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Abstract Tachykinins (substance P, neurokinin A, and
neurokinin B) are pro-inflammatory neuropeptides that may
p l a y a n impo r t a n t r o l e i n s ome au t o immune
neuroinflammatory diseases, including autism spectrum dis-
order (ASD). Mercury (Hg) is a neurotoxicant, and potentially
one of the main environmental triggers for ASD as it induces
neuroinflammation with a subsequent release of neuropep-
tides. This is the first study to explore the potentially causal
relationship between levels of serum neurokinin A and blood
mercury (BHg) in children with ASD. Levels of serum
neurokinin A and BHg were measured in 84 children with
ASD, aged between 3 and 10 years, and 84 healthy-matched
children. There was a positive linear relationship between the
Childhood Autism Rating Scale (CARS) and both serum
neurokinin A and BHg. ASD children had significantly higher
levels of serum neurokinin A than healthy controls

(P< 0.001). Increased levels of serum neurokinin A and
BHg were respectively found in 54.8 % and 42.9 % of the
two groups. There was significant and positive linear relation-
ship between levels of serum neurokinin A and BHg in chil-
dren with moderate and severe ASD, but not in healthy control
children. It was found that 78.3 % of the ASD patients with
increased serum levels of neurokinin A had elevated BHg
levels (P<0.001). Neuroinflammation, with increased levels
of neurokinin A, is seen in some children with ASD, and may
be caused by elevated BHg levels. Further research is recom-
mended to determine the pathogenic role of increased levels of
serum neurokinin A and BHg in ASD. The therapeutic role of
tachykinin receptor antagonists, a potential new class of anti-
inflammatory medications, and Hg chelators, should also be
studied in ASD.
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Introduction

Neurogenic inflammation is a neurally mediated immune in-
flammation that is orchestrated by a large number of neuro-
peptides, mainly tachykinins. Tachykinins (substance P,
neurokinin A, and neurokinin B) have been considered as a
group of neuropeptides which are released from the excitatory
part of the nonadrenergic, noncholinergic excitatory nervous
system nerves after exposure to allergens. The biological ac-
tivity of tachykinins depends on their interaction with three
specific tachykinin receptors, neurokinin (NK)1 (specific for
substance P), NK2 (specific for neurokinin A) and NK3 (spe-
cific for neurokinin B) receptors (Maggi 2000; Richardson
and Vasko 2002; Geppetti et al. 2008; Ramalho et al. 2011;
Almeida et al. 2004).
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Current estimates in the US are 1 child in 45 has a
diagnosis of autism spectrum disorder (ASD) (Zablotsky
et al. 2015). ASD has a multifactorial etiology that in-
volves interactions between genes and environment, in-
cluding diet (Endreffy et al. 2015). Exposure to
neurotoxicant heavy metals such as mercury (Hg) and
lead (Pb) have been suggested as a potential cause in
presence of genetic predisposition in some children with
ASD (Cohly and Panja 2005; Alabdali et al. 2014;
Hodgson et al. 2014; Yassa 2014; Macedoni-Lukšič et
al. 2015). It has been shown that Hg binds to lympho-
cyte receptors and/or tissue enzymes, inducing the pro-
liferation and cytokine production from T lymphocytes
(Jiang and Moller 1995). This resulted in neuroinflam-
mation and autoimmune reaction (Dastych et al. 1999;
Singh and Hanson 2006); suggesting Hg may be one of
the main environmental triggers of neuroinflammation
and autoimmunity in ASD. Early life exposure to Hg
may result in the neurological injury that may lead to
developmental defects, including ASD (Monroe and
Halvorsen 2009). Several sources and exposure routes
of toxic Hg in children have been reported in the litera-
ture. Mercurials can be found in various drugs, bleaching
creams, antiseptics, disinfectants, as preservatives in cos-
metics, toothpastes, lens solutions, vaccines, contracep-
tives and immunotherapy solutions, fungicides, herbi-
cides and in dental amalgam fillings, as well as in
long-lived and migratory fish such as tuna, due to water
pollution. Mercury can cause immune, sensory, neurolog-
ical, motor, and behavioral dysfunction similar to those
associated with ASD (Geier et al. 2008). Elevated envi-
ronmental Hg exposures have been shown to lead to a
significant increase in the rates of ASD and special edu-
cation students. A model prediction show on average that
for each 453.6Kg increase in environmental Hg, there
was a 61 % increase in the rate of ASD and 43 % in-
crease in the rate of special education students (Palmer et
al. 2006). In fact, it has been previously recommended to
identify the source of Hg exposure in the population and
consider prevention and control measures of environmen-
tal pollution (Palmer et al. 2006).

Evidence for an interaction between chronic inflamma-
tion in autoimmune diseases and neural dysfunction
points to a mechanism linking both nervous and immune
systems. In this context, neuropeptides, including
tachykinins and neurotrophins have been recognized as
key mediators of neuro-immune interactions in some au-
toimmune diseases, including ASD (Veres et al. 2009).
Since the potential role of Hg as an external trigger in
ASD has been suggested, the present study aims to 1)
characterize the levels of serum neurokinin A and blood
mercury (BHg) in children with ASD, and 2) explore a
potential relationship between them in ASD.

Methods

Study population

The present study was conducted on 84 children with
ASD. They were recru i ted f rom the Pedia t r i c
Neuropsychiatric Clinic, Faculty of Medicine of Ain
Shams University, Cairo, Egypt, during their follow-up
visits. All patients fulfilled the criteria for the diagnosis
of ASD according to the 4th edition of the Diagnostic
and Statistical Manual of Mental Disorders (APA 1994).
The ASD group comprised 62 males and 22 females.
Their ages ranged between 3 and 10 years (mean ±
SD; 6.8 ± 1.5 years). Patients who had associated neuro-
logical diseases (such as cerebral palsy and tuberous
sclerosis), metabolic disorders (e.g., phenylketonuria), al-
lergic manifestations or concomitant infection were ex-
cluded from the study.

The control group comprised 84 age- (mean ± SD; 7
±1.8 years) and sex- matched healthy children. They included
60 males and 24 females. They were recruited from the
Outpatients Clinic, Children’s Hospital, Faculty of Medicine,
Ain Shams University. The control children were not related
to the ASD children and demonstrated no clinical evidence of
infections, allergies, and immunological or neuropsychiatric
disorders.

The present study was approved by the ethical committee
of the Faculty of Medicine at Ain Shams University in Cairo,
Egypt. The parents or the legal guardians of the examined
children gave their written consent for participation and pub-
lication of the study.

Study measurements

The clinical evaluation of the ASD patients in the pres-
ent study was based on the clinical history from care-
givers, clinical examination, and neuropsychiatric assess-
ment. In addition, the degree of the disease severity was
assessed by using the Childhood Autism Rating Scale
(CARS) (Schopler et al. 1986), which rates the child on
a scale from one to four in each of the 15 areas includ-
ed (relationship to people; emotional response; imita-
tion; body; object use; listening response; fear or ner-
vousness; verbal communication; non-verbal communi-
cation; activity level; adaptation to changes; visual re-
sponse; taste–smell-touch response and use; level and
consistency of intellectual response; and general impres-
sions). According to the scale, children who scored 30–
36 were considered to have mild to moderate ASD
(n = 43; CARS = 32.5 ± 1.7), while those with scores
above 37 (n = 41; CARS = 51.9 ± 6.5) were considered
to have a severe degree of ASD.
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Blood sampling

Venous blood (2 ml) was collected from each child both in the
patient and the control groups. The blood was transferred into
a dry clean tube and left to clot at room temperature. The
blood samples were, then, spun down at 3000 rpm for 5 min
at room temperature. Prompt separation of serum was done
and stored at −20 °C until analysis of serum neurokinin A
levels. Another 1 ml of blood was collected in a heparinized
syringe for immediate assay of BHg.

Assessment of serum neurokinin A

Serum levels of neurokinin A were evaluated with an
enzyme-linked immunoassay (ELISA) kit which is highly
sensitive to neurokinin A. Neurokinin A-like immunore-
activity, was measured using an antibody isolated from
porcine spinal cord. It shows 100 % reactivity to
neurokinin A with little cross-reactivity to other
tachykinins (Peninsula laboratories, 611 Talorwat,
Belmont, CA, USA). All samples were analyzed twice
in two independent assays, to assess the inter-assay var-
iation and to ensure reproducibility of the observed re-
sults (P> 0.05). No significant cross-reactivity or inter-
ference was observed.

Assessment of blood mercury levels

The evaluation of BHg levels was done by a flameless
atomic absorption spectrophotometer (Perkin Elmer,
FIMS-400) using the cold vapor technique (Mahaffey et
al. 2004). To increase accuracy, all samples were ana-
lyzed twice in two separate runs to assess inter-assay
variations and to ensure reproducibility of the observed
results (P> 0.05).

Statistical analysis

The results were analyzed by using the commercially
available software package (Statview, Abacus concepts,
inc., Berkley, CA, USA). The data were non-parametric.
Thus, they were presented as a median and interquartile
range (IQR), which is between the 25th and 75th percen-
tiles. Mann–Whitney test was used for comparison be-
tween these data. Chi-square test was used for compari-
son between qualitative variables of the studied groups.
Spearman’s rho correlation coefficient Br^ was used to
determine the relationship between different variables.
For all tests, a probability (P) of less than 0.05 was
considered significant. In addition, patients were consid-
ered to have elevated serum neurokinin A if their levels
were above the highest cut-off value which was 120 pg/
ml (the 95th percentile of the control values).

Results

Serum levels of neurokinin A

Serum levels of neurokinin A were significantly higher in
ASD children than healthy control children, P<0.001 (Table
1). Forty-six (46) children with ASD (54.8 %) had increased
serum levels of neurokinin A.

Patients with severe ASD had significantly higher serum
levels of neurokinin A than patients with mild to moderate
ASD P<0.001 (Table 1). In addition, there were significant
and positive linear relationship between serum levels of
neurokinin A and values of CARS in ASD children
(r2 =0.84; p<0.0001; Fig. 1; Table 2).

Blood levels of mercury

Blood Hg levels were significantly higher in ASD children
than in healthy control children, P<0.001 (Table 1). Thirty-
six (36) children with ASD (42.9 %) had increased BHg
levels.

Patients with severe ASD had significantly higher BHg
levels than patients with mild to moderate ASD P<0.001
(Table 1). In addition, there were significant and positive lin-
ear relationship between blood levels of Hg and values of
CARS in ASD children (r2=0.89; p<0.0001; Fig. 1, Table 2).

Increased levels of serum neurokinin A and blood
mercury

There was a significant and positive linear relationship be-
tween levels of serum neurokinin A and BHg in children with
moderate ASD (r2 =0.92; p<0.001; Fig. 2; Table 2) and se-
vere ASD (r2=0.95; p<0.0001; Fig. 2; Table 2), but not in
healthy children (r2=0.004; p=0.0.548; Fig. 2; Table 2).

Discussion

To date, there is only one previous study that investigated
serum neurokinin A levels in a group of Saudi patients with
ASD (Mostafa and Al-Ayadhi 2011). They found elevated
levels of serum neurokinin A in 57.1 % of the patients with
ASD (Mostafa and Al-Ayadhi 2011). A previous study inves-
tigated serum levels of some neuropeptides in children with
ASD, reporting increased levels of serum neurotensin, but no
increase in the other studied neuropeptides (β-endorphin and
substance P) (Angelidou et al. 2010).

Tachykinin 1 gene is located in the candidate region re-
sponsible for ASD and produces substance P and neurokinins.
These products modulate glutamatergic excitatory synaptic
transmission and are also involved in brain inflammation of
some children with ASD. Therefore, tachykinin 1 gene may
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have some functions associated with the presumably patho-
physiology of ASD. To elucidate the genetic background of
ASD, one study analyzed the relationship between three single
nucleotide polymorphisms of the tachykinin 1 gene and ASD
in the Japanese population, but no significant difference was
observed between ASD children and healthy controls (Marui
et al. 2007). Neuroendocrine hormones, including
tachykinins, triggered by stress may lead to immune dysreg-
ulation, caused by altered cytokine production. This, in turn,
could result in autoimmune or atopic diseases. In several au-
toimmune diseases such as rheumatoid arthritis, systemic lu-
pus erythematosus, and diabetes mellitus, the immune dysreg-
ulation may be attributable to an imbalance in the
neuroendocrine-immune network, through the overproduction
of neuropeptides and cytokines (Frieri 2003).

In the present study, patients with severe ASD had signif-
icantly higher serum levels of neurokinin A than patients with
mild to moderate ASD. Another study also reported a positive
association between serum levels of neurokinin A and the
severity of ASD (Mostafa and Al-Ayadhi 2011). This suggests
that the extent of the elevations in serum neurokinin A is
closely linked to the degree and/or severity of ASD.

However, it is not easy to determine whether the increase in
serum neurokinin A levels is a mere consequence of ASD or
has a pathogenic role in the disease.

While glial cells are recognized for their roles in maintain-
ing neuronal function, there is a growing evidence of the abil-
ity of resident glial cells to initiate and/or augment inflamma-
tion following exposure to allergens, trauma or infection in the
central nervous system (CNS). The tachykinins are found
throughout the CNS, with evidence for both neuronal and glial
cells as being sources of them. Tachykinins are well known to
augment inflammatory responses at peripheral sites, such as
the gastrointestinal tract and skin, which raises the possibility
that they might have a similar function within the brain.
Tachykinins may have a role in augmenting the immune func-
tions of CNS glial cells, contributing to the progression of the
detrimental inflammation within the CNS (Marriott 2004).
Brain mast cells in some autoimmune neuroinflammatory dis-
eases, such as multiple sclerosis, are activated by neural fac-
tors, including tachykinins. Mast cells can stimulate the acti-
vated T cells coming in contact with them at the blood–brain
barrier. In addition, brain mast cells secrete numerous proin-
flammatory and vasoactive molecules that can disrupt the
blood–brain barrier, a finding that precedes clinical or patho-
logic signs of some autoimmune neuroinflammatory diseases
of CNS (Theoharides et al. 2008).

In this study, BHg levels were significantly higher in ASD
children than healthy control children, P<0.001. In addition,
42.9 % of the children with ASD had increased BHg levels.
Previous studies also reported elevated Hg levels in blood
(Palmer et al. 2006; Geier et al. 2008; Alabdali et al. 2014;
Yassa 2014; Macedoni-Lukšič et al. 2015; Mostafa and Al-
Ayadhi 2015) and hair of some children with ASD (Hodgson
et al. 2014). In addition, elevated urinary coproporphyrin ex-
cretion, which is an indicator of Hg toxicity, was reported in
83 % of ASD children (Geier and Geier 2006).

The main reason for the elevated BHg in children with
ASD may be a decreased detoxification capacity due to a
dysfunction in metallothionein (MT) function, resulting from
genetic polymorphism. MT is a family of cysteine-rich, low-
molecular weight, intracellular proteins. These proteins have

Table 1 Levels of serum
neurokinin A and blood mercury
in children with ASD and healthy
control children

Serum neurokinin A (pg/ml) Blood mercury (ug/dl) P-value
Median (IQR) range Median (IQR) range

Healthy controls 47.5 (34) 5 (3) <0.001
(n = 84) 22–137 2–9

Autistic patients 145 (619) 8 (14)

(n = 84) 14–990 2–25

Mild to moderate autism 48 (43) 4 (3) <0.001
(n = 43) 14–325 2–13

Severe autism 681 (648) 18.5 (11)

(n = 41) 110–990 6–25

Fig. 1 Relationships between CARS and levels of serum neurokinin A
and blood mercury in ASD children (n = 84). Best fit lines are plotted
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an extraordinary metal-binding capability and are essential to
heavy metal detoxification (Aschner 1996; Bjørklund 2013).
Children with ASD cannot adequately up-regulate MT bio-
synthesis following Hg exposure. Subsequently, children with
ASD have significantly decreased level of reduced glutathione
(Fido and Al-Saad 2005;Mutter et al. 2005). In addition, ASD
patients were described as poor detoxifiers with remarkably
less active glutathione-transferase which is important for Hg
detoxification (Alabdali et al. 2014).

Autoimmunity to CNS may have a pathogenic role in
ASD (Cohly and Panja 2005). Allergic autoimmune reac-
tion after exposure to heavy metals such as Hg may play a
causal role in ASD (Singh and Hanson 2006). Mercury
and infectious agents are the two main environmental trig-
gers of autoimmunity in ASD (Vojdani et al. 2003).
Mercury has been shown to induce proliferation and cy-
tokine production from T lymphocytes (Jiang and Moller
1995). Mercury may be one of the main environmental
candidates that trigger autoimmunity in ASD, as it binds
to lymphocyte receptors and/or tissue enzymes resulting
in autoimmune reaction (Vojdani et al. 2003; Singh and
Hanson 2006). Besides its possible role in the induction
of autoimmunity to CNS, Hg could induce brain damage
by other mechanisms which include the inhibition of

glutathione and other antioxidant enzymes, damage of
mitochondria with subsequent depletion of the cellular
energy and disruption of important neurotransmitters such
as serotonin, acetylcholine, glutamate and dopamine. All
of these abnormalities have been found in ASD (Fenichel
2000; Bernard et al. 2001; James et al. 2005).

Promising treatments of ASD may involve detoxifica-
tion of Hg, and supplementation of deficient metabolites.
Some have proclaimed that chelation therapy for
suspected Hg poisoning may have a role in the treatment
of children with ASD with high Hg levels (Mutter et al.
2005). A significant decline in the blood levels of Pb and
Hg with the use of meso-2,3-dimercapto-succinic acid
(DMSA, succimer) as a chelating agent has been report-
ed. In addition, a reduction in the ASD symptoms has
been reported to follow a decrease in blood Pb and Hg
levels after the use of DMSA (Yassa 2014).

There was in the present study a significant and positive
association between the elevated levels of serum neurokinin A
and increased BHg in children with ASD. This is the first
study that investigated the relationship between levels of se-
rum neurokinin A and BHg in ASD children.

Many studies reported that tachykinins may also be
produced by non-neuronal cells, such as immune cells
after exposure to inflammatory stimuli and they exert a
profound influence on the inflammatory responses by
affecting multiple aspects of immune cell functioning
(Zhang et al. 2006). In one study, the elevated sputum
neurokinin A levels showed a significant and positive
correlation with eosinophil counts in both blood and
sputum of asthmatic children during acute asthma exac-
erbation (Mostafa et al. 2008). Thus, the reason behind
the increased serum neurokinin A levels in ASD chil-
dren may be through the stimulation of the immune
cells, after exposure to some environmental antigens,
such as exposure to heavy metals, food allergens, and
infectious agents, with a subsequent increase and release
of tachykinin from these cells.

Mercury is known to be neurotoxic, but its effects on
the immune system are less well understood. Mercury
stimulates vascular endothelial growth factor and IL-6 re-
lease from human mast cells, potentially disrupting the
blood–brain-barrier and permit brain inflammation. As a

Table 2 Relationships obtained
using CARS as predictor of
neurokinin A and blood Hg, and
relationships between the levels
of neurokin A and blood Hg in
children with different degrees of
ASD and healthy control children

Treatment Equation r2 p value

CARS as predictor Neurokinin A = − 910.52 + 29.46 *CARS 0.840 <0.0001

CARS as predictor Blood Hg = − 183.49 + 6.90 *CARS 0.878 <0.0001

Control Neurokinin A = 62.07 − 0.10 * BHg 0.004 0.548

Moderate ASD Neurokinin A = − 22.83 + 2.04 * BHg 0.912 <0.001

Severe ASD Neurokinin A = − 268.17 + 5.02 * BHg 0.948 <0.0001

Equations describe the best fit linear relationships

Fig. 2 Relationships between the levels of blood mercury and the levels
of serum neurokinin A in children with moderate ASD (n= 43), severe
ASD (n= 41) and healthy control children (n= 84). Best fit regression
lines are plotted only when significant
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result, moderate doses of Hg may contribute to ASD path-
ogenesis (Kempuraj et al. 2010). Brain mast cells are also
activated by neural factors, including tachykinins, in some
autoimmune neuroinflammatory diseases (Theoharides et
al. 2008). Mast cells are involved in allergic reactions, but
also in innate and acquired immunity, as well as in in-
flammation. Intriguingly, many patients with ASD have
allergic symptoms (Kempuraj et al. 2010). In one study,
for example, serum neurokinin A levels were signifi-
cantly correlated with serum levels of anti-ribosomal P
protein antibodies in a group of ASD children (Mostafa
and Al-Ayadhi 2011). In a more recent study, BHg
levels were significantly associated with the production
of serum anti-myelin basic protein autoantibodies in an-
other group of children with ASD (Mostafa and Al-
Ayadhi 2015). Thus, both Hg and neurokinin A may
have effects on the immune system by stimulating mast
cells in ASD children.

The present study revealed that the increase of BHg
levels may promote the induction of neuroinflammation
and autoimmunity through stimulation of the production
of neurokinin A. Based on the findings of this first
study investigating the relationship between BHg levels
and serum neurokinin A in children with ASD, future
studies exploring potential relationships between elevat-
ed levels of BHg and other heavy metals and the pro-
duction of neuropeptides in children with ASD are
needed.

Conclusions

Neuroinflammation, with subsequently increased levels of
neurokinin A, in some children with ASD, may be induced
by elevated BHg levels. Further research is recommended to
determine the pathogenic role of increased levels of serum
neurokinin A and BHg in children with ASD. The therapeutic
role of tachykinin receptor antagonists, a potential new class
of anti-inflammatory medications, and Hg chelators, should
also be studied in ASD.
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