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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 (5mg 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
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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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Fig. 1. Flow diagram with endpoint distribution.
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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.
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Table 1
Summary of studies assessing the effects of melamine exposure.

Number (%) Number (%)

Total Number of 43 Endpoints
Studies
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 15 (35) Prepubescent/Juvenile 5(12)
Type) Used
Human 2 (5) Pubescent 12 (28)
Animal 11 (26) Adult 19 (44)
Bacterial 3 (@) Senescent 0 (0)

Percentages were determined by the total number of studies. Some studies included
several models/methodologies.

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
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Table 3
Studies assessing melamine in vitro.

Toxicology Letters 280 (2017) 181-189

Study Model Endpoint(s) Concentrations Tested

An et al., 2014 PC12 cytotoxicity; apoptosis; oxidative stress; caspase activity 990 pg/mL

Chu et al., 2015 rat embryo embryotoxicity 50 pg/mL

Li et al., 2015 Tetrahymena thermophila proliferation; sexual reproduction; genotoxicity; apoptosis; MTT1 1,2,3,4¢g/L
expression

Sun et al., 2010 Herring sperm DNA genotoxicity; reproduction 107*M

Tu et al., 2015
Wang et al., 2011
Wang et al., 2015
Xie et al., 2015
Yang et al., 2010a
Yang et al., 2010b

Salmonella typhimurium, CHO
primary hippocampal neurons
PC12

DNA

CA1 hippocampal pyramid neurons
PC12 and CA1 hippocampal pyramid
neurons

Hippocampal slices

Hippocampal slices

PC3

L02 and CHO

Hippocampal slices

genotoxicity

potassium current
Yang et al., 2011a
Yang et al., 2012a
Yu et al., 2014

Zhang et al., 2011
Zhang et al., 2016

genotoxicity; mutagenicity
cytotoxicity; Ca2+ concentration; caspase activity
cytotoxicity; oxidative stress; autophagy

voltage gated sodium current
cytotoxicity; transient outward potassium current; delayed rectifier

spontaneous excitatory postsynaptic currents

field excitatory postsynaptic potentials; synaptic plasticity
cytotoxicity; Ca2+ concentrations

genotoxicity; mutagenicity

eEPSCs of NMDA receptors; autophagy

62.5-1000 pg/plate; 75-300 pg/mL

156, 312, 625 pg/mL

99, 330, 990, 1980, 3300 pg/mL

0,0.5, 1, 1.5, 2,25, 3, 3.5 x 107° mol/L
5% 107°-5 x 10~ * g/mL

5% 107°-5 x 10~ * g/mL

5% 107°g/mL

50, 250, 500 pg/mL

300 to 2500 uM

8-5000 pg/well; 0.16-4 mM

5 % 10-6, 5 x 10-5, 5 x 10-4 g/mL

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

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.
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