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A B S T R A C T

Melamine is commonly used in a variety of consumer products such as furniture, dining ware, and food utensils.
The chemical infamously gained worldwide attention by its illegal addition to a variety of foodstuffs in order to
falsify protein content, which led to serious, sometimes fatal, health impacts in children and pets. This resulted in
a large amount of published primary studies and reviews of the impacts of melamine exposure on kidney
function. However, a growing body of literature suggests that melamine may have impacts beyond renal dys-
function. We conducted a scoping review of this literature which yielded more than 40 studies with human,
animal, and in vitro findings. Neurological impacts, reproductive function, and anthropometric outcomes were
identified as possible candidates for systematic review based on evidence stream and replication of endpoints.
The results of this analysis provide a basis for prioritizing future research on health impacts associated with
melamine exposure.

1. Introduction

Melamine is a compound commonly used in a variety of common
consumer products, such as laminates, resins, adhesives, glues, ply-
wood, flooring, plastic molding compounds, paint pigments, furniture,
food packaging, dinnerware, and food utensils (Lu et al., 2009; Hilts
and Pelletier, 2008). It is also used as an ingredient in flame retardants,
rust removers, metal cleaners, and chemical synthesis (Hilts and
Pelletier, 2008; NLM, 2016). Melamine has become more frequently
used in food contact items such as cups, plates, bowls, and utensils
because they are dishwasher safe, inexpensive, and durable. These
products are made from the polycondensation of melamine and for-
maldehyde, and both compounds have been shown to migrate out of
melamine-ware (e.g., bowls, chopsticks, cups, plates, spoons, and
tumblers) (Lu et al., 2009; Chik et al., 2011; Chien et al., 2011). When
tested under conditions that simulated household uses, melamine and
formaldehyde were shown to migrate out of melamine-ware after re-
peated microwaving and exposure to heat using an acidic food simu-
lant. (Lund and Petersen, 2006; Ishiwata et al., 1986; Sugita et al.,

1990) Repeated use likely makes these products an important source of
exposure, due to increased probability of chemical leaching and in-
gestion during food preparation and consumption (Lund and Petersen,
2006; Mannoni et al., 2016).

Melamine is perhaps most well-known for the tragic consequences
of its use in food products. Due to its high nitrogen content, analytical
techniques identify melamine as an amino acid. Because of this, mela-
mine has been added to wheat gluten, rice protein, and milk products in
order to falsely increase the protein content of food commodities
(Andersen et al., 2008; Chan et al., 2011). In 2008, melamine was
discovered to be the cause of an outbreak of urinary tract stones and
renal-failure resulting in illness and death in infants and children in
China (Wei and Liu, 2012). Investigations revealed that the compound
was added illegally to powdered milk and baby formulas with the in-
tention of falsifying protein content. For example, the chemical was
found in Chinese infant formula in concentrations as high as 2563 mg/
kg, which far exceeded the 0.2 mg/kg World Health Organization
(WHO) maximum tolerable daily intake. (Wang et al., 2014a) In 2007
several pet foods and treats were recalled because the chemical was
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found to be a contaminant in wheat gluten used in those products
(Burns, 2007; Rumbeiha and Morrison, 2011; Brown et al., 2007). Ac-
cording to a US survey, this resulted in health effects and death in pets
in 35 states, Puerto Rico, and in four Canadian provinces. (Rumbeiha
et al., 2010)

Melamine has also unintentionally become an agricultural food
contaminant due to the use of the insecticide cyromazine. (Hilts and
Pelletier, 2008) Cyromazine inhibits chitin synthesis and is commonly
added to animal feeds to control flies in manure (Keiding, 1999; EPA,
2013). Additionally, cyromazine is used as an insecticide on beans,
celery, onions, tomatoes, and leafy vegetables (EPA, 2013; Yokley et al.,
2000; Li et al., 2011), and in plants, cyromazine is taken up by the roots
and leaves (Karras et al., 2007). Not only can cyromazine undergo
degradation to melamine in the environment, once ingested, it can also
be converted to cyanuric acid and melamine in vivo (EPA, 2013; Li
et al., 2011; Arnold, 1990). Recently, Rairat et al., demonstrated that
cyromazine given to laying chickens at 10 mg/kg peaks in plasma at 3h
and declines to undetectable levels at 24h post-administration. How-
ever, following 14d of administration, cyromazine remained in the liver
for up to 3d and melamine accumulated in the liver and kidneys (but
not muscle) at lower exposure levels (5 mg cyromazine/kg body
weight) (Rairat et al., 2016). In studies evaluating melamine in the food
chain, the compound has been shown to accumulate in the muscle of
livestock animals (Sun et al., 2011; Battaglia et al., 2010; Shen et al.,
2010; Lv et al., 2010; Yang et al., 2011; Bai et al., 2010; Qin et al., 2010;
Wang et al., 2014b) and in crops such as corn, soybeans, and wheat
(Qin et al., 2010), and has been detected in chicken eggs (Rairat et al.,
2016; Yang et al., 2011; Bai et al., 2010). Studies have also shown that
melamine accumulates in the milk of cows and goats following ex-
posure to melamine containing feed (Sun et al., 2011; Battaglia et al.,
2010; Shen et al., 2010; Baynes et al., 2010; Cruywagen et al., 2009).
The compound has been detected in various food products, including
several dairy products, processed frozen foods, eggs and dried egg
products (Gossner et al., 2009), shrimp and fish (Andersen et al., 2008),
and vegetable products (Tittlemier et al., 2010). This evidence indicates
that melamine can accumulate in a variety of commonly consumed li-
vestock and crops via melamine contaminated feed and cyromazine
treated feed and crops.

Studies examining the pharmacokinetics of melamine in animal
models have shown that the excretion of the compound depends on the
species. In chicken eggs, melamine has been shown to reach un-
detectable levels (in whites) after 2d of withdrawal, following 14d of
exposure to cyromazine and melamine at 5 mg/kg (Rairat et al., 2016).
In contrast, melamine remained in pig muscle after 5d of withdrawal
from 1000 mg melamine/kg given for 42d (Wang et al., 2014b).
Pharmacokinetic analysis of the half-life of melamine in pigs ranged
3.94-4.07h following intravenous dosing (Baynes et al., 2008) and
9.90h after exposure via feed (Wang et al., 2014b). Further, Wang et al.,
modeled clearance from blood in pigs, and showed that complete
clearance occurred after 92h following long-term high dose exposures
(Wang et al., 2014b). Chu et al., found that doses of melamine
(equivalent to doses detected in local diary food products) administered
orally to pregnant rats had a half-life ranging 1.85-2.70h and 1.29-
4.26h in pups, with longer half-life being observed in the youngest pups
(Chu et al., 2013). Similarly, in non-pregnant female and male rats,
half-lives were 1.92h and 1.62h, respectively (Jacob et al., 2012). In
contrast, Xue et al., found the half-life of melamine in the plasma of
rainbow trout to be 32.23h following exposure to a single dose at 5 mg/
kg (Xue et al., 2011). In goats, a single dose of melamine at 40 mg/kg
had a half-life of 11.12h and models indicated that concentrations
would fall below detection limits after 120h (Baynes et al., 2010). These
observations suggest that melamine exposure may, in fact, be occurring
continuously due to estimations of rapid half-life and clearance time in
animals like pigs, chickens, and rats combined as well as the ubiquity of
the compound in food products.

It is not completely understood how these pathways contribute to

human exposures. Melamine does not appear to undergo bio-
transformation, is excreted primarily via urine, (Kong et al., 2011; Mast
et al., 1983) and has been detected in human urine. (Panuwet et al.,
2012; Wu et al., 2015) In experimental models melamine has been
shown to accumulate in the uterus, testes, liver, stomach, and spleen in
rodents. (Sun et al., 2016) In an ex vivo model using human placenta,
melamine was able to cross the placenta, was unaltered by placental
metabolism, and transferred from maternal to fetal circulation
(Partanen et al., 2012). Additionally, in rodent models, maternal ex-
posure leads to accumulation of melamine in milk and the transfer of
the compound to serum, amniotic fluid, and fetal tissues (e.g., brain,
heart, lungs, kidney, and liver) (Chan et al., 2011; Chu et al., 2013,
2010; Jingbin et al., 2010). These findings suggest that melamine ex-
posure can occur during critical periods of development (i.e., during
fetal development) for both animals and humans.

There have been many studies on the health effects of melamine.
Outbreaks of nephrolithiasis and kidney damage in children (linked to
the consumption of melamine adulterated milk and formula) led to
studies assessing the impact of melamine on kidney function (Wei and
Liu, 2012). Other studies indicate that melamine can cause health ef-
fects beyond kidney damage. However, non-renal effects of melamine
exposure, including endocrine disruption, have not been reviewed. A
recent review article did discuss the possible mechanisms of melamine
neurotoxicity (Yang et al., 2012); however, the article was in Chinese
only, and we did not evaluate it.

To understand the breadth of research of the non-renal effects of
melamine, we conducted a scoping review. Scoping reviews are com-
monly used in the preclinical, clinical, and sociology fields (Arksey and
O'Malley, 2005; Levac et al., 2010; Colquhoun et al., 2014) to char-
acterize a particular area of research. More recently, they have been
applied in the area of environmental health as an important tool in the
problem formulation step of the systematic review process (NTP, 2015).
Scoping reviews use systematic methodology to map a research area
and identify the available evidence in order to pinpoint potential re-
search questions for systematic review. Although they are extremely
useful and powerful tools for generating evidence-based research
questions, they do not themselves generate answers to research ques-
tions (Johnson et al., 2016, 2014; Koustas et al., 2014; Lam et al.,
2014). In this scoping review, we reviewed the literature examining
melamine exposure, including all effects (in vitro and in vivo), excluding
renal effects. The aim was to identify specific endpoints that could be
further explored via systematic review of the effects of melamine. The
results of this analysis also identify research gaps, and prioritize further
research.

2. Methods

2.1. Literature search and study identification

We conducted a comprehensive literature search to identify studies
describing in vivo and in vitro effects of exposure to melamine. The
search included all articles published for all years up to November
2016. Electronic searches were performed in Web of Science and
PubMed using the following search criteria: “melamine OR (5-triazine
and 6-triamine) OR s-triazine-6-triamine OR 6-triamino-s-triazine OR
(triazine* and triamine) OR s-triazinetriamine OR s-triazine-triamine
OR triamino-triazine OR triaminotriazine OR triaminotriazines OR
triazine-triamine OR triazinetriamine OR cyanuramide OR cyanuric-
triamide OR cyanurotriamide OR cyanurotriamine OR cyanuro-tria-
mine OR isomelamine OR isomelamines OR 108-78-1” (the CAS registry
number for melamine). For inclusion, the studies had to be primary
literature, in the English language, and assess effects of melamine ex-
posure in vitro and in vivo (excluding renal toxicity). All titles and ab-
stracts were screened for inclusion independently by two reviewers
using the software DistillerSR® (Evidence Partners, Ottawa, Ontario,
Canada (Evidence Partners, 2015)). DistillerSR is software that allows
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for the identification of relevant studies via systematic and consistent
evaluation of studies, and automates the process of conflict resolution.
Conflicts or discrepancies were resolved by discussion between the two
reviewers.

2.2. Data extraction

Data extracted included author information, year of publication,
endpoint(s) evaluated, information about the model used (e.g., cell line
and species), concentrations/doses tested, exposure duration, age at
exposure, and route of exposure. The data were inputted by one re-
viewer and then quality checked by a second reviewer. Discrepancies
were resolved by discussion.

3. Results

Our initial search logic yielded 2849 articles in PubMed and 9362
articles in Web of Science. These records were screened by title and
abstract using the inclusion criteria. As shown in Fig. 1, a total of 43
studies were identified as relevant, and these studies underwent full
text review.

As shown in Table 1, all included studies were published in 2010 or
after. There were 11 studies in mice, 17 in rats, two in fish, two in
chickens, and one in humans. Fifteen in vitro studies were conducted,
primarily in animal cells. The one human study evaluated children
exposed to melamine postnatally through early juvenile. Across all
studies, many different outcomes were assessed, including neurological,
reproductive, developmental, and anthropometric endpoints. Ages of
exposure included prenatal, prepubescent/juvenile, pubescent, and
adult.

Study characteristics for in vivo and in vitro studies are shown in
Tables 2 and 3, respectively. The human study assessed the develop-
mental (i.e., growth) effects of melamine in children exposed via mel-
amine contaminated powdered milk formula. The animal studies eval-
uated endpoints such as learning and memory, hippocampal function,
development, body weight, enzyme expression and activity (e.g., oxi-
dative stress and hormone synthesis), antibody expression, lymphocyte
function, sperm and oocyte parameters, and fertility. The 15 studies
that assessed effects using in vitro models included neuronal, prostate,
ovarian, and other cell lines.

4. Discussion

Studies examining the effects of melamine on non-renal endpoints
have increased substantially in the last six years. This review identified
three broad endpoint categories: reproductive, anthropometric, and
neurophysiological (i.e., neurological and behavioral) as candidates for
systematic review based on the current literature. The following is a
discussion of the suitability of these endpoints for possible systematic
reviews. We also discuss the types of future studies that could improve
the body of evidence in order to more effectively use tools, such as the
Office of Health Assessment and Translation (OHAT) systematic review
framework, to determine the effects of melamine exposure on human
health. The OHAT systematic review framework includes protocols to
assess the validity of the studies, and integrates mechanistic (e.g., in
vitro), animal, and human evidence in order to arrive at a human health
hazard conclusion. There are many factors that are considered when
selecting a topic for systematic review, however, ideally, the body of

Fig. 1. Flow diagram with endpoint distribution.

Table 1
Summary of studies assessing the effects of melamine exposure.

Number (%) Number (%)

Total Number of
Studies

43 Endpoints

Reproductive 17 (40)
Publication Date Developmental 8 (19)
2016−2010 43 (100) Neurophysiological 16 (37)
2009−2000 0 (0) Endocrine 6 (12)
1999−1990 0 (0) Immune 6 (12)

Oxidative Stress 9 (21)
In vivo Model Used 32 (74) Behavioral 13 (30)
Human 1 (2) Enzyme/Biochemical 20 (47)
Animal 31 (72) Anthropometric 20 (47)
Chicken 2 (5) Mutagenic/DNA Damage 5 (12)
Fish 2 (5)
Rat 17 (40)
Mouse 11 (26) Age of Exposure for in vivo

models
Prenatal 5 (12)

In vitro Model (Cell
Type) Used

15 (35) Prepubescent/Juvenile 5 (12)

Human 2 (5) Pubescent 12 (28)
Animal 11 (26) Adult 19 (44)
Bacterial 3 (7) Senescent 0 (0)

Percentages were determined by the total number of studies. Some studies included
several models/methodologies.
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evidence would include all three evidence streams and contain similar
endpoints evaluated across all studies. It should be noted, however, that
inclusion of all three evidence streams is not necessary to determine a
hazard classification (NTP, 2015; Rooney et al., 2014).

4.1. Neurophysiological outcomes

There were 16 studies of neurological function and 13 studies that
observed behavioral effects following melamine exposure. In several
cases, the studies that evaluated behavioral endpoints also included
neurological mechanistic experiments that may support the biological
plausibility of the behavioral observations. Of the 13 behavioral stu-
dies, ten assessed learning and memory across life-stages. The majority
(i.e., 15) of the neurological observations evaluated hippocampal
function in vivo and in vitro, including long-term potentiation, long-term
depression, neurotransmitter release, and oxidative stress. These studies
could biologically support the behavioral observations in the context of
systematic review. Due to the robust number of studies in this area, a
meta-analysis could be used to determine effect estimates for potential
learning and memory deficits. In addition, meta-analytical techniques
could be used to determine sources of heterogeneity (i.e., timing of
exposure, sex differences, and experimental design considerations such
as blinding), which may influence the significance and estimate of the
effect size. Although the neurophysiological body of evidence contains
only two of the three evidence streams (i.e., animal and mechanistic), it
is a strong candidate for systematic review because similar endpoints
are evaluated across the studies and the mechanistic data is highly re-
levant to the animal data.

4.2. Reproductive outcomes

We identified 17 studies evaluating the potential reproductive ef-
fects of melamine. Both female and male reproductive function were
examined in the literature, including sperm and oocyte parameters such
as sperm count/motility and follicular atresia. Interestingly, the re-
productive literature, particularly with respect to oocyte competence, is
mixed; some studies show effects while others do not. Observations
suggest that melamine exposure affects female fertility, however, the
mechanism(s) has not been clearly identified. This is not surprising,
given the very recent interest in research in this area. Our search did
find several papers that examined the hormonal action of melamine;
namely, its effect on hormone levels, steroid receptor expression, and
steroid synthesizing enzyme expression (see Table 2). These studies
biologically support the reproductive outcomes assessed. A systematic
review of the reproductive endpoints would only contain two of the
three evidence streams (mechanistic and animal). Additionally, this
body of evidence contains many different endpoints, and some of these
were not replicated.

4.3. Anthropometric outcomes

Our review identified 20 anthropometric studies, including body
weight, body length, and fetal growth. These studies were carried out at
several life-stages. Due to many studies in this area, the best endpoint
for meta-analysis is body weight, and analysis of heterogeneity of these
data could potentially identify sensitive life-stages of exposure. This
endpoint also contains both animal and human evidence streams,
however, there are no relevant mechanistic data.

4.4. Potential areas of future research

Of the three broad categories, neurophysiological outcomes appear
to have the most replicated studies, and thus is the most favorable for
systematic review. However, human epidemiological studies on mela-
mine exposure and neurodevelopment (especially learning and
memory), as well as more mechanistic studies would be extremelyTa
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useful for clarifying the effects on human health. Similarly, more me-
chanistic and human evidence would be helpful for both anthropo-
metric and reproductive outcomes. For the reproductive outcomes,
additional research replicating the endpoints would allow for meta-
analysis, as well as more a complete systematic review of the topic.

Our review revealed several endpoints that were not well-studied
with respect to melamine exposure. These included immune, muta-
genic/DNA damage, and hematological endpoints. There are also many
endpoints that have not been examined at all, such as cardiovascular
health, respiratory heath, and metabolic diseases. Although these end-
points and others would be interesting to examine with future experi-
mental studies—in particular, immune effects have been shown to be
important when examining endocrine disruption—it is important to
keep in mind that research and resources should be carefully allotted
for the maximum protection of human and environmental health.

5. Conclusion

This scoping review revealed several studies indicating that mela-
mine has endocrine disruptive and neurotoxic properties. Scoping re-
views are an effective research synthesis tool that can determine the
best specific topics for future systematic reviews. The summary level
data from scoping reviews can also help to prioritize future research
efforts. This scoping review highlighted three areas that have sufficient
bodies of evidence to complete systematic reviews to determine the
potential hazard of melamine exposure in humans: neurophysiological,
anthropometric, and reproductive effects. Of these three, the neuro-
physiological literature is the most robust for systematic review. This
area also appears to have sufficient mechanistic research that could be
used to support the biological plausibility of the effects on learning and
memory, should the relationship be sufficiently compelling. Thus, we
recommend a systematic review of learning and memory be conducted
to determine if melamine is a hazard to human health.

Disclosure of interest

The authors report no conflict of interest.

Acknowledgments

The authors would like to recognize Dr. Theo Colborn and Dr. Lynn
Carroll for their contributions to the initial conception of this research,
and Ms. Christina Ribbens for her assistance with literature procure-
ment. We also acknowledge the following funders: The International
Chemical Secretariat (ChemSec), Tides Foundation, Arkansas

Community Trust, Wallace Genetic Foundation, and Winslow
Foundation.

References

Abd-Elhakim, Y.M., Mohamed, A.A., Mohamed, W.A., 2016. Hemato-immunologic im-
pact of subchronic exposure to melamine and/or formaldehyde in mice. J.
Immunotoxicol 13 (5), 713–722.

An, L., Li, Z., Yang, Z., Zhang, T., 2011. Cognitive deficits induced by melamine in rats.
Toxicol Lett. 206 (3), 276–280.

An, L., Li, Z., Yang, Z., Zhang, T., 2012. Melamine induced cognitive impairment asso-
ciated with oxidative damage in rat's hippocampus. Pharmacol. Biochem. Behav. 102
(2), 196–202.

An, L., Yang, Z., Zhang, T., 2013. Melamine induced spatial cognitive deficits associated
with impairments of hippocampal long-term depression and cholinergic system in
Wistar rats. Neurobiol. Learn. Mem. 100, 18–24.

An, L., Li, Z., Zhang, T., 2014. Reversible effects of vitamins C and E combination on
oxidative stress-induced apoptosis in melamine-treated PC12 cells. Free Radic. Res.
48 (2), 239–250.

An, L., Fu, J., Zhang, T., 2015. Reversible effects of vitamins C and E combination on
cognitive deficits and oxidative stress in the hippocampus of melamine-exposed rats.
Pharmacol. Biochem. Behav. 132, 152–159.

An, L., Zhang, T., 2014a. Vitamins C and E reverse melamine-induced deficits in spatial
cognition and hippocampal synaptic plasticity in rats. Neurotoxicology 44, 132–139.

An, L., Zhang, T., 2014b. Prenatal melamine exposure induces impairments of spatial
cognition and hippocampal synaptic plasticity in male adolescent rats. Reprod
.Toxicol. 49C, 78–85.

An, L., Zhang, T., 2016. Comparison Impairments of Spatial Cognition and Hippocampal
Synaptic Plasticity Between Prenatal and Postnatal Melamine Exposure in Male Adult
Rats. Neurotox. Res. 29 (2), 218–229.

Andersen, W.C., Turnipseed, S.B., Karbiwnyk, C.M., Clark, S.B., Madson, M.R., Gieseker,
C.A., Miller, R.A., Rummel, N.G., Reimschuessel, R., 2008. Determination and con-
firmation of melamine residues in catfish, trout, tilapia, salmon, and shrimp by liquid
chromatography with tandem mass spectrometry. J. Agric. Food Chem. 56 (12),
4340–4347.

Arksey, H., O'Malley, L., 2005. Scoping studies: towards a methodological framework. Int.
J. Soc. Res. Methodol. 8 (1), 19–32.

Arnold, E., 1990. Pesticide residues in food: evaluations. toxicology. 807 ? cyromazine.
Joint FAO/WHO Meeting on Pesticide REsidues 1990.

Bai, X., Bai, F., Zhang, K., Lv, X., Qin, Y., Li, Y., Bai, S., Lin, S., 2010. Tissue deposition and
residue depletion in laying hens exposed to melamine-contaminated diets. J. Agric.
Food Chem. 58 (9), 5414–5420.

Battaglia, M., Cruywagen, C.W., Bertuzzi, T., Gallo, A., Moschini, M., Piva, G., Masoero,
F., 2010. Transfer of melamine from feed to milk and from milk to cheese and whey
in lactating dairy cows fed single oral doses. J. Dairy Sci. 93 (11), 5338–5347.

Baynes, R.E., Smith, G., Mason, S.E., Barrett, E., Barlow, B.M., Riviere, J.E., 2008.
Pharmacokinetics of melamine in pigs following intravenous administration. Food
Chem. Toxicol. 46 (3), 1196–1200.

Baynes, R.E., Barlow, B., Mason, S.E., Riviere, J.E., 2010. Disposition of melamine re-
sidues in blood and milk from dairy goats exposed to an oral bolus of melamine. Food
Chem. Toxicol. 48 (8-9), 2542–2546.

Brown, C.A., Jeong, K.S., Poppenga, R.H., Puschner, B., Miller, D.M., Ellis, A.E., Kang,
K.I., Sum, S., Cistola, A.M., Brown, S.A., 2007. Outbreaks of renal failure associated
with melamine and cyanuric acid in dogs and cats in 2004 and 2007. J. Vet. Diagn.
Invest. 19 (5), 525–531 Official publication of the American Association of Veterinary
Laboratory Diagnosticians Inc.

Burns, K., 2007. Events leading to the major recall of pet foods. J. Am. Vet. Med. Assoc.

Table 3
Studies assessing melamine in vitro.

Study Model Endpoint(s) Concentrations Tested

An et al., 2014 PC12 cytotoxicity; apoptosis; oxidative stress; caspase activity 990 μg/mL
Chu et al., 2015 rat embryo embryotoxicity 50 μg/mL
Li et al., 2015 Tetrahymena thermophila proliferation; sexual reproduction; genotoxicity; apoptosis; MTT1

expression
1, 2, 3, 4 g/L

Sun et al., 2010 Herring sperm DNA genotoxicity; reproduction 10−4 M
Tu et al., 2015 Salmonella typhimurium, CHO genotoxicity; mutagenicity 62.5–1000 μg/plate; 75–300 μg/mL
Wang et al., 2011 primary hippocampal neurons cytotoxicity; Ca2+ concentration; caspase activity 156, 312, 625 μg/mL
Wang et al., 2015 PC12 cytotoxicity; oxidative stress; autophagy 99, 330, 990, 1980, 3300 μg/mL
Xie et al., 2015 DNA genotoxicity 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5 × 10−3 mol/L
Yang et al., 2010a CA1 hippocampal pyramid neurons voltage gated sodium current 5 × 10−6–5 × 10−4 g/mL
Yang et al., 2010b PC12 and CA1 hippocampal pyramid

neurons
cytotoxicity; transient outward potassium current; delayed rectifier
potassium current

5 × 10−6–5 × 10−4 g/mL

Yang et al., 2011a Hippocampal slices spontaneous excitatory postsynaptic currents 5 × 10−5 g/mL
Yang et al., 2012a Hippocampal slices field excitatory postsynaptic potentials; synaptic plasticity 50, 250, 500 μg/mL
Yu et al., 2014 PC3 cytotoxicity; Ca2+ concentrations 300 to 2500 μM
Zhang et al., 2011 L02 and CHO genotoxicity; mutagenicity 8–5000 μg/well; 0.16–4 mM
Zhang et al., 2016 Hippocampal slices eEPSCs of NMDA receptors; autophagy 5 × 10–6, 5 × 10-5, 5 × 10–4 g/mL

Ca2+: calcium; ROS: reactive oxygen species; MTT1: metallothionein; eEPSCs: evoked excitatory postsynaptic currents; NMDA: N-methyl-D-aspartic acid.

A.L. Bolden et al. Toxicology Letters 280 (2017) 181–189

187

http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0005
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0005
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0005
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0010
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0010
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0015
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0015
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0015
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0020
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0020
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0020
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0025
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0025
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0025
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0030
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0030
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0030
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0035
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0035
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0040
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0040
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0040
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0045
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0045
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0045
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0050
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0050
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0050
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0050
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0050
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0055
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0055
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0060
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0060
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0065
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0065
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0065
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0070
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0070
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0070
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0075
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0075
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0075
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0080
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0080
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0080
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0085
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0085
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0085
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0085
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0085
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0090


230 (11), 1600–1620.
Chan, J.Y., Lau, C.M., Ting, T.L., Mak, T.C., Chan, M.H., Lam, C.W., Ho, C.S., Wang, C.C.,

Fok, T.F., Fung, K.P., 2011. Gestational and lactational transfer of melamine fol-
lowing gavage administration of a single dose to rats. Food Chem. Toxicol. 49 (7),
1544–1548.

Chang, L., She, R., Ma, L., You, H., Hu, F., Wang, T., Ding, X., Guo, Z., Soomro, M.H.,
2014. Acute testicular toxicity induced by melamine alone or a mixture of melamine
and cyanuric acid in mice. Reprod. Toxicol. 46, 1–11.

Chien, C.Y., Wu, C.F., Liu, C.C., Chen, B.H., Huang, S.P., Chou, Y.H., Chang, A.W., Lee,
H.H., Pan, C.H., Wu, W.J., et al., 2011. High melamine migration in daily-use mel-
amine-made tableware. J. Hazard. Mater. 188 (1-3), 350–356.

Chik, Z., Haron, D.E., Ahmad, E.D., Taha, H., Mustafa, A.M., 2011. Analysis of melamine
migration from melamine food contact articles. Food Addit. Contam. Part A Chem.
Anal. Control Expo. Risk Assess. 28 (7), 967–973.

Chu, C.Y., Chu, K.O., Chan, J.Y., Liu, X.Z., Ho, C.S., Wong, C.K., Lau, C.M., Ting, T.L., Fok,
T.F., Fung, K.P., et al., 2010. Distribution of melamine in rat foetuses and neonates.
Toxicol. Lett. 199 (3), 398–402.

Chu, C.Y., Chu, K.O., Ho, C.S., Kwok, S.S., Chan, H.M., Fung, K.P., Wang, C.C., 2013.
Melamine in prenatal and postnatal organs in rats. Reprod. Toxicol. 35, 40–47.

Chu, C.Y., Tang, L.Y., Li, L., Shum, A.S., Fung, K.P., Wang, C.C., 2015. Adverse re-
productive effects of maternal low-dose melamine exposure during pregnancy in rats.
Env. Toxico. 32 (1), 131–138.

Colquhoun, H.L., Levac, D., O'Brien, K.K., Straus, S., Tricco, A.C., Perrier, L., Kastner, M.,
Moher, D., 2014. Scoping reviews: time for clarity in definition, methods, and re-
porting. J. Clin. Epidemiol. 67 (12), 1291–1294.

Cruywagen, C.W., Stander, M.A., Adonis, M., Calitz, T., 2009. Hot topic: pathway con-
firmed for the transmission of melamine from feed to cow's milk. J. Dairy Sci. 92 (5),
2046–2050.

Dai, X.-X., Duan, X., Cui, X.-S., Kim, N.-H., Xiong, B., Sun, S.-C., 2015a. Melamine Induces
Oxidative Stress in Mouse Ovary. PLoS One . 10 (11).

Dai, X., Zhang, M., Lu, Y., Miao, Y., Zhou, C., Sun, S., Xiong, B., 2015b. Melamine Impairs
Female Fertility via Suppressing Protein Level of Juno in Mouse Eggs. Plos One .
10 (12).

Duan, X., Dai, X.-X., Wang, T., Liu, H.-L., Sun, S.-C., 2015. Melamine negatively affects
oocyte architecture, oocyte development and fertility in mice. Hum. Rep. 30 (7),
1643–1652.

EPA, 2013. U. Cyromazine Human Health Risk Assessment for Registration Review of
Cyromazine. DP No. D387940. (Jan 31, 2013; 56 pp).

Evidence Partners, 2015. DistillerSR, Ottawa, Ontario, Canada(Available from: http://
distillercer.com/products/distillersr-systematic-review-software/[April 10]).

Fu, J., Wang, H., Gao, J., Yu, M., Wang, R., Yang, Z., Zhang, T., 2016. Rapamycin
Effectively Impedes Melamine-Induced Impairments of Cognition and Synaptic
Plasticity in Wistar Rats. Mol. Neurobiol. 54 (2), 819–832.

Gossner, C.M., Schlundt, J., Ben Embarek, P., Hird, S., Lo-Fo-Wong, D., Beltran, J.J.,
Teoh, K.N., Tritscher, A., 2009. The melamine incident: implications for international
food and feed safety. Environ. Health Perspect. 117 (12), 1803–1808.

Hilts, C., Pelletier, L., 2008. Background Paper on Occurence of Melamine in Foods and
Feed. Health Canada, Bureau of Chemical Safety.

Ishiwata, H., Inoue, T., Tanimura, A., 1986. Migration of melamine and formaldehyde
from tableware made of melamine resin. Food Addit. Contam. 3 (1), 63–69.

Jacob, C.C., Von Tungeln, L.S., Vanlandingham, M., Beland, F.A., 2012. Gamboa da Costa,
G. Pharmacokinetics of melamine and cyanuric acid and their combinations in F344
rats. Toxicol. Sci. 126 (2), 317–324.

Jingbin, W., Ndong, M., Kai, H., Matsuno, K., Kayama, F., 2010. Placental transfer of
melamine and its effects on rat dams and fetuses. Food Chem. Toxicol. 48 (7),
1791–1795.

Johnson, P.I., Sutton, P., Atchley, D.S., Koustas, E., Lam, J., Sen, S., Robinson, K.A.,
Axelrad, D.A., Woodruff, T.J., 2014. The Navigation Guide − evidence-based med-
icine meets environmental health: systematic review of human evidence for PFOA
effects on fetal growth. Environ. Health Perspect. 122 (10), 1028–1039.

Johnson, P.I., Koustas, E., Vesterinen, H.M., Sutton, P., Atchley, D.S., Kim, A.N.,
Campbell, M., Donald, J.M., Sen, S., Bero, L., et al., 2016. Application of the
Navigation Guide systematic review methodology to the evidence for developmental
and reproductive toxicity of triclosan. Environ. Int. 92-93, 716–728.

Karras, G., Savvas, D., Patakioutas, G., Pomonis, P., Albanis, T., 2007. Fate of cyromazine
applied in nutrient solution to a gerbera (Gerbera jamesonii) crop grown in a closed
hydroponic system. Crop Prot. 26 (5), 721–728.

Keiding, J., 1999. Review of the Global Status and Recent Development of Insecticide
Resistance in Field Populations of the Housefly, Musca Domestica (Diptera:
Muscidae). CABI Publishing, Wallingford.

Kim, S.H., Lee, I.C., Lim, J.H., Shin, I.S., Moon, C., Kim, S.H., Park, S.C., Kim, H.C., Kim,
J.C., 2011. Effects of melamine on pregnant dams and embryo-fetal development in
rats. J. Appl. Toxicol. 31 (6), 506–514.

Kong, A.P., Choi, K.C., Ho, C.S., Chan, M.H., Wong, C.K., Liu, E.K., Chu, W.C., Chow, V.C.,
Lau, J.T., Chan, J.C., 2011. Hong Kong Chinese school children with elevated urine
melamine levels: a prospective follow up study. BMC public health 11, 354.

Koustas, E., Lam, J., Sutton, P., Johnson, P.I., Atchley, D.S., Sen, S., Robinson, K.A.,
Axelrad, D.A., Woodruff, T.J., 2014. The Navigation Guide − evidence-based med-
icine meets environmental health: systematic review of nonhuman evidence for PFOA
effects on fetal growth. Environ. Health Perspect. 122 (10), 1015–1027.

Lam, J., Koustas, E., Sutton, P., Johnson, P.I., Atchley, D.S., Sen, S., Robinson, K.A.,
Axelrad, D.A., Woodruff, T.J., 2014. The Navigation Guide − evidence-based med-
icine meets environmental health: integration of animal and human evidence for
PFOA effects on fetal growth. Environ. Health Perspect. 122 (10), 1040–1051.

Levac, D., Colquhoun, H., O'Brien, K.K., 2010. Scoping studies: advancing the metho-
dology. Implementation Sci.: IS 5, 69.

Li, X., Hu, J., Han, H., 2011. Determination of cypromazine and its metabolite melamine
in milk by cation-selective exhaustive injection and sweeping-capillary micellar
electrokinetic chromatography. J. Sep. Sci. 34 (3), 323–330.

Li, W., Li, H., Zhang, J., Tian, X., 2015. Effect of melamine toxicity on Tetrahymena
thermophila proliferation and metallothionein expression. Food Chem. Toxicol.
80, 1–6.

Lu, J., Xiao, J., Yang, D.J., Wang, Z.T., Jiang, D.G., Fang, C.R., Yang, J., 2009. Study on
migration of melamine from food packaging materials on markets. Biomed. Environ.
Sci. 22 (2), 104–108.

Lund, K.H., Petersen, J.H., 2006. Migration of formaldehyde and melamine monomers
from kitchen- and tableware made of melamine plastic. Food Addit. Contam. 23 (9),
948–955.

Lv, X., Wang, J., Wu, L., Qiu, J., Li, J., Wu, Z., Qin, Y., 2010. Tissue deposition and residue
depletion in lambs exposed to melamine and cyanuric acid-contaminated diets. J.
Agric. Food Chem. 58 (2), 943–948.

Mannoni, V., Padula, G., Panico, O., Maggio, A., Arena, C., Milana, M.R., 2016. Migration
of formaldehyde and melamine from melaware and other amino resin tableware in
real life service. Food Addit. Contam. Part A Chem. Anal. Control Expo. Risk Assess.
1–13.

Mast, R.W., Jeffcoat, A.R., Sadler, B.M., Kraska, R.C., Friedman, M.A., 1983. Metabolism,
disposition and excretion of [14C]melamine in male Fischer 344 rats. Food Chem.
Toxicol. 21 (6), 807–810.

NLM, 2016. Hazardous Substances Data Bank (HSDB). (Available from: https://toxnet.
nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB).

NTP, 2015. Handbook for Conducting a Literature-Based Health Assessment Using OHAT
Approach for Systematic Review and Evidence Integration. (Available from: https://
ntp.niehs.nih.gov/ntp/ohat/pubs/handbookjan2015_508.pdf[Jun 13]).

Panuwet, P., Nguyen, J.V., Wade, E.L., D'Souza, P.E., Ryan, P.B., Barr, D.B., 2012.
Quantification of melamine in human urine using cation-exchange based high per-
formance liquid chromatography tandem mass spectrometry. J. Chromatogr. B
Analyt. Technol. Biomed. Life Sci. 887-888, 48–54.

Partanen, H., Vahakangas, K., Woo, C.S., Auriola, S., Veid, J., Chen, Y., Myllynen, P., El
Nezami, H., 2012. Transplacental transfer of melamine. Placenta 33 (1), 60–66.

Phromkunthong, W., Choochuay, P., Kiron, V., Nuntapong, N., Boonyaratpalin, M.,
2015a. Pathophysiological changes associated with dietary melamine and cyanuric
acid toxicity in red tilapia. J. Fish. Dis. 38 (2), 161–173.

Phromkunthong, W., Nuntapong, N., Wanlem, S., Boonyaratpalin, M., 2015b. A study on
growth, histopathology and oxidative stress in Asian sea bass on diets with various
loadings of melamine and cyanuric acid adulterants. Aquaculture 435, 336–346.

Qin, Y., Lv, X., Li, J., Qi, G., Diao, Q., Liu, G., Xue, M., Wang, J., Tong, J., Zhang, L., et al.,
2010. Assessment of melamine contamination in crop, soil and water in China and
risks of melamine accumulation in animal tissues and products. Environ. Int. 36 (5),
446–452.

Rairat, T., Ou, S.C., Chang, S.K., Li, K.P., Vickroy, T.W., Chou, C.C., 2016. Plasma
pharmacokinetics and tissue depletion of cyromazine and its metabolite melamine
following oral administration in laying chickens. J. Vet. Pharmacol. Ther.

Rooney, A.A., Boyles, A.L., Wolfe, M.S., Bucher, J.R., Thayer, K.A., 2014. Systematic
review and evidence integration for literature-Based environmental health science
assessments. Environ. Health Perspect. 122 (7), 711–718. http://dx.doi.org/10.
1289/ehp.1307972.

Rumbeiha, W., Morrison, J., 2011. A review of class I and class II pet food recalls in-
volving chemical contaminants from 1996 to 2008. J. Med. Toxicol. 7 (1), 60–66.

Rumbeiha, W.K., Agnew, D., Maxie, G., Hoff, B., Page, C., Curran, P., Powers, B., 2010.
Analysis of a survey database of pet food-induced poisoning in North America. J.
Med. Toxicol. 6 (2), 172–184.

Shen, J.S., Wang, J.Q., Wei, H.Y., Bu, D.P., Sun, P., Zhou, L.Y., 2010. Transfer efficiency
of melamine from feed to milk in lactating dairy cows fed with different doses of
melamine. J. Dairy Sci. 93 (5), 2060–2066.

Son, J.Y., Kang, Y.J., Kim, K.S., Kim, T.H., Lim, S.K., Lim, H.J., Jeong, T.C., Choi, D.W.,
Chung, K.H., Lee, B.M., et al., 2014. Evaluation of renal toxicity by combination
exposure to melamine and cyanuric Acid in male Sprague-Dawley rats. Toxicol. Res.
30 (2), 99–107.

Stine, C.B., Reimschuessel, R., Keltner, Z., Nochetto, C.B., Black, T., Olejnik, N., Scott, M.,
Bandele, O., Nemser, S.M., Tkachenko, A., et al., 2014. Reproductive toxicity in rats
with crystal nephropathy following high doses of oral melamine or cyanuric acid.
Food Chem. Toxicol. 68C, 142–153.

Suchy, P., Novak, P., Zapletal, D., Strakova, E., 2014. Effect of melamine-contaminated
diet on tissue distribution of melamine and cyanuric acid, blood variables, and egg
quality in laying hens. Br Poult Sci 55 (3), 375–379.

Sugita, T., Ishiwata, H., Yoshihira, K., 1990. Release of formaldehyde and melamine from
tableware made of melamine-formaldehyde resin. Food Addit. Contam. 7 (1), 21–27.

Sun, J., Cao, Y., Zhang, X., Zhao, Q., Bao, E., Lv, Y., 2016b. Melamine negatively affects
testosterone synthesis in mice. Res. Vet. Sci. 109, 135–141.

Sun, Y., Liu, R., Chi, Z., Qin, P., Fang, X., Mou, Y., 2010. Spectroscopic investigation on
the toxic interaction of melamine with herring sperm DNA. J. Biochem. Mol. Toxicol.
24 (5), 323–329.

Sun, P., Wang, J.Q., Shen, J.S., Wei, H.Y., 2011. Residues of melamine and cyanuric acid
in milk and tissues of dairy cows fed different doses of melamine. J. Dairy Sci. 94 (7),
3575–3582.

Sun, H., Wang, K., Wei, H., Li, Z., Zhao, H., 2016. Cytotoxicity, organ distribution and
morphological effects of melamine and cyanuric acid in rats. Toxicol. Mech. Methods
26 (7), 501–510.

Sun, J., Zhang, X., Cao, Y., Zhao, Q., Bao, E., Lv, Y., 2016a. Ovarian Toxicity in Female
Rats after Oral Administration of Melamine or Melamine and Cyanuric Acid. Plos One
11 (2).

Tittlemier, S.A., Lau, B.P.Y., Menard, C., Corrigan, C., Sparling, M., Gaertner, D., Cao,

A.L. Bolden et al. Toxicology Letters 280 (2017) 181–189

188

http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0090
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0095
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0095
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0095
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0095
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0100
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0100
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0100
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0105
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0105
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0105
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0110
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0110
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0110
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0115
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0115
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0115
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0120
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0120
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0125
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0125
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0125
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0130
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0130
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0130
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0135
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0135
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0135
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0140
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0140
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0145
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0145
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0145
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0150
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0150
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0150
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0155
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0155
http://distillercer.com/products/distillersr-systematic-review-software/
http://distillercer.com/products/distillersr-systematic-review-software/
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0165
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0165
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0165
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0170
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0170
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0170
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0175
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0175
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0180
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0180
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0185
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0185
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0185
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0190
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0190
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0190
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0195
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0195
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0195
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0195
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0200
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0200
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0200
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0200
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0205
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0205
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0205
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0210
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0210
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0210
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0215
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0215
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0215
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0220
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0220
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0220
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0225
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0225
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0225
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0225
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0230
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0230
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0230
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0230
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0235
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0235
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0240
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0240
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0240
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0245
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0245
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0245
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0250
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0250
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0250
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0255
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0255
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0255
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0260
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0260
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0260
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0265
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0265
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0265
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0265
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0270
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0270
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0270
https://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB
https://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB
https://ntp.niehs.nih.gov/ntp/ohat/pubs/handbookjan2015_508.pdf
https://ntp.niehs.nih.gov/ntp/ohat/pubs/handbookjan2015_508.pdf
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0285
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0285
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0285
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0285
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0290
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0290
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0295
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0295
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0295
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0300
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0300
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0300
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0305
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0305
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0305
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0305
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0310
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0310
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0310
http://dx.doi.org/10.1289/ehp.1307972
http://dx.doi.org/10.1289/ehp.1307972
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0320
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0320
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0325
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0325
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0325
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0330
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0330
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0330
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0335
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0335
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0335
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0335
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0340
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0340
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0340
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0340
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0345
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0345
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0345
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0350
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0350
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0355
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0355
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0360
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0360
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0360
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0365
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0365
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0365
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0370
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0370
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0370
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0375
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0375
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0375
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0380


X.L., Dabeka, B., Hilts, C., 2010. Baseline levels of melamine in food items sold in
Canada. II. Egg, soy, vegetable, fish and shrimp products. Food Additives Contam.
Part B-Surveillance 3 (3), 140–147.

Tu, H., Zhang, M., Zhou, C., Wang, Z., Huang, P., Ou, H., Chang, Y., 2015. Genotoxicity
assessment of melamine in the in vivo Pig-a mutation assay and in a standard battery
of assays. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 777, 62–67.

Wang, H., Gao, N., Li, Z., Yang, Z., Zhang, T., 2015. Autophagy Alleviates Melamine-
Induced Cell Death in PC12 Cells Via Decreasing ROS Level. Mol. Neurobiol. 53 (3),
1718–1729.

Wang, Y., Liu, F., Wei, Y., Liu, D., 2011. The effect of exogenous melamine on rat hip-
pocampal neurons. Toxicol. Ind. Health 27 (6), 571–576. http://dx.doi.org/10.1177/
0748233710395347.

Wang, H., Zhao, Z.Y., Zhu, L., Huang, S.J., Zhou, H.H., Zhou, G.Y., Wang, J.P., Jiang, G.P.,
Chen, X.J., Zhou, X.J., 2014a. Growth of children with urolithiasis associated with
melamine-contaminated milk powder: a follow-up study. HK J. Paediatr. 19 (1),
15–21.

Wang, W., Chen, H., Yu, B., Mao, X., Chen, D., 2014b. Tissue deposition and residue
depletion of melamine in fattening pigs following oral administration. Food Addit.
Contam. Part A Chem. Anal. Control Expo Risk Assess. 31 (1), 7–14.

Wei, Y., Liu, D., 2012. Review of melamine scandal: still a long way ahead. Toxicol. Ind.
Health 28 (7), 579–582.

Wu, M.-T., Wu, C.-F., Chen, B.-H., 2015. Behavioral intervention and decreased daily
melamine exposure from melamine tableware. Environ. Sci. Technol. 49 (16),
9964–9970.

Xie, J., Chen, D., Wu, Q., Wang, J., Qiao, H., 2015. Spectroscopic analyses on interaction
of melamine, cyanuric acid and uric acid with DNA. Spectrochim. Acta. Mol. 149,
714–721.

Xu, X., An, L., Mi, X., Zhang, T., 2013. Impairment of cognitive function and synaptic
plasticity associated with alteration of information flow in theta and gamma oscil-
lations in melamine-treated rats. PLoS One 8 (10), e77796.

Xue, M., Qin, Y., Wang, J., Qiu, J., Wu, X., Zheng, Y., Wang, Q., 2011. Plasma pharma-
cokinetics of melamine and a blend of melamine and cyanuric acid in rainbow trout
(Oncorhynchus mykiss). Regul. Toxicol. Pharmacol. 61 (1), 93–97.

Yang, J., An, L., Yao, Y., Yang, Z., Zhang, T., 2011a. Melamine impairs spatial cognition
and hippocampal synaptic plasticity by presynaptic inhibition of glutamatergic
transmission in infant rats. Toxicology 289 (2-3), 167–174.

Yang, T., Huangfu, W.G., Wu, Y.L., 2011. Melamine residues in eggs of laying hens ex-
posed to melamine-contaminated feed. Poult. Sci. 90 (3), 701–704.

Yang, J.J., An, L., Yang, Z., Zhang, T., 2012. [Progress in mechanisms underlying mela-
mine toxicity in central nervous system]. Sheng li xue bao. Acta Physiologica Sinica
64 (2), 238–244.

Yang, Y., Xiong, G.J., Yu, D.F., Cao, J., Wang, L.P., Xu, L., Mao, R.R., 2012a. Acute low-
dose melamine affects hippocampal synaptic plasticity and behavior in rats. Toxicol.
Lett. 214 (1), 63–68.

Yang, J.J., Yang, Z., Zhang, T., 2010a. Action potential changes associated with impair-
ment of functional properties of sodium channels in hippocampal neurons induced by
melamine. Toxicol. Lett. 198 (2), 171–176.

Yang, J.J., Tian, Y.T., Yang, Z., Zhang, T., 2010b. Effect of melamine on potassium cur-
rents in rat hippocampal CA1 neurons. Toxicol. In Vitro 24 (2), 397–403.

Yin, R.H., Li, X.T., Wang, X., Li, H.S., Yin, R.L., Liu, J., Dong, Q., Wang, W.C., Yuan, J.,
Liu, B.S., et al., 2016. The effects of melamine on humoral immunity with or without
cyanuric acid in mice. Res. Vet. Sci. 105, 65–73.

Yin, R.H., Wang, X.Z., Bai, W.L., Wu, C.D., Yin, R.L., Li, C., Liu, J., Liu, B.S., He, J.B.,
2013. The reproductive toxicity of melamine in the absence and presence of cyanuric
acid in male mice. Res. Vet. Sci. 94 (3), 618–627.

Yin, R.H., Liu, J., Li, H.S., Bai, W.L., Yin, R.L., Wang, X., Wang, W.C., Liu, B.S., Han, X.H.,
Han, J., et al., 2014a. The toxic effects of melamine on spleen lymphocytes with or
without cyanuric acid in mice. Res. Vet. Sci. 97 (3), 505–513.

Yin, R.H., Wang, W.C., Wang, X.Z., Wang, X., Yin, R.L., Bai, W.L., Wu, C.D., Li, C., Liu, J.,
Liu, B.S., et al., 2014b. Effect of melamine on immunohistochemical expression of
Bax/Bc1-2 protein in testis and ER-á/PR mRNA in ovary with or without cyanuric
acid in mice. Israel J. Vet. Med. 69 (2), 74–82.

Yokley, R.A., Mayer, L.C., Rezaaiyan, R., Manuli, M.E., Cheung, M.W., 2000. Analytical
method for the determination of cyromazine and melamine residues in soil using LC-
UV and GC-MSD. J. Agric. Food Chem. 48 (8), 3352–3358.

Yu, C.C., Chou, C.T., Sun, T.K., Liang, W.Z., Cheng, J.S., Chang, H.T., Wang, J.L., Tseng,
H.W., Kuo, C.C., Chen, F.A., et al., 2014. Effect of melamine on Ca(2+)i and viability
in PC3 human prostate cancer cells. Environ. Toxicol. Pharmacol. 38 (3), 800–806.

Zapletal, D., Strakova, E., Novak, P., Suchy, P., 2016. Broiler chickens exposed to mela-
mine and cyanuric acid-contaminated diets. Hum. Exp. Toxicol. 35 (7), 760–766.

Zhang, H., Wang, H., Xiao, X., Zhang, T., 2016. Melamine Alters Glutamatergic Synaptic
Transmission of CA3-CA1 Synapses Presynaptically Through Autophagy Activation in
the Rat Hippocampus. Neurotox. Res. 29 (1), 135–142.

Zhang, Q.X., Yang, G.Y., Li, J.T., Li, W.X., Zhang, B., Zhu, W., 2011. Melamine induces
sperm DNA damage and abnormality, but not genetic toxicity. Regul. Toxicol.
Pharmacol. 60 (1), 144–150.

A.L. Bolden et al. Toxicology Letters 280 (2017) 181–189

189

http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0380
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0380
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0380
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0385
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0385
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0385
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0390
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0390
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0390
http://dx.doi.org/10.1177/0748233710395347
http://dx.doi.org/10.1177/0748233710395347
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0400
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0400
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0400
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0400
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0405
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0405
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0405
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0410
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0410
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0415
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0415
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0415
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0420
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0420
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0420
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0425
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0425
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0425
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0430
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0430
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0430
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0435
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0435
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0435
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0440
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0440
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0445
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0445
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0445
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0450
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0450
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0450
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0455
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0455
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0455
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0460
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0460
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0465
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0465
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0465
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0470
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0470
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0470
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0475
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0475
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0475
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0480
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0480
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0480
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0480
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0485
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0485
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0485
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0490
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0490
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0490
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0495
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0495
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0500
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0500
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0500
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0505
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0505
http://refhub.elsevier.com/S0378-4274(17)31139-6/sbref0505

	Melamine, beyond the kidney: A ubiquitous endocrine disruptor and neurotoxicant?
	Introduction
	Methods
	Literature search and study identification
	Data extraction

	Results
	Discussion
	Neurophysiological outcomes
	Reproductive outcomes
	Anthropometric outcomes
	Potential areas of future research

	Conclusion
	Disclosure of interest
	Acknowledgments
	References




