sodium citrate was obtained from J. T. Baker (USA). Other chemicals used in this study were analytic-grade.

2.2. Crystallization in a conditioned medium
Melamine and cyanuric acid were mixed (1:1) at concentrations of 0.25, 0.5, 0.6, 0.8, and 1.0 mM using Dulbecco’s modified Eagle’s minimal essential medium (DMEM, GibcoBRL, Grand Island, NY, U.S.A), with differing pH levels (7.5, 7.0, 6.5 and 6.0) for thirty minutes. Crystals were counted under microscopy and calculated as counted crystals × total volume (ml) × cubic volume of the hematocounter (103) = total counted crystals/ml. Furthermore, the melamine and cyanuric acid mixture (1:1) was mixed in individual tubes with 13.3 mM sodium citrate, at concentrations of 0.25, 0.5, 0.6, 0.8 and 1.0 mM, and left for thirty minutes. Crystals were calculated as: 
Inhibition rate (%) of sodium citrate = 1-(number of crystals in sodium citrate, co-incubated with the melamine/cyanuric acid group/crystals of the melamine/ cyanuric acid group) × 100.

2.3. Animals 

Sprague-Dawley (SD) rats (4-weeks old) were purchased from the National Laboratory Animal Center, Taipei, Taiwan, and kept in a temperature-controlled (20-22 ℃) room with 12 hours of lighting per day. LabDiet 5001 Rodent diet (Purina Mills LLC, St. Louis, MO, USA) and reverse osmosis water were given ad libitum. This study was approved by the Institutional Animal Care and Use Committee (IACUC) of the National Chung-Hsing University (IACUC: 97-77). 
2.4. Animal treatment
The rats were divided into six groups, with five males and five females in each group. The acute oral toxicity was gavaged at doses of 0, 50, 100, 200, 300 and 400 mg/kg of the melamine-cyanuric acid mixture (1:1). Clinical features and rat-deaths were recorded daily. After 14 days of observation, all the surviving animals were subjected to a complete necropsy. Kidneys were observed by histopathological examination. To determine the effects of sodium citrate on the melamine-cyanuric acid mixture-caused renal toxicity, the rats were divided into four groups, with each group containing five male rats. Control rats were treated with polyethylene glycol (PEG 2000), a single oral dose of 400 mg/kg melamine and cyanuric acid (1:1), and a single oral dose of 400 mg/kg melamine and cyanuric acid (1:1), along with either 500 mg/kg (low dosage) or 2000 mg/kg (high dosage) of sodium citrate, for acute toxicity testing. 

2.5. Measurement of serum and pathological examination
At the end of the experiment, the rats were anesthetized using a 2% isoflurane inhalation, and blood samples were obtained from their abdominal aortas. Serum blood urea nitrogen (BUN) and creatinine were determined using a Chiron Diagnostics Corporation automated analyzer (Oberlin, OH, USA), as indicators of renal injury. Kidneys were weighed, grossly examined, and fixed in 10% neutral buffered formalin solution for histopathological and imunohistochemical examinations. Excised kidney tissues were fixed in a 10% buffered formalin solution for one week, then routinely processed and embedded in paraffin wax. Two-micrometer sections were stained with hematoxylin and eosin and evaluated under light microscopy. For semi-quantitative grading, the severity of the lesions was graded based on the standard criteria [19], with five grades of severity of lesions specified: 1 = minimal (<10%); 2 = slight (11–25%); 3 = moderate (26–50%); 4 = moderate/severe (51–75%); and 5 = severe high (76–100%). 

2.6. Immunohistochemistry and quantification of renal crystals
The immunohistochemistry of proliferating cell nuclear antigen (PCNA) and osteopontin (OPN) were obtained by staining, using a streptavidin-biotin peroxidase complex technique and a mouse monoclonal antibody against PCNA (PC10, sc-56, Santa Cruz Biotechnology Inc., USA) and goat polyclonal antibody against OPN (ab36125, Abcam Inc., USA). After being deparaffinized and dehydrated, formalin-fixed paraffin sections were incubated in 3% H2O2 in distilled water for 30 minutes at room temperature followed by an antigen retrieval step, and were carried out by boiling the slides in 0.01 M of a citrate buffer for 20 minutes. Sections were washed in 50 mM Tris-HCl, 0.05% Tween, at a pH 7.6 for two minutes. To block nonspecific binding, all sections were treated with five-percent skim milk for 30 minutes at room temperature. The slide was then incubated with the primary antibody (1:800 for PCNA; 1(g/ml for osteopontin) for 1 hour at room temperature (for PCNA) or overnight at 4 oC (for OPN). The reaction was stopped by rinsing the section with 0.01 M phosphate-buffered saline (PBS). The slides were then incubated with a biotinylated anti-mouse/rabbit IgG serum (second antibody) as a linking reagent, followed by treatment with a peroxidase-labeled streptavidin-biotin complex and diaminobezidine substrate to visualize the positive cells. Finally, sections were counterstained with hematoxylin prior to being mounted for light microscopy examination. The PCNA and OPN positive cell/area in the rat’s kidney were measured by an imaging system (Lieca, Q500MC, Nussloch, Germany). The PCNA positive cells were calculated as an area containing twenty fields from the cortex and fifteen from the medulla under 200x magnification. The OPN-positive stained crystals were calculated by extrapolating from areas containing ten fields in the cortex and medulla under 100 × magnification.

2.7. Statistical analysis
Data listed in the tables and figures were evaluated statistically and are expressed with a mean ( Standard Deviation (SD). The One-way ANOVA and Duncan’s least-significant difference (LSD) tests (STATISCA, StatSoft, Inc. OK, USA) were used to compare the parameters among groups. The difference between the control and treated groups was regarded as statistically significant when p < 0.05.

3. Results
3.1. Crystallization of a melamine-cyanuric acid mixture inhibited by sodium citrate

The mixture of melamine and cyanuric acid (1:1) at concentrations of 0.25, 0.5, 0.6, 0.8, and 1.0 mM, was dissolved in DMEM medium in different pH values (7.5, 7.0, 6.5 and 6.0) for 30 minutes. Results showed that melamine and cyanuric acid crystals precipitated easily in needle-like formations, at sizes ranging from 5 to 10 (m in the media. Crystal counts of the melamine-cyanuric acid mixture were significantly increased in a dose-dependent manner, and the medium with a pH of 6 had the highest increase of crystal counts. Crystal counts from low to high concentrations of the melamine-cyanuric acid mixture were 327.7, 507.3, 777.3, 1533.3 and 3320 ×103/ml, respectively (Fig. 1A). When sodium citrate was added to the melamine-cyanuric acid mixture at a pH of 6, the crystal counts were significantly inhibited. Based on the above data, the increase of crystals was greatest at a pH of 6. Therefore, for this experiment a pH of 6 for crystal inhibition and a non-cytotoxic level of 13.3 mM sodium citrate were selected. The inhibition rates of sodium citrate, from low to high concentrations of the melamine-cyanuric acid mixture, were 90.8, 86.5, 66.1, 57.7 and 69.4%, respectively (Fig. 1B).

3.2. Acute oral toxicity and pathological conditions found in rats

Rats treated with a melamine-cyanuric acid mixture showed toxic signs of anorexia, humpback, and dieresis, progressing to oligurine, hematuric and crystalluria conditions. The toxic effects were also accompanied by a decrease of food consumption and body weight. The oral LD50 of the melamine-cyanuric acid mixtures were calculated to be 58.6 mg/kg in males and 83.9 mg/kg in females. A macroscopic examination revealed focal hemorrhage and severe swelling, with pale-yellow needle-point crystals, in the affected kidneys (Fig. 2A). Most of the melamine-cyanuric acid urolithiasis precipitated in the cortico-medullar junction and the medullar areas (Fig. 2B). Under microscopic analysis, the proximal tubules of kidneys showed marked swelling, vacuolization, and necrosis (Fig. 2C); intracellular hyaline droplets in the proximal tubules were also observed in early-death and moribund rats. In addition, dilated glomerular space which contained with proteinous fluid and inflammatory cells infiltrated around melamine-cyanuric acid urolithiasis. Polarizable urolithiasis was also noted in the distal nephron segments (Fig. 2D). Two types of melamine-cyanuric acid urolithiasis formed, with small crystals appearing as globular aggregates (Fig. 2E), and large crystals (showing a diameter of more than 20-30 (m) being deposited in the tubules of the medulla (Fig. 2F). Distal tubules and collecting ducts were dilated, regardless of the presence or absence of melamine-cyanuric acid urolithiasis. 
3.3. Inhibitory effect of sodium citrate on melamine-cyanuric acid-mixture in rats


The levels of urine pH in the rats in the melamine-cyanuric acid-mixture group were significantly lower than those in the control group (pH 6.8±0.5 vs. 8.2±1.1). Furthermore, the rats’ kidney weights were also significantly increased in the melamine-cyanuric acid-mixture group. Blood chemistry showed a marked increase in blood urea nitrogen (BUN) and creatinine levels, both of which indicate severe renal impairment. Treatment with high dosages (2000 mg/kg) of sodium citrate significantly decreased kidney weight, creatinine and BUN levels as compared with those in the melamine-cyanuric acid-mixture-treated group (p<0.05) (Table 1). 

For the pathological results as showed in Table 2, the melamine-cyanuric acid-mixture produced various acute toxic renal lesions, including hemorrhage, urolithiasis deposition in the renal tubules, proximal tubular degeneration/necrosis, and glomerular dilation, as well as proteinaceous transudation and interstitial nephritis in the pelvis. Treatment with sodium citrate decreased the toxic grades of melamine-cyanuric acid-mixture-induced renal toxicity. This urolithiasis was observed in both the distal and proximal renal tubules. The levels of PCNA (Fig. 3A) and OPN (Fig. 3C) expression by immunohistochemistry were significantly increased in the melamine-cyanuric acid-mixture group as compared with those in the control group (p<0.05). Supplementing sodium citrate at high doses in the group of rats expressed significantly lower PCNA (Fig. 3B) and OPN (Fig. 3D) indices (p<0.05), and also inhibited crystal formation (Fig. 3D).
4. Discussion
In the present study, we examined crystal formation resulting from in vitro combining with the melamine-cyanuric acid-mixture, at a 1:1 ratio at different pH levels. The needle-like crystals were precipitated easily and reformatted in a pH-dependent manner. The morphology of melamine-cyanurate crystals is rounded in vivo and needle-like in vitro, while the crystal morphology was unaffected by pH but dependent on protein concentrations [9,20]. Renal urolithiasis evokes an inflammatory response leading to fibrosis, loss of nephrons, and eventually chronic renal failure. The most common examples of such urolithiasis in kidneys include calcium oxalate (CaOx), calcium phosphate (CaP), and uric acid or urolithiasis [21,22]. Several different kinds of citrate-containing compounds have been used in clinical trials to investigate their efficacy in the treatment and management of urolithiasis [16,18,23]. Our results showed that sodium citrate significantly inhibited the urolithiasis of a melamine-cyanuric acid-mixture at pH 6. The increased pH is a result of the in vivo oxidation of citrate to bicarbonate, which results in a change in the acid-base balance of the urine. 
In this study, the toxic renal lesions formed in rats were related to the melamine-cyanuric acid mixture and were similar to those associated with renal failures observed previously in dogs and cats [1-5]. Another important factor in the development of renal toxicity may be the ratio of cyanuric acid to melamine [4,10,12]. The melamine-cyanuric acid-mixture did not induce toxicity in precision-cut kidney slices, suggesting that the mixture does not have direct nephrotoxicity. But recent reports have shown that the kidney is the primary target organ, and the NOAEL (no-observed- adverse-effect level) was estimated to be 140 mg/kg/day melamine in rats following 14 days of oral administration [24]. Our results demonstrated that ingestion of the melamine-cyanuric acid-mixture could directly lead to urolithiasis formation in kidney tubules and nephrotoxicity. The levels of oral LD50 was 58.6 mg/kg in males and 83.9 mg/kg in females, which indicates synergistic toxicity of the melamine-cyanuric acid mixtures with its parent compound of 3200 to 3800 mg/kg for melamine and 700 to 2200 mg/kg for sodium cyanurate, respectively [25,26]. It was suggested that renal failure due to melamine-cyanuric acid crystals appears to occur via tubular occlusion [27]. However, the study found that the proximal tubules of the kidneys showed marked swelling and vacuolization, and necrosis rather than occlusion in the distal tubules. The NOAEL for nephrotoxicity for the melamine-cyanuric acid mixture was estimated to be 3.15 mg/kg of melamine plus 2.5 mg/kg of cyanuric acid after daily oral administration for 7 days in male SD rats [11], and 8.6 mg/kg bw/day for SD rats on a diet [28]. We found that sodium citrate significantly decreased melamine-cyanuric acid mixture-induced creatinine level in rats. Previously report showed patients who have a persistent urinary melamine level > 7.1 μg/mmol creatinine might have a significant risk of stone formation, and the risk of forming renal stones increases with urinary melamine load [29].  
In proliferating cells, PCNA up-regulated cell nuclei during the S-phase of the cell cycle [30]. We also found an increase in PCNA-positive tubules cells in the melamine-cyanuric acid-mixture groups. This might reflect a recovery process in the damaged tubules [31]. The expression of PCNA in the high-dose sodium citrate group was significantly lower than in the melamine-cyanuric acid-mixture treated group, suggesting that the tubular cell injury was minor. OPN is an acidic phosphorylated glycoprotein, initially isolated from bone matrix, that has been implicated in several physiologic and pathologic processes, including cell adhesion, migration, signaling, inflammation, bio-mineralization, and renal injury [32-36]. The role of OPN in urolithiasis has been to inhibit crystal formation and retention [37]. Citrate was effective in preventing calcium oxalate stone formation and reduced OPN expression in rats [23]. In our results, sodium citrate can inhibit melamine-cyanuric acid-induced OPN expression. This finding suggests that sodium citrate may play an inhibiting role on urolithiasis formation.


In conclusion, in vitro use of melamine in combination with cyanuric acid forms crystals dependent on pH. The increase of urolithiasis formation directly causes nephrotoxicity in vivo. Nevertheless, sodium citrate appears to significantly decrease crystallization, serum BUN, creatinine, and renal injury in rats. These data suggested that sodium citrate may be a potential therapy for use in clinical melamine and cyanuric acid intoxication. 
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Figure 1. Crystal formation in the melamine-cyanuric acid mixture. (A) Crystals of the melamine-cyanuric acid mixture were counted at different tested concentrations and pH levels; (B) Sodium citrate (SC, 13.3 mM) decreased crystal formation at different concentrations of the MC mixture in a medium at pH 6. Data are expressed as the mean ± SD (n=3). *Significant differences are shown between the pH 7 and other pH groups for (A), and the MC mixture and SC groups for (B) at p< 0.05. 

Figure 2. Gross and histopathological alterations in a rat’s kidney in acute oral toxicity. Rats which were single gavage with 400 mg/kg melamine and cyanuric acid (MC, 1:1) showed: (A) focal hemorrhage, severe swelling and pale yellow needle-point crystals in the kidneys. (B) Most of the melamine and cyanuric acid crystals precipitated in the cortico-medullar junction and medullar areas. (C) Microscopically, the proximal tubules of kidneys had marked swelling, vacuolization, and necrosis (arrow). Dilated glomerular space filled with proteinaceous transudation. (D) Polarizable crystals were noted in the distal nephron segments. Distal tubules and collecting ducts were dilated in the presence or absence of melamine and cyanuric acid crystals (arrow). (E) Crystals within the renal interstitial (arrow) and granulomatous inflammatory (F) with multinucleate giant cells (arrow) surrounded melamine and cyanuric acid crystals in the kidney of survival rats. Bar = 30 (m. 
Figure 3. Immunohistochemistry of proliferating cell nuclear antigen (PCNA) and osteopontin (OPN) expression index in a kidney. Rats were single gavage with 400 mg/kg melamine and cyanuric acid (1:1), co-treated with sodium citrate (500 and 2000 mg/kg) at Day 3. A number of (A) PCNA and (C) OPN positive-stained cells were noted in the M+CA rats, but these were attenuated by co-treatment with sodium citrate (B and D). Co-treatment with sodium citrate also decreased the crystal formation (arrow). 
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Table 1. Effects of Sodium Citrate on the Melamine and Cyanuric Acid Mixture Nephrotoxicity in Rats
	Group
	Absolute  kidney weight 
	Relative  kidney weight 
	Blood urea
nitrogen
	Creatinine

	
	(g)
	(%)
	(mg/dl)
	(mg/dl)

	Control1
	2.17(0.20*
	0.70(0.04
	12.2(2.2
	0.4(0.1

	MC mixture2
	5.22(0.49*
	1.75(0.16*
	284.0(41.5*
	6.1(1.5*

	MC+SC 500 mg/kg
	5.00(0.57*
	1.71(0.19*
	274.5(87.5*
	6.5(3.4*

	MC+SC 2000 mg/kg
	4.10(0.38*, #
	1.53(0.10*, #
	183.8(55.9*, #
	  2.7(1.4*, #


Relative kidney weight (%) = [kidney weight (g)/ final body weight (g)] ( 100; 1Rats treated with PEG 200; 2MC mixture group: rats were administered with melamine and cyanuric acid (MC) (single dose of 400 mg/kg, 1:1); Data are expressed as the mean ± SD (n = 5); *Significant difference between the control and treated groups at p< 0.05 and # p< 0.05 compared to MC mixture group.

Table 2. Histopathological Scores of Rats after Treated with Sodium Citrate on Melamine and Cyanuric Acid Mixture Nephrotoxicity in Rats 

	Histopathological finding
	Group

	
	Control1
	MC 

Mixture2
	MC + SC 

(500 mg/kg)
	MC + SC 

(2000 mg/kg)

	Hemorrhage
	-
	1.0±1.4
	2.2±0. 4*
	0.4±0.9

	Crystal deposition
in the renal tubules
	-
	 3.4±0.5*
	3.2±0.8*
	 2.2±0.4*, #

	Proximal tubular degeneration/necrosis
	-
	3.4±0.9*
	3.6±0.9*
	 1.2±0.4*, #

	Collecting tubular dilation
	-
	2.4±0.9*
	2.2±0.4*
	2.6±0.5*

	Glomerular dilation and proteineous transudation
	-
	2.6±1.1*
	2.8±1.1*
	  0.8±0.4*, #

	Interstitial nephritis
	-
	3.4±0.9*
	3.0±1.0*
	  2.2±0.4*, #


-: No effect; Degree of lesions was graded from one to five depending on severity: 1 = minimal (< 10%); 2 = slight (11-25%); 3 = moderate (26-50%); 4 = moderately severe (51-75%); 5 = severe/ high (76-100%). 1Control group: rats treated with PEG 200; MC mixture group, 2rats were administered with melamine and cyanuric acid (MC) (single dose of 400 mg/kg, 1:1); Data are expressed as the mean ± SD (n = 5); *Significantly different from the control and treated groups at p < 0.05; # p < 0.05 compared to MC mixture group.
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