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Introduction 
Polluted environments have a negative central nervous system 

(CNS) impact on children ranging from delayed psychomotor 
development, increased risk of autism spectrum disorders, cognitive 
and olfaction deficits, brainstem auditory evoked potentials central 
delays, brain volumetric changes, systemic, intrathecal and brain 
inflammation, autoimmune responses and the hallmarks of Alzheimer 
disease (AD) [1-16]. Fossil-fuel combustion sources are consistently 
associated with both short- and long-term health adverse effects of 
fine particulate matter (PM 2.5) exposures [17,18]. Neuroinflammation, 
altered brain-blood-barrier (BBB) permeability and preclinical markers 
of neurodegenerative disease are seen in experimental animals exposed 
to traffic-generated air pollutants and diesel exhaust particles (DEP) 
[19-21]. Recent work strongly suggests that long-term exposure to 
O3 and PM 2.5 above the current US EPA standards is associated with 
increased risk of AD [22]. 

Mexico City Metropolitan Area (MCMA) children with no known 
risk factors for neurological or cognitive disorders and intrauterine and 
postnatal lifetime exposures to PM 2.5 and ozone above current EPA 
standards exhibit impaired attention, short-term memory and learning 
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 Abstract
Objective: Long-term exposure to fine particulate matter (PM2.5) and ozone above US EPA standards is 

associated with increased risk of Alzheimer’s disease (AD). Mexico City Metropolitan Area (MCMA) children 
have prenatal and lifelong exposures to high PM2.5 and O3. MCMA children and young adults exhibit frontal tau 
hyperphosphorylation (40%) and amyloid-β diffuse plaques (51%) and a brain imbalance in genes involved in 
oxidative stress, inflammation, innate and adaptive immune responses. 

Methods: We measured total tau, tau phosphorylated at threonine 181, amyloid-β1-42 (Fujirebio,US), brain 
derived neurotrophic factor (BDNF), inflammatory mediators, insulin, and leptin in normal CSF samples from 56 
MCMA and 26 control children age 11.9 ± 4.7 years. 

Results: Aβ 1-42 concentrations were lower in MCMA children (p=0.001) and correlated with cumulative PM2.5 
(R2= 0.70). MCMA children had low BDNF (p=0.02) and high IFN-γ (p=0.0003) versus controls. In MCMA children, 
leptin correlated with insulin and MCP-1 (rs 0.34 and 0.41). 

Conclusion: Low Aβ1-42 in normal CSF samples from megacity children is a major finding given the interpretation 
of Aβ 1-42 in the temporal evolution of AD biomarkers. Low CSF Aβ, high IFN γ -detected in early AD and a key 
neuroinflammatory mediator in AD models-, and low BDNF strongly suggest deleterious CSF changes are evolving 
in 12 y olds, historically showing deficits in attention and short-term memory, information processing speed and 
executive function, plus olfactory, auditory and metabolic brain changes. Consideration for a shift in the preclinical 
AD paradigm is put forward in the setting of severe air pollution exposures. 

CSF children’s derangements involving Aβ 1-42, BDNF and IFN-γ and the potential discontinuity in the leptin 
central signaling pathway could be signifying a vicious downward spiral towards AD. We need to aim our efforts to 
the identification and mitigation of environmental factors influencing Alzheimer’s disease. 
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abilities that are commonly seen in neurodegenerative disorders [6-8]. 
We previously showed that cerebrospinal fluid (CSF) concentrations of 
macrophage inhibitory factor (MIF), interleukin 6 (IL6), interleukin 1 
receptor antagonist (IL1Ra), IL-2, and cellular prion protein PrP (C) 
can differentiate air pollution exposures in children [16]. Further, CSF 
myelin basic protein autoantibodies and nickel concentrations are 
higher in MCMA v low pollution controls [14]. Breakdown of epithelial 
and endothelial barriers, including the BBB and the GI barrier are 
common in Mexico City residents and constitute a direct pathway 
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of entrance of air pollutant components to the systemic circulation 
and the brain [23-25]. In association to cognitive deficits, systemic, 
neural inflammation and autoimmunity, and structural and metabolic 
brain abnormalities, young MCMA residents exhibit the same 
neuropathological hallmarks of AD patients i.e., amyloid beta 42 (Aβ42) 
plaques, and tau hyperphosphorylation with pre-tangles [10,11,23,24]. 

Thus, concerning current challenges for mechanisms involved in 
the development of neuroinflammation and neurodegeneration and 
the early identification of individuals at risk for AD, we expected the 
measurement of key CSF Alzheimer biomarkers in highly exposed 
children, to be relevant for the critical debate on: i. the earliest age CSF 
key AD-associated proteins show significant differences in contrasting 
polluted environments, ii. The CSF temporal evolution of inflammatory 
biomarkers, and iii. The contribution of air pollutants to changes in 
biomarkers classically associated with Alzheimer’s disease development 
[22,26-32]. 

The purpose of the present study was to assess, in MCMA versus 
low pollution matched children, the impact of their residency on 
key CSF Alzheimer’s disease biomarkers, neurotrophic factors, 
inflammatory mediators, glucose metabolism players and food reward 
hormones, all integral to the air pollution associated pathophysiology 
of neuroinflammation and neurodegeneration [19,20,23-25,33-38]. 
Our special interest in the relationship between adipokines, food 
reward hormones with insulin resistance, metabolic syndrome and 
Alzheimer risk is based on our data on MCMA lean children showing 
higher serum leptin and decreases in glucagon-like peptide-1 (GLP1), 
ghrelin, and glucagon v controls [39].

Our results identify lower concentrations of amyloid β1-42 in normal 
CSF samples of MCMA children, significantly correlating with PM2.5 
cumulative exposures. Low BDNF, high IFN-γ, and strong correlations 
between leptin/ insulin/ monocyte chemo attractant protein-1/
chemokine (C-C motif) ligand 2 (MCP-1/CCL2), characterized 
megacity children’s CSF samples. If indeed low concentrations of 
amyloid β 1-42 in CSF should be a key preclinical biomarker of AD and 
if the current accepted mantra is that there is a trend for a decrease 
in Aβ 1-42 15-20 years before expected onset of clinical symptoms, we 
need to reconsider the earliest age CSF key AD-associated proteins 
show significant changes in the setting of severe air pollution. We can’t 
ignore these children are on average 12 years old and that 5 decades 
of evolving AD changes will be in place before they come to the 
neurologist attention. These CSF findings have to be evaluated in light 
of the wide spectrum of clinical, cognitive, imaging, molecular and 
neuropathological data already published in similar cohorts. Paediatric 
CSF data and their proper interpretation could provide new paths 
towards the unprecedented opportunity for early neuroprotection and 
Alzheimer disease prevention.

Procedure 
This prospective pilot study was approved by the review boards and 

ethics committees at the Hospital Central Militar. Children had been 
admitted to the hospital with a work up diagnosis of acute lymphoblastic 
leukemia (ALL) entering a clinical protocol, which included a spinal 
tap. The normal CSF samples used for this study were destined to be 
destroyed after the diagnosis of normal CSF was done. 

Study Cities and Air Quality 

Children’s cohorts were selected from the Mexico City Metropolitan 
Area (MCMA) and small cities in Mexico (Zacatlán and Huachinango, 
Puebla;Zitácuaro, Michoacán; Puerto Escondido, Oaxaca; Chalma, 

Veracruz;Tlaxcala, Tlaxcala).The control cities have <75,000 inhabitants 
and are characterized by concentrations of the six criteria air pollutants 
(ozone, particulate matter, sulfur dioxide, nitrogen oxides, carbon 
monoxide and lead) below the current US EPA standards [40]. Mexico 
City Metropolitan Area is an example of extreme urban growth and 
accompanying environmental pollution [41-45]. The metropolitan 
area of over 2,000 km2 lies in an elevated basin 7400 feet above sea 
level surrounded on three sides by mountain ridges. MCMA has 
nearly 24 million inhabitants, over 50,000 industries, and >5 million 
vehicles consume more than 50 million litres of petroleum fuels per 
day [46]. MCMA motor vehicles produce abundant amounts of 
primary PM2.5, elemental carbon, particle-bound polycyclic aromatic 
hydrocarbons, carbon monoxide, and a wide range of air toxins, 
including lipopolysaccharides, formaldehyde, acetaldehyde, benzene, 
toluene, and xylenes [47-48]. The high altitude and tropical climate 
facilitate ozone production all year and contribute to the formation of 
fine secondary particulate matter. Air quality is worse in the winter, 
when rain is scanty and thermal inversions are frequent. Children from 
MCMA were residents in the northern-industrialized and southern-
residential zones. Southern Mexico City children have been exposed 
to significant concentrations of ozone, secondary tracers (NO3ˉ) 
and PM-LPS, while northern children have been exposed to higher 
concentrations of volatile organic compounds (VOCs), PM2.5, and 
its constituents: organic and elemental carbon including polycyclic 
aromatic hydrocarbons, secondary inorganic aerosols (SO4

2-, NO3
-, 

NH4
+), and metals (Zn, Cu, Pb, Ti, Mn, Sn, V, Ba) [42,44,48]. Recent 

studies on the composition of PM2.5 with regards to sites and samples 
collected in 1997 show that composition has not changed during the 
last decade [42]. In general, the PM2.5 concentrations coincide with 
the times children are outdoors during the school recess and physical 
education periods and the higher O3 concentrations when they play 
outdoors at home [49].

Participant children

This work includes data from 56 children from Mexico City 
(22F/34M, Mean age = 11.09 years, SD = 5.5) and 26 control children 
(12F/14M, Mean age = 12.8 years, SD = 4.0). Children entering a 
haematology protocol, which included a spinal tap, had been admitted 
to the hospital from either MCMA or a low polluted city.These selected 
children had no previous oncologic and/or hematologic treatments, 
their CSF samples were read as normal and CNS involvement was ruled 
out at the time of their hospitalization. Children’s clinical inclusion 
criteria were:negative smoking history and environmental tobacco 
exposure, lifelong residency in MCMA or the control city, residency 
within 5 miles of the city monitoring stations, full term birth, and 
unremarkable clinical histories prior to their admission to the hospital. 
We specifically excluded children with a history of active participation 
in team sports with high incidence of head trauma, including soccer. 
Mothers had unremarkable, full term pregnancies with uncomplicated 
vaginal deliveries and took no drugs, including alcohol and tobacco.
These children had a history of breast feeding for a minimum of 6 months 
and were introduced to solid foods after age 4 months. Participants 
were from middle class families, living in single-family homes with no 
indoor pets, used natural gas for cooking and kitchens were separated 
from the living and sleeping areas. Low and high pollution exposed 
children were matched by age, gender and socioeconomic status. 

Cerebrospinal fluid (CSF) samples

Spinal tap was performed in the lateral recumbent position from 
lumbar levels using a standard 22 spinal needle. Spinal taps were 
performed between 8 and 10 am. CSF was collected dripping in 
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free air in1 ml aliquot into Nalge Nunc polypropylene CryoTubes. 
Lumbar puncture samples were collected during non-traumatic, non-
complicated procedures. CSF were stored at −80°C immediately after 
examination to determine haematological involvement (blasts present 
in a cytospin) [50], and kept frozen until the current analysis. CSF 
pleocytosis was defined as CSF white blood cell (WBC) counts of >7 
cells per mm3. We performed the T-tau, P-tau 181P and beta amyloid 
1-42HS from Fujirebio-US, Seguin,TX. Human Metabolic Hormone 5 
plex Discovery Assay (Ghrelin (active),Gastric Inhibitory peptide GIP 
(total), Insulin, Leptin, MCP-1) and the Human Cytokine 6 plex assay 
(TNF-α, IL-1β, IL-2,IL-6, IL-10, IFN-γ) were custom made human 
Multiplexing Laser Bead Technology, Bio-Rad Human Diabetes (Eve 
Technologies Corporation, Calgary, Alberta, Canada). BDNF was done 
using the Boster Biology Tech ELISA kit EK0307, Pleasanton, CA. 

Data analysis

 We performed three types of analyses: [1] Calculated mean and 
standard deviation of the variables of interest in low and high pollution 
exposed children, adjusted for age and gender [2].We calculated 
Spearman’s partial rank correlations between variables of interest after 
adjusting age within each group of low and high pollution exposed 
children [3]. We also calculated the p-values of those Spearman’s partial 
rank correlations. We modeled Aβ1-42 concentrations as a function of age 
and the annual mean accumulated PM2.5 concentrations in Mexico City 
using a non-linear correlation surface map resulting in a 3D Gaussian 
graphic. The strength of simple linear relationship was summarized as 
r-squares. All tests were two-sided and significance was assumed when 
a p-value is less than 0.05. The statistical analyses were performed using 
the statistical software `R’. 

Results
Air pollution levels 

MCMA children in this study have been exposed to significant 
concentrations of fine particulate matter (PM 2.5) and O3 for their 
entire life [41,42,44,45,48,49]. The climatic conditions in MCMA are 
relatively stable through the year, thus pollutant concentrations are 
relatively uniform without significant variations. According to data 
from the government air quality monitoring network , during the 1997-
2012 period that includes the period the children have lived in MCMA, 
the PM2.5 three-year averages of annual average concentrations in the 
representative southwest (Pedregal) monitoring station were above the 
respective primary PM2.5 US EPA annual standard of 12 µg/m3 (Figure 
1). This standard is attained when the 3-year average of annual means 
is less than or equal to the above mentioned concentration. In addition, 
the four highest daily maximum eight-hour average concentrations 
for each of 3 consecutive years for the ozone monitor in the same 
monitoring site for the 1997-2012 period (the current 8-hr average 
ozone NAAQS is of 75 ppb) (Figure 2), shows that after a clear decrease 
from 2002 through 2005 (from 0.16 to 0.13 ppm) the average levels until 
2012 have not significantly changed. Fine particulate matter and ozone 
data clearly show MCMA children in this study have been exposed 
their entire prenatal and postnatal life to concentrations of PM2.5 and 
ozone above current US standards. Criteria pollutants in control cities 
have been below the USA EPA air quality standards [40]. 

Cerebrospinal fluid results

CSF samples were colorless, with a normal opening pressure, 
a mean WBC count of 2.4± 1 cells per mm3. Table 1 shows the 
Mean ±SD results in pg/ml and p values adjusted for age and 

Figure 1: PM2.5 annual mean concentrations from 2002 through 2012 that 
includes the average age of participating children, at the Pedregal monitoring 
site in Southwest Mexico City. 

Figure 2: Four highest daily maximum eight-hour average ozone 
concentrations from 1997 through 2012 at the monitoring site of Pedregal in 
southwest Mexico City. Data from the government of Mexico City air quality 
monitoring network.

CSF variables 
pg/ml

Controls 
n:26

MCMA children 
n:56

p value adjusted for 
age and gender

Amyloid β 1-42 312.5±106.2 224.8±99.38 0.0016
Total tau 9.89±6.9 10.49±8.25 0.7245

h tau 13.88±9.5 14.11±8.9 0.827
BDNF 49.51±65.61 24.72±22.14 0.0236
TNF ɑ 0.60±0.47 1.69±8.9 0.122
IL1β 0.43±0.10 0.41±0.1 0.343
IL2 0.43±0.13 0.39±0.09 0.131
IL6 5.5±14.62 1.35±4.16 0.0457

IL10 0.70±0.81 0.57±0.23 0.217
IFN γ 0.28±0.09 0.40±1.34 0.0003

MCP-1	  122.2±76 162.6±119 0.121
Leptin 54.46±38.8 50.34±25.02 0.740
Insulin 60.1±24 62.0±31.9 0.955
Ghrelin 5.18±1.2 5.2±0.88 0.747

GIP 2.12±2.5 2.60±4.09 0.961

Table 1: Alzheimer, BDNF, cytokines and metabolic CSF variables values and p 
values in Control v Metropolitan Mexico City area children.
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gender, in control versus MCMA children. Aβ 1-42 concentrations 
were significantly lower in MCMA children (p=0.0016) v controls. 
BDNF was also significantly lower (p=0.02), while IFN-γ was 
higher (p=0.0003). In MCMA children, Aβ 1-42 positively correlated 
with MCP-1 and IL-6 (rs 0.4), while leptin correlated with insulin 
and MCP-1 (rs 0.34 and 0.41) (Table 2). The correlations in control 
children were significantly different from MCMA children. Strong 
negative correlations were seen between Aβ 1-42 , IL1β (rs -0.65) and 
ghrelin (rs -0.6), while ghrelin positively correlated with IL1β (rs 0.85) 
and IFN γ(rs 0.71). Interestingly, leptin in control children show no 
significant correlations with any of the variables. Strong correlations 
between cumulative PM 2.5 and Aβ 1-42 (R2 =0.70) were seen in MCMA 
children (Figure 3).

Discussion

Metropolitan Mexico City children with lifelong exposures to 
fine particulate matter and ozone above current standards versus 
low pollution controls, show statistically significant changes in key 
CSF biomarkers associated with Alzheimer disease: low Aβ 1-42 and 
BDNF, concurrently with an inflammatory profile characterized by 
high IFN-γ. Strikingly, after adjusting for age, Aβ 1-42 tends to decrease 
with PM 2.5 cumulative increases >25 μg/m3. MCMA children showed 
positive leptin correlations with insulin and monocyte chemoattractant 
protein-1/chemokine (C-C motif) ligand 2 (MCP-1/CCL2), suggesting 
a discontinuity in the leptin central signaling pathway and its critical 
relationship with neuroinflammation [16,33,39,51]. 

Low CSF Aβ1-42 concentrations in MCMA children is an important 
finding taking into consideration long-term exposure to O3 and PM2.5 
above current US EPA standards is associated with increased risk of 
AD [22]. Levels of Aβ1-42 reach maximum abnormality level in the 
asymptomatic stage of Alzheimer [26] and there is a known consensus 
in AD familial cases of a trend for the decrease in CSF Aβ1-42 15-
20 years before expected onset of clinical symptoms [28]. There is a 
current agreement that CSF changes in Aβ1-42, T-tau and P-tau181P are 
diagnostic of AD in its prodromal stage and have proven diagnostic 
accuracy for mild cognitive impairment and Alzheimer’s disease [27, 
52-55].Conversely, having all three biomarkers in the normal range 
rules out AD [27]. There is also agreement in that levels of CSF Aβ1-

42 are regulated age-dependently [56], genetic variations modify the 
association between AD biomarkers and neurodegeneration [57-
59] and AD risk loci polygenically contribute to Aβ pathology in 
the CSF [60]. Development of low CSF Aβ1-42 values in cognitively 
healthy individuals in the lower tertile of the reference range, in a 3 
year longitudinal follow-up predicted future Aβ positivity [61]. Low 
CSF Aβ1-42 however, does not always translates in brain florbetapir 
imaging Aβ accumulation as shown in Mattsson et al., in cognitively 
healthy people [62]. Thus, if indeed molecular changes in the brain 
extracellular and interstitial environments are reflected in CSF, if 
reduced CSF amyloid-β may be more strongly related to early stage AD, 
[62,63], and if the presence of frontal diffuse amyloid plaques in highly 
exposed children is taken into account, these CSF results could also be 

Figure 3: 3D Gaussian non-linear correlation surface map (R2 = 0.70) of the 
modeled Aβ 1-42 concentration as a function of age and the annual mean PM 2.5 
cumulative concentrations in Mexico City. After adjusting for age, Aβ 1-42 tends 
to decrease with PM 2.5 cumulative increases above 25 μg/m3.

Control Aβ 1-42 BDNF Insulin MCP1 IFN γ IL6 IL1β Ghrelin Leptin
Aβ 1-42 1 -0.28 -0.23 -0.32 -0.46 -0.23 -0.65 -0.6 -0.08
BDNF -0.28 1 0.14 -0.01 0.51 0.26 0.57 0.49 0.06
Insulin -0.23 0.14 1 -0.1 0.05 -0.3 -0.11 0.11 0.24
MCP1 -0.32 -0.01 -0.1 1 -0.32 0.15 0.35 0.28 0.36
IFN γ -0.46 0.51 0.05 -0.32 1 0 0.6 0.71 0.01
IL6 -0.23 0.26 -0.3 0.15 0 1 0.18 -0.01 -0.43

IL1β -0.65 0.57 -0.11 0.35 0.6 0.18 1 0.85 0.17
Ghrelin -0.6 0.49 0.11 0.28 0.71 -0.01 0.85 1 0.22
Leptin -0.08 0.06 0.24 0.36 0.01 -0.43 0.17 0.22 1

MexCity
Aβ 1-42 1 0.01 0.2 0.4 -0.3 0.4 -0.08 0.15 0.13
BDNF 0.01 1 -0.03 -0.09 0.04 -0.19 -0.12 0.1 -0.17
Insulin 0.2 -0.03 1 0.3 -0.11 -0.02 -0.09 0.26 0.34
MCP1 0.4 -0.09 0.3 1 -0.04 0.49 -0.1 0.05 0.41
IFN γ -0.03 0.04 -0.11 -0.04 1 0.08 0.09 -0.19 -0.17
IL6 0.4 -0.19 -0.02 0.49 0.08 1 0.03 0.08 0.15

IL1β -0.08 -0.12 -0.09 -0.1 0.09 0.03 1 0 0.19
Ghrelin 0.15 0.1 0.26 0.05 -0.19 0.08 0 1 0.03
Leptin 0.13 -0.17 0.34 0.41 -0.17 0.15 0.19 0.03 1

Table 2: Spearman partial rank correlations values of key CSF variables after adjusting for age in Control and Metropolitan Mexico City area children.
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interpreted as reflecting brain Aβ alterations paralleling those of AD. 
There is one more important consideration in evaluating CSF Aβ1-42 in 
severely exposed MCMA children: they are not asymptomatic. They 
have already significant cognitive deficits compared to matched low air 
pollution children and display white matter volumetric and structural 
changes concordant with specific inflammatory profiles [6-8].Their 
central delay in brainstem auditory evoked potentials (BAEPS) relate to 
the accumulation of α synuclein and/or Aβ1-42 in key brainstem nuclei 
[9], and their olfactory deficits are important and progressive [10,64]. 
Equally critical is the role APOE plays in the air pollution scenario both 
in clinical and neuropathology grounds [23,24,64]. We have reported 
that MCMA APOE4 teens had greater hyperphosphorylated tau and 
diffuse Aβ plaques versus E3 carriers (Q = 7.82, p = 0.005) [24] and we 
can’t dismissed Mexico City APOE 4 v 3 children have reduced NAA/
Cr ratios in the right frontal white matter and decrements on attention, 
and short-term memory, including >10 point deficit in Verbal and 
Full Scale IQ [64]. CSF Aβ1-42 low concentrations have been reported 
in APOE 4 carriers with a diagnosis of AD, prodromal AD, and stable 
mild cognitive impairment [29]. In contrast, in 105 non-demented 
controls ages 20-34 years, APOE4 status did not influence CSF Aβ1-42 
levels [29]. In this regard, consensus has been reached there is no need 
to use different cutoffs for the AD CSF biomarkers for different age 
groups depending on APOE status [27]. Thus, although we do not have 
APOE genotyping in our cohorts, the CSF Aβ1-42 low concentrations 
carry strong significance. 

We argue consideration for a shift in the preclinical AD paradigm 
should be entertained in the setting of severe air pollution exposures 
and although we do not foresee and we do not support taking CSF 
samples to seemingly healthy children, we should not ignore the weight 
of clinical, cognitive, laboratory and brain imaging evidence in highly 
exposed pediatric populations. Certainly the idea that Alzheimer’s 
changes start in childhood in a stressed environment, is biologically 
plausible [65,66].

A growing body of evidence demonstrates that abnormalities in 
the BDNF system are altered in CSF and peripheral blood from AD 
patients, animal models of AD and in late-life major depression (LLD) 
and bipolar disorder [67-71]. Of key relevance for this work, BDNF 
has widespread roles in regulating energy homeostasis by controlling 
patterns of feeding and physical activity, and by modulating glucose 
metabolism in peripheral tissues [72]. BDNF mediates the beneficial 
effects of energetic challenges such as vigorous exercise and fasting 
on cognition, mood, cardiovascular function, and on peripheral 
metabolism. Glucose transport and mitochondrial biogenesis are 
stimulated and BDNF bolsters cellular bioenergetics, protects neurons 
against injury and disease and increases insulin sensitivity and 
parasympathetic tone [72].Thus, significantly low CSF concentrations 
of BDNF cannot be dismissed in urban children, as the reduction of the 
availability of BDNF in the CNS may indicate loss of neuroprotection 
and increased vulnerability to the development of several 
neuropsychiatric disorders as well as to adverse cognitive outcomes 
[73-77]. Naert and Rivest’s paper [78] is of utmost relevance to us. Their 
work associates progressive cognitive decline with the accumulation 
of soluble Aβ, disruption of synaptic activity, alteration in the BDNF 
system, and a defective production in the subset of CX(3)CR1(low)Ly6-
C(high)CCR2(+)Gr1(+) monocytes in APP(Swe)/PS1 mice and their 
age-matched wild-type (WT) littermates. Its relevance is centred in 
the BDNF system alteration given that MCMA children exhibit altered 
monocyte and lymphocyte populations and an endotoxin tolerance-like 
state that could play a role in the peripheral BDNF production [79-82].
The issue is critical because exercise has been linked to neuroprotection 

with BDNF playing a key role [73,83-86].Notably, aerobic training in 
an urban environment with high traffic-related air pollution increases 
inflammatory biomarkers, and obliterates the BDNF positive responses 
[87, 88]. Equally relevant, ultrafine particulate matter exposures during 
forced exercise in rats decrease their hippocampal BDNF expression 
[89]. Bos and colleagues concluded that traffic-related air pollution 
exposure during exercise may inhibit the positive effect of exercise on 
cognition [90]. We fully agreed with them. 

IFN-γ produced by CD4 Th1, CD8, gamma delta T, and natural 
killer (NK) cells, is an interesting player in the high PM2.5 scenario. 
Interferons, a super-family of cytokines with major roles in host 
immune responses to pathogens, antiviral defense, and tumor 
surveillance [91-93] can induce pro-inflammatory gene transcription 
leading to the secretion of powerful inflammatory cytokines including 
IL1β, IL-6 and TNF-α, all of them up-regulated both peripherally and 
in the brain of MCMA children [23]. Also relevant to MCMA cohorts 
is the role of IFN-γ as a central mediator of Th1-mediated autoimmune 
disorders by deflecting the immune response toward a Th1 phenotype 
and inhibiting the development of Th2 cells in autoimmune disorders 
[94], a major issue given the CSF production of autoantibodies to 
myelin basic protein in similar children cohorts [14].The work of Taylor 
et al support the strong involvement of IFN signaling in the regulation 
of the neuroinflammation and neuronal cell death in animal models of 
AD and increased expression of IFNα and β in human prefrontal cortex 
of AD patients [92]. Given that IFN type 1 responses are considered 
the master regulators of cytokine production within the innate immune 
response [95], Taylor et al suggest IFN responses are critical to the 
development of neuroinflammation [92]. The issue is more relevant in 
PM-LPS exposed children (related to the thousands of tons of fecal dog 
and human material deposited daily in Mexico City streets) because 
type-1 IFNs are shown to be critically involved in the priming and 
activation of the NALP3 inflammasome (brain activated in similar 
cohorts [24] by inducing caspase-11 to cleave pro-caspase-1 to its 
active form [96].This is an interesting concept, because indeed MCMA 
12y old children have a robust CSF IFN-γ response contrasting with 
the blood lower concentrations of IFN-γ and low numbers of NK cells 
present in MCMA younger children [79].The peripheral blood and CSF 
IFN γ signaling is likely key in the air pollution responses and needs to 
be defined in PM2.5 exposed children. 

An increasing number of studies provide support to the 
relationships between leptin dysregulation and Alzheimer’s disease, 
insulin resistance, cerebral volumes, learning and memory performance 
[34-36,97]. Leptin associations with AD are discordant, while some 
works show significant leptin elevations in CSF and hippocampal tissue 
of AD patients v controls, along with level of leptin receptor mRNA 
decreased in AD brain [39], others show CSF leptin levels unchanged 
as subjects progress to AD [33]. Dysregulated leptin-signaling circuitry, 
however appears to be a common AD denominator [33,34,36,39,97]. 
We found no differences in CSF leptin in high versus low pollution 
12 year old children, but the relationship between leptin and insulin 
is significantly different among cohorts. In MCMA children CSF 
leptin correlates positively with insulin while control children exhibit 
no correlations with insulin at all. This is key, because in similar age 
cohorts, lean MCMA children v controls exhibit significantly higher 
serum leptin that correlated positively with cumulative values of PM2.5 
(Calderón-Garcidueñas and Perry personal communication). These 
CSF leptin results and our serum previous data, support the hypothesis 
of a significant leptin dysregulation in highly exposed PM2.5 children 
and an extension of this dysregulatory process to their brain. If indeed 
the provocative emerging data of brain insulin resistance leading to 
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AD neurodegeneration [36] is at play here, we have the unfortunate 
perfect scenario in the developing brain of urban children. In this 
regard, the positive significant association between CSF leptin and 
MCP-1 in highly exposed children is also very relevant in the setting 
of neuroinflammation. A potent monocyte attractant with key roles 
in neuroinflammatory diseases, including AD and with a striking 
role in BBB integrity has to be contemplated as a chemokine with 
pathophysiological significance in the air pollution scenario where the 
BBB is damaged [24,98-102]. Although there is significant controversy 
in the interpretation of CSF MCP-1 in AD, i.e., increased levels linked 
to the transition from MCI to AD, high persistent levels in AD patients 
[103], overlaps between controls, MCI and AD patients have also 
been reported [102] and age seem also to relate to high MCP-1 [104]. 
The important issue here is: these are children and since MCP-1 is a 
biomarker of microglial activity, the intriguing associations with leptin 
(in a clear evolving chronic neuroinflammatory process with strong 
microglia activation) obligates us to carefully monitor this biomarker 
in exposed populations.

Looking forward, limitations and summary
Strong evidence supports a link between oxidative stress, 

abnormal lipid, glucose and insulin metabolism, inflammasomes, 
neuroinflammation and Alzheimer’s disease [33-39,105-115]. The work 
of Xia et al., [110] is of key relevance to our findings in highly exposed 
urban children: increased oxidative stress, along with alterations in lipid 
metabolism in neurons, may be some of the very early events occurring 
in AD pathology. Brain vascular and mitochondrial abnormalities are 
also emerging as a common feature in AD cases [111], an important 
issue in urban children with extensive small arterioles and post-
capillary venule damage, breakdown of the BBB, and mitochondrial 
abnormalities directly associated with the presence of nano size 
particles [14,23,24].

In the natural setting of severe PM2.5 exposures [6-16,22-25,] or 
in the results of animal models exposed to air pollution components 
[19-21], the notion that neurodegeneration results from an active 
host response or environmental adaptation [106], is biologically 
plausible. A new brain health paradigm should be entertained [113], 
the Alzheimer research community must acknowledge all aspects of 
disease pathogenesis [109] and support should be allocated to explore 
air pollution as a key factor in the development of Alzheimer’s disease 
in pediatric and young adult cohorts.

We acknowledge our main limitation, the number of CSF samples, 
based on ethical considerations: under no circumstances as physicians 
we will jeopardize children’s health by using an invasive spinal tap, 
thus our strategy of using CSF normal samples in children undergoing 
a spinal tap within a hemato-oncological protocol and no CNS 
involvement [50].

CSF derangements involving key proteins, inflammatory cytokines, 
chemokines and adipokines in urban children are likely representing a 
vicious downward spiral towards Alzheimer’s disease. We could ignore 
current evidence, pretend air pollution is not affecting our children’s 
brain and disregard we have a 50 year window of opportunity between 
the time urban 12y olds have the CSF Alzheimer-related changes 
and the wide spectrum of clinical, cognitive, olfactory and imaging 
alterations we have been describing and need a neurologist. Facing the 
current clinical, cognitive, laboratory and imaging evidence impacting 
the health of millions of urban children is imperative if we are aiming 
our efforts to identify and mitigate environmental factors influencing 
Alzheimer’s disease [106]. If indeed, reduced CSF amyloid-β is strongly 

related to early stage AD, consideration for a shift in the preclinical AD 
paradigm is put forward in the setting of severe air pollution exposures. 
Defining the linkage and the health consequences of chronic exposures 
to air pollutants in the developing brain and keeping in mind the 
relentless path towards Alzheimer’s disease ought to be of pressing 
importance for public health.
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