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Effects of Melamine and Cyanuric Acid on Renal Function and Structure in Rats
(Kesan Melamina dan Asid Sianurik kepada Fungsi dan Struktur Ginjal pada Tikus)

SARANYA PEERAKIETKHAJORN#*, NAWIYA HUIPAO & SIRIPHUN HIRANYACHATTADA

ABSTRACT

Melamine has been used to increase the amount of measurable nitrogen which is a component of protein. The renal toxicity
of melamine has been reported in infants and animals that consumed a mixture of melamine in their food products. This
study aimed to investigate the effects of melamine on rat renal function using clearance and histological techniques.
Animals were divided into 3 groups: vehicle control, 400 mg/kg melamine and mixture of 400 mg/kg melamine and 400
mglkg cyanuric acid (p.o., daily for three days). The results showed that blood urea nitrogen level significantly increased
in the rats treated with the mixture of melamine and cyanuric acid. The urine flow rate, glomerular filtration rate, renal
plasma flow and urinary sodium and potassium excretion rate significantly decreased when compared to vehicle control.
These results suggested both glomeruli and renal tubules of rats treated with mixture of melamine and cyanuric acid were
damaged. Histological study also confirmed these findings and showed significant glomerular atrophy and dilated renal
tubules. Numerous clear brownish-yellow crystals were also found in the distal tubule, collecting tubule and papillary
duct. However, rats solely treated with melamine showed no significant difference in renal function or structures.
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ABSTRAK

Melamina telah digunakan untuk meningkatkan jumlah nitrogen yang boleh diukur yang merupakan komponen protein.
Ketoksikan ginjal daripada melamina telah dikesan pada bayi dan binatang yang mengambil campuran melamina
dalam produk makanan mereka. Kajian ini bertujuan untuk mengkaji kesan melamina pada fungsi buah pinggang tikus
menggunakan teknik pembersihan dan histologi. Haiwan kajian dibahagikan kepada 3 kumpulan: Kawalan pengangkut,
melamina 400 mg/kg serta campuran melamina 400 mg/kg dan 400 mg/kg asid sianurik (p.o., setiap hari selama tiga
hari). Hasil kajian menunjukkan bahawa paras nitrogen darah urea meningkat dengan ketara dalam tikus yang dirawat
dengan campuran melamina dan asid sianurik. Kadar aliran kencing, kadar penapisan glomerular, aliran plasma buah
pinggang dan kencing natrium dan kadar perkumuhan kalium yang menurun dengan ketara jika dibandingkan dengan
kawalan pengangkut. Keputusan ini menunjukkan glomeruli dan tubul buah pinggang tikus yang dirawat dengan
campuran melamina dan asid sianurik telah rosak. Kajian histologi juga mengesahkan penemuan ini dan menunjukkan
atrofi glomerul yang signifikan dan tubules buah pinggang mengalami dilatasi. Pelbagai kristal berwarna keperangan
kuning ditemui dalam tubul distal, tubul pengumpulan dan salur papilari. Walau bagaimanapun, tikus yang dirawat
dengan melamina sahaja menunjukkan tiada perbezaan yang signifikan dalam fungsi buah pinggang atau struktur.

Kata kunci: Asid sianurik, histologi; melamina; pembersihan renal; tikus

I ODUCTIO
NTRODUCTION in the substrates (Dalal & Goldfarb 2011; Hau et al. 2009;

Melamine (C,H/N,) is an important component for
production of melamine resin, which is a combination of
melamine and formaldehyde. Moreover, melamine has
been used in agriculture to increase nitrogen levels in
fertilizer. Melamine is also used as non-protein nitrogen
for feeding ruminant animals in livestock. The hydrolytic
reaction of melamine slowly occurs in ruminants (Newton
& Utley 1978). Recently, Sun et al. (2012) reported that
melamine was gradually degraded into cyanuric acid
by rumen microorganisms in lactating dairy cows (Sun
et al. 2012). It seems that the addition of melamine is
to increase nitrogen levels in fertilizer and animal food,
consequently, measurement of protein levels is uncertain
because many methods mainly estimate amount of nitrogen

Vervaet et al. 2017).

An outbreak of melamine contamination in foods
occurred throughout the world a decade ago. Wheat
gluten containing melamine and cyanuric acid is added
into animal foods in order to increase nitrogen levels (Hau
et al. 2009). In rats, the inhalation of melamine can cause
irritation of the respiratory tract, and the LD, is 3.16 g/kg
body weight (p.o.) (Hau et al. 2009; National Toxicology
Program 1983). Toxicity of melamine has been tested in
Sprague-Dawley rats. Cyanuric acid is a structural analogue
of melamine, which is toxic to mammals. Previous studies
show that long-term exposure of cyanuric acid can cause
bladder calculi and bladder epithelial hyperplasia in rats
and mice. And, acute exposure of cyanuric acid results in
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slight eye and skin irritation in rabbits (Hammond et al.
1986; Suchy et al. 2009). Melamine-cyanuric acid complex
damages the kidney leading to increase urination and blood
urea nitrogen (BUN), and to decrease body weight and
creatinine clearance. In addition, distal tubules and loop of
Henle swell up, and crystals are found in the renal tubules,
especially in the renal medulla. The crystals obstruct flow
in the renal tubules. Analyses of crystals by HPLC-MS/
MS and Fourier transform infrared (FTIR) spectroscopy
showed these crystals to be melamine cyanurate, which
is an insoluble complex precipitating in renal tubules
(Dobson et al. 2008). Furthermore, melamine cyanurate
crystals were found in renal distal tubules of cats and dogs
consuming melamine and cyanuric acid contaminated pet
foods (Brown et al. 2007; Dalal & Goldfarb 2011; Dobson
et al. 2008; Puschner et al. 2007). Melamine cyanurate
crystals cause bleeding of the corticomedullary junction
and acute renal failure in cats with concentrated levels of
melamine and cyanuric acid (496-734 mg/kg kidney weight
and 487-690 mg/kg kidney weight, respectively) (Puschner
et al. 2007). Moreover, melamine induces urinary bladder
stones in rats and mice, however, bladder tumor did not
develop in melamine-treated rodents (Melnick et al. 1984).
Melamine and derivatives also affects the kidneys of
Iberian piglets causing chronic inflammation. Crystal of
melamine cyanurate are formed in dilated distal tubules
and collecting ducts leading to a flattening of the renal
tubular epithelial cells (Battaglia et al. 2010; Gonzalez et
al. 2009).

In economic aquatic animals, fish and shrimp fed
with melamine-contaminated food were found to contain
melamine in their tissue (Andersen et al. 2008). Cyanuric
acid also accumulated in the tissue of trout, catfish,
tilapia and shrimp (Karbiwnyk et al. 2009). Moreover, a
mixture of melamine and cyanuric acid causes golden to
greenish-brown needle- and plate-like crystals in multifocal
hemocytic granulomas in the antennal gland tubules and
peritubular hemal sinuses (Lightner et al. 2009).

The half-life of melamine in plasma of thesus monkey
given with a single dose of 1.4 mg melamine /kg body
weight was 4.41+£0.43 h. Melamine was rapidly excreted
through urination (Liu et al. 2010). Furthermore, derivatives
of melamine, such as ammeline, ammelide and cyanuric
acid are derived from deamination in Pseudomonas and
Klebsiella (Jutzi et al. 1982).

The effect of melamine on renal functions including ion
excretion is still limited. Here, we aimed to clarify the renal
functions of Wistar rats consuming melamine and cyanuric
acid using clearance technique and estimation of sodium
and potassium excretion. In addition, kidney structure was
observed and compared with that of control rats.

MATERIALS AND METHODS

ANIMALS

Male Wistar rats (200-250 g) were obtained from the
Southern Laboratory Animal, Prince of Songkla University,

Songkhla, Thailand. All rats were reared under controlled
conditions (temperature 23-25°C, relative humidity
50-55% and 12 h light/dark cycle). They were given a
commercial animal feed (S.W.T., Thailand) and free access
to tap water. All experimental rats were maintained and
handled according to the approval of the Prince of Songkla
University Animal Ethics Committee (project license
number: MOE 0521.11/143).

EXPERIMENTAL DESIGN

Animals were randomly assigned to three groups (vehicle
control, melamine and melamine + cyanuric acid). The
number of animal in each group was six. Melamine (Sigma,
Wisconsin, USA) at a dose of 400 mg/kg body weight or
cyanuric acid (Sigma, Tokyo, Japan) at a dose of 400 mg/kg
body weight was dissolved in 1% carboxymethylcellulose
(vehicle) and orally administered once a day for three
days. An equal volume of 5 mL/kg body weight was
administered to each animal in all groups.

RENAL CLEARANCE STUDY

Rats were anaesthetized (i.p) with 60 mg/kg body
weight of Nembutal (pentobarbitone sodium; Ceva
Sante Animale, Libourne, France) and placed on a
thermostatically controlled heated table to maintain body
temperature at 37°C. A tracheostomy was performed
and the right carotid artery was cannulated for blood
sampling and arterial blood pressure recording (Grass
Polygraph model 7DAG; Grass Instrument Co., Quincy,
MA, USA) throughout the experiment. The left jugular
vein was then cannulated and infused with 0.9% NaCl
containing 1% inulin and 0.5% para-aminohippuric acid
(PAH) at the rate of 1.6 mL/h/100 g body weight. Urine
samples were collected in microcentrifuge tubes through
a cannula placed in the bladder via a suprapubic midline
incision. A one-hour equilibration period was allowed
in order to obtain a steady state of plasma inulin and
PAH concentration before clearance measurement were
undertaken.

After the equilibration period, all rats were subjected
to an identical protocol in which six consecutive 30 min
urine collections were made. Three arterial blood samples
(500 pL) were taken at the mid-point of the first, fourth
and sixth urine samples. Whole blood samples were
centrifuged, then plasma was collected and frozen stored
until determining of concentration of clearance markers,
electrolytes and BUN. Blood cells were resuspended in
300 pL isotonic saline and returned to the animal via the
jugular vein cannula. At the end of the renal clearance
experiment, animals were euthanized and both kidneys
were removed, blotted, weighed and then fixed in 10%
buffer neutral formalin for histopathological examination.

Renal clearance of PAH and inulin were calculated
according to the clearance equation and were taken as
the indices of renal plasma flow (RPF) and glomerular
filtration rate (GFR), respectively. RPF was calculated



assuming a 90% extraction of PAH. Inulin and PAH
concentrations were estimated by spectrophotometric
method (Davidson & Sackner 1963; Smith et al. 1945).
Urine output was determined gravimetrically assuming
a density of 1 g/mL. Na" and K* concentration was
measured by an inductively coupled plasma-optical
emission spectrophotometer (Optima 4300 Dv, Perkin
Elmer, MA, USA) using NaCl and KCI as their standard
solutions, respectively. Fractional excretion of Na”™ (FE, )
and K* (FE, ) was calculated according to the equation:
FE = (C /GFR)x100, where FE_is fractional excretion of
Na® and K*, C_is clearance of Na* and K*.

BUN level was estimated by enzymatic method using
urease enzyme kit (Humana, Wiesbaden, Germany).

RENAL HISTOPATHOLOGICAL EXAMINATION

The kidney samples were fixed in 10% buffered neutral
formalin for at least 24 h, then dehydrated in a series of
graded concentrations of ethanol and embedded in paraffin
wax (Tyco/Healthcare, Manfield, USA). The tissue block
was cut into 6 pm-thick sections using rotary microtome
(model 820, Tucson, Az, USA). Paraffin sections were
stained with hematoxylin and eosin for light microscope
examination. The sections were viewed and photographed
on a light microscope (Olympus Bx51, Tokyo, Japan) with
attachment camera (Olympus DP 50, Olympus Optical Co.
Ltd. Japan). Ten sections were prepared from each kidney.
All sections were evaluated for glomerular atrophy and
tubular dilatation. To evaluate for glomerular atrophy, total
glomeruli and atrophic glomeruli were counted in 10 fields
using eyepiece micrometer grid under 400% magnifications.
To evaluate for tubular dilatation, diameters of proximal
tubules, distal tubules and papillary ducts were measured
in 10 fields using eyepiece micrometer grid under 400x
magnifications.

STATISTICAL ANALYSIS

All experimental data are presented as mean + standard
error of mean (S.E.M.) from at least 6 sets of experiments.
Statistical difference was assessed using One-way analysis
of variance (ANOVA) with Student Newman-Keuls Post-
hoc test, and p<0.05 was considered to be statistically
significant.
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RESULTS

BODY WEIGHT CHANGE

The pre-treatment body weight, post-treatment body
weight and body weight change are shown in Table 1.
After treatment with melamine+cyanuric acid, the body
weight (-12.0 £ 4.7 g) was significantly reduced, which was
different from vehicle control (5.7 + 3.0 g) and melamine
groups (9.7 £2.7 g).

RENAL CLEARANCE EXPERIMENT

During the clearance experiment, mean arterial blood
pressure (MABP) showed the significantly difference
among all three groups (vehicle control = 128 = 1 mm
Hg, melamine = 119 + 4 mm Hg and melamine+cyanuric
acid = 115 + § mm Hg).

The urine flow rate, GFR and RPF of melamine+cyanuric
acid-treated rats were significantly decreased when
compared with vehicle control and melamine treated
group (Figure 1(A), 1(B) and 1(C)). Urine flow rate in
melamine+cyanuric acid-treated group decreased to 73%
compared with control. The GFR decreased to 0.352 +
0.211 mL/min/g kidney weight (melamine+cyanuric
acid), while GFR of vehicle control and melamine-treated
group were 1.504 = 0.100, 1.339 £+ 0.062 mL/min/g
kidney weight, respectively. The RPF of vehicle control,
melamine and melamine+cyanuric acid-treated groups
were 5.07 £ 0.317, 3.889 £ 0.351 and 0.951 £ 0.602
mL/min/g kidney weight, respectively. As indicated in
Figure 1(D), BUN significantly increased after treatment
with melamine+cyanuric acid (230.258 + 72.598 mg/dl)
when compared with vehicle control (16.185 = 0.903
mg/dl) and melamine-treated groups (14.049 + 0.662
mg/dl). However, the urine flow rate, GFR, RPF and BUN
of melamine-treated rats were not different from vehicle
control (Figure 1).

Figure 2(A) shows a significant decrease in Na*
excretion rate in the melamine+cyanuric acid-treated
group (1.226 + 0.683 umol/min/g kidney weight
compared with the vehicle control and melamine-treated
groups (5.236 + 0.261 umol/min/g kidney weight and
5.119 £ 0.435 umol/min/g kidney weight, respectively).
The melamine+cyanuric acid group also showed

TaBLE 1. Effect of melamine and melamine+cyanuric acid treated on pre-treatment body weight,
post-treatment body weight and body weight change

Groups Pre-treatment Post-treatment Body weight
body weight (g) body weight (g) change (g)
Vehicle control (n=6) 2440+52 2497+39 57+30
Melamine (n=6) 2200+ 11.9 229.7+12.6 9.7+27
Melamine+Cyanuric acid (n=6) 2052 +120 1932 +150"F -12.0+£4.7%

Data are mean + S.E.M. *, § p<0.05 compared with vehicle control and melamine group, respectively
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FIGURE 1. Effect of melamine+cyanuric acid on urine flow rate, glomerular filtration rate (GFR), renal
plasma flow (RPF) and blood urea nitrogen (BUN). Values are mean + S.E.M. from at least 6 sets of
experiments. *, ¥ p< 0.05 compared to vehicle control and melamine group, respectively (one-way

ANOVA with multiple comparison using Student-Newman Keuls post hoc test)

significantly decreased K excretion rate (0.59 + 0.180
umol/min/g kidney weight) when compared with vehicle
control and melamine treated groups (1.879 =+ 0.111
pumol/min/g kidney weight and 1.692 + 0.119 umol/min/g
kidney weight, respectively) (Figure 2(B)). Consequently,
FE, of rats treated with melamine+cyanuric acid was
significantly increased to 9.636 + 3.422% compared with
vehicle control (2.403 + 0.170%) and melamine-treated
rats (2.749 + 0.157%) (Figure 2(C)). Moreover, treatment
with melamine+cyanuric acid resulted in a significantly
increased FE, (84.105 = 26.836%), which was higher than

[J Control

Na " excretion rate (umol/min/gK W)

FEy, (%)

EE Melamine

that of vehicle control and melamine groups (10.126 +
1.152% and 12.734 + 10.790%) (Figure 2(D)).

RENAL HISTOPATHOLOGICAL STUDY

Kidney weight of melamine+cyanuric acid-treated rats
was significantly higher than that of vehicle control and
melamine-treated rats as shown in Table 2. Melamine
treatment alone did not affect kidney weight, when
compared with vehicle control (Table 2).

Structural alterations of glomerulus, renal tubule
appeared in both proximal tubule and distal tubule of rats
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FIGURE 2. Effect of melamine+cyanuric acid on Na* excretion rate, K* excretion rate, fractional excretion of sodium (FE )
and potassium (FE,). Values are mean + S.E.M. from at least 6 sets of experiments. *, # p< 0.05 compared to vehicle control
and melamine group, respectively (one-way ANOVA with multiple comparison using Student-Newman Keuls post hoc test)
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TABLE 2. Effect of melamine and melamine+cyanuric acid treated on kidney weight

Groups

Kidney weight /100 g BW (g)

Vehicle control (n=6)
Melamine (n=6)

Melamine+Cyanuric acid (n=6)

0.637+0.012
0.719 +£0.025
1.539 +£0.206 **

Data are mean + S.EM. *, ¥ p<0.05 compared with vehicle control and melamine group, respectively

treated with melamine+cyanuric acid are shown in Figure
3. Bowman’s space and glomerular capillary atrophy were
found in kidney of rats after melamine+cyanuric acid
treatment (Figure 3(E)). The glomerular atrophy in kidney
of melamine+cyanuric acid group (44.13 + 12.45%) was
higher than that in vehicle control and melamine groups
(7.03+£0.88 % and 12.44 + 1.40%, respectively) (Table 3).
Moreover, tubular dilatation and brownish-yellow crystals
were found in kidneys of melamine+cyanuric acid treated
rats. The lumina of proximal tubules, distal tubules, and
papillary ducts were dilated in the melamine+cyanuric
acid-treated group when compared with vehicle control
and melamine treated groups. The crystals found in kidney
tissue seemed to obstruct the renal tubules (Table 4 and
Figure 3(E) and Figure 3(F)).

DiscussioN

To investigate the effects of melamine on renal functions,
rats were gavaged melamine and melamine+cyanuric acid
mixture for 3 days. The results showed that body weight
of rats receiving the mixture was significantly decreased,
when compared with control and melamine-treated rats.
Moreover, hematuria was found in some rats treated with
melamine+cyanuric acid mixture and this is consistent with
previous study (Dobson et al. 2008; Gamboa et al. 2012).

In this study, we performed renal clearance to evaluate
kidney function of rats received melamine, and mixture
of melamine and cyanuric acid. The results showed that
GFR and RPF in the mixture group were significantly
lower than in control and melamine groups. Previously,
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FIGURE 3. Light micrograph of glomerulus (black arrow), proximal tubule (*), distal tubule (#) and papillary
duct (1) in vehicle control (A&B), melamine treated (C&D) and melamine+cyanuric acid treated group (E&F).
In melamine+cyanuric acid group, glomerular atrophy, renal tubular dilatation and crystal (§) were observed.
Hematoxylin & eosin stain. Scale bar = 50 pm
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TABLE 3. Histopathological scoring of glomerular atrophy in vehicle control, melamine
and melamine+cyanuric acid treated-rats

Groups Glomerular atrophy (%)
Vehicle control (n=6) 7.03 +0.88
Melamine (n=6) 1244 £ 1.40

Melamine+Cyanuric acid (n=6) 4413 £ 1245

Data are mean + S.EM. *, § p<0.05 compared with vehicle control and melamine group, respectively

TABLE 4. Effect of melamine and melamine+cyanuric acid treated on the size
of proximal tubule, distal tubule and papillary duct

Proximal tubule Distal tubule Papillary duct
Groups
(nm) (pm) (m)
Vehicle control (n=6) 40.1+0.9 375+14 368 +2.6
Melamine (n=6) 39.1+£0.7 383+1.2 37.7+2.6
Melamine+Cyanuric acid (n=6) 4461477 494 £47%7 556697

Data are mean + S.EM. *, § p<0.05 compared with vehicle control and melamine group, respectively

a mixture of melamine and melamine derivatives was
able to decrease creatinine clearance and renal blood
flow in cats and Sprague-Dawley rats (Dobson et al.
2008; Puschner et al. 2007; Tian et al. 2016). We also
observed the kidney structures including glomerulus and
renal tubules, showing glomerulus atrophy in rats given
the mixture of melamine and cyanuric acid. Furthermore,
yellowish crystals were found in distal tubules, collecting
tubules and papillary duct, and these have been reported
to cause renal failure (Brown et al. 2007; Dobson et al.
2008; Gonzalez et al. 2009; Puschner et al. 2007). Previous
studies also reported that administration of high dose of
melamine (1000 mg/ kg body weight) into pregnant and
non-pregnant rats caused crystal formation and induced
renal failure, which stimulated reproductive abnormality
and increased numbers of early and late fetal deaths (Stine
etal. 2014; Tian et al. 2016). Melamine also induces renal
inflammation and fibrosis (Tian et al. 2016).

The crystals were formed in distal tubules because of
the reabsorption of water and minerals in proximal tubules
leading to increased concentration of melamine cyanurate.
Consequently, highly concentrated melamine cyanurate
crystalized and was precipitated in the distal tubules,
collecting ducts and papillary ducts, which was consistent
with previous study in cats, dogs and piglets (Brown et al.
2007; Gonzalez et al. 2009; Puschner et al. 2007). These
crystals obstructed and caused increased hydrostatic
pressure in renal tubules, which led to destruction of the
glomeruli and decreased GFR, sodium excretion rate, and
potassium excretion rate. Moreover, fractional sodium
and potassium excretion were increased in rats receiving
melamine and cyanuric acid, because the epithelial cells
of renal tubules were flattened. This leads to a decreased
reabsorption of Na"and K" in renal tubules, especially
distal tubules, collecting ducts and papillary ducts of
animals, similar to the findings in Iberian piglets (Gonzélez
et al. 2009).

Furthermore, plasma BUN significantly increased
because of body weight loss and energy compensation.
Protein is utilized as an energy source, and deamination
produces high levels of ammonia. Ammonia would be
converted to urea in the liver, which is normally filtered
at the glomerulus (Nelson & Cox 2013). In this study,
glomeruli were shrunken, therefore, urea could not pass
through glomerulus and caused higher level of BUN in
plasma (Gonzalez et al. 2009; Park et al. 2011; Puschner
et al. 2007; Son et al. 2014). Recent study also showed
that urinary biomarkers (calbindin, NGAL and KIM- 1) were
increased in Sprague-Dawley rats treated with mixture of
melamine and cyanuric acid indicating that nephrotoxicity
occurred in kidneys of rats (Son et al. 2014).

CONCLUSION

This study showed the structural and functional effects
of melamine and cyanuric acid crystalized in rat kidney
including ion excretion rates of renal failure rats. Crystals
of melamine cyanurate obstructed in renal tubules, which
caused dilation of renal tubules and glomerular atrophy.
The structural changes of rat kidneys also affect to renal
function and caused decreasing of GFR and RPF, and
increasing of BUN and excretion rate of Na“and K*. These
findings should be useful to improve treatment methods in
the future. However, the treatment and protection against
crystallization in the kidney should be investigated the
further experiments.
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