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Abstract

Many neurological diseases, including autism, depression, dementia, anxiety disorder and Par-
kinson’s disease, are associated with abnormal sleep patterns, which are directly linked to pineal
gland dysfunction. The pineal gland is highly susceptible to environmental toxicants. Two perva-
sive substances in modern industrialized nations are aluminum and glyphosate, the active ingre-
dient in the herbicide, Roundup®. In this paper, we show how these two toxicants work synergis-
tically to induce neurological damage. Glyphosate disrupts gut bacteria, leading to an overgrowth
of Clostridium difficile. Its toxic product, p-cresol, is linked to autism in both human and mouse
models. p-Cresol enhances uptake of aluminum via transferrin. Anemia, a result of both aluminum
disruption of heme and impaired heme synthesis by glyphosate, leads to hypoxia, which induces
increased pineal gland transferrin synthesis. Premature birth is associated with hypoxic stress
and with substantial increased risk to the subsequent development of autism, linking hypoxia to
autism. Glyphosate chelates aluminum, allowing ingested aluminum to bypass the gut barrier.
This leads to anemia-induced hypoxia, promoting neurotoxicity and damaging the pineal gland.
Both glyphosate and aluminum disrupt cytochrome P450 enzymes, which are involved in mela-
tonin metabolism. Furthermore, melatonin is derived from tryptophan, whose synthesis in plants
and microbes is blocked by glyphosate. We also demonstrate a plausible role for vitamin D3 dys-
biosis in impaired gut function and impaired serotonin synthesis. This paper proposes that im-
paired sulfate supply to the brain mediates the damage induced by the synergistic action of alu-
minum and glyphosate on the pineal gland and related midbrain nuclei.
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1. Introduction

Sleep disorders are associated with a large number of neurological diseases and conditions, including autism [1],
attention deficit hyperactivity disorder (ADHD) [2]-[4], depression [5], Parkinson’s disease [6]-[8], schizophre-
nia [9]-[11], anxiety disorder [12], amyotrophic lateral sclerosis (ALS) [13], and Alzheimer’s disease [14]. A
large survey of office-based physicians found that 69% of patients presented with secondary insomnia, often re-
lated to depression or other mental diseases [15]. A study based in Hong Kong found that psychiatric conditions
were the strongest predictors of insomnia in both men and women [16].

There have been alarming increases in the rate of autism among children in the United States over the past
two decades. The most recent estimate in 2014 by the Centers for Disease Control (CDC) is one in 68 for 12-
year-old children [17]. Two recent papers have dispelled the myth that this increase is mostly due to increased
diagnosis. Two economists reached the conclusion that the increase is real on the basis of an analysis driven by
market theory [18] [19]. Nevison analyzed data spanning several decades to reach the conclusion that 75% -
80% of the increase is real, and she hypothesized that this increase is due to environmental chemicals [19]. In
her analysis of the temporal trends of a large number of different chemicals considered to be plausibly causal in
autism, she identified only three with significant increases in exposure over time that aligned well with the in-
creasing trend in autism: glyphosate, aluminum vaccine adjuvant and polybrominated diphenyl ethers (used as
flame retardants) [19].

Sleep is regulated by the neurotransmitter, melatonin, released by the pineal gland at night [20] [21]. The
pineal gland is situated in the middle of the brain behind the optic chiasma. It is outside of the blood brain bar-
rier (BBB) and is highly perfused—receiving a blood flow rate that is second only to that of the kidney [22].
These considerations likely explain why it is especially susceptible to exposure to environmental toxicants such
as aluminum, mercury, cadmium and fluoride [23] [24]. A postmortem study of aluminum levels in various
brain regions revealed that the pineal gland accumulates aluminum at a rate that is at least twice that of other
brain regions [25].

Aluminum is a well-established neurotoxicant [26]-[28]. Progressive encephalopathy develops in association
with high aluminum levels [29]. Accidental exposure to aluminum in dialysis fluid is associated with microcytic
anemia followed by encephalopathy and dementia [30]-[32]. Premature infants exposed to aluminum in intra-
venous therapy [33] [34] experience neurological damage and mental impairment [35]. A study on the neuro-
logical effects of occupational exposure to aluminum revealed sleep disturbance as a common complaint, with
insomnia being reported in 22.4% of cases and sleepiness in 14.9% [36]. A review of the underlying mecha-
nisms of aluminum toxicity is presented in [26] where an argument for a direct role of pineal gland disruption is
developed. We do not mean to imply that pineal gland dysfunction is the only neuropathology following alumi-
num exposure, but we believe it plays a significant role, as sleep disorder is associated with most neurological
diseases.

Much less well studied is the herbicide, glyphosate, currently the most heavily used herbicide worldwide.
Glyphosate application to weeds has grown enormously in the last decade in the US, in step with the increased
adoption of genetically engineered (GE) crops such as corn, soy and canola that are engineered to be “Roundup
Ready”. Epidemiological data readily available on the web from US government sources indicate a remarkably
strong correlation between glyphosate application to corn and soy and multiple neurological disorders, as will be
shown later in this paper.

Early in vivo toxicology studies allegedly proved that glyphosate is nearly nontoxic to mammals. However,
there are two major concerns about these studies: 1) the studies are typically too short (lasting only 3 months),
and 2) glyphosate was used in pure form rather than in combination with the surfactants/adjuvants that are al-
ways present in the formulas of herbicide products. A study that exposed rats to GM Roundup-ready corn and
soy feed over the entire course of their lifetime showed significant damage, including massive mammary tumors
in the females and liver and kidney damage in the males [37]. Two studies examining the toxicology profile of
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the surfactants in Roundup, such as the polyethoxylated alkylamines (POEAS), showed both that these additives
are very toxic in and of themselves, and that they work synergistically with glyphosate to increase glyphosate’s
toxicity, by an amount estimated to be at least 125-fold [38] [39]. These authors wrote ([39] Abstract, p. 1):
“Despite its reputation, Roundup was by far the most toxic among the herbicides and insecticides tested”.

In the remainder of this paper, we first present evidence of strong correlations between glyphosate usage and
several diseases and conditions with rising trends over time. In Section 3, we discuss how glyphosate and alu-
minum can work synergistically to disrupt pineal gland function, in part through induction of anemia and hy-
poxia. In Sections 4 and 5, we show that both aluminum and glyphosate cause anemia and interfere with the
CYP class of enzymes, leading to disrupted melatonin homeostasis. The next two sections focus on impaired
sulfate supplies to the gut and to the brain respectively, and we discuss the implications in terms of gut health
and brain health. Section 8 concerns the evidence of pineal gland dysfunction in association with Alzheimer’s
disease, and the implications this has for Alzheimer’s pathology. Finally we summarize our findings in the dis-
cussion section and the conclusion.

2. Disease Trends

Most if not all of the major neurological diseases have been rising in incidence in recent decades, and it is im-
perative that we identify environmental factors that may be causative in this trend. In this section, we present
several graphs showing remarkable correlations between many modern diseases and glyphosate application to
corn and soy crops.

2.1. Methods

Time-trend data for various neurologically-related diseases and glyphosate applications to corn and soy crops
were obtained as outlined in this section.

2.1.1. Glyphosate Data

Data for glyphosate applications to corn and soy crops were obtained from the US Department of Agriculture
[40]. The procedure for gathering and analyzing these data are explained in detail in [41]. In this paper, the addi-
tional step was taken of dividing the total glyphosate applied to corn and soy crops by the total acreage planted
in the survey states for each year to obtain an average application rate (in Ibs/acre). The glyphosate average ap-
plication rate data were then plotted against each of the data sets for disease as described below. The correlation
coefficients between the data trend for the disease and glyphosate applications were calculated for each data set
as previously outlined in detail [41].

2.1.2. Hospital Discharge Data

One can get a sense of the trends in various diseases over time by looking at the hospital discharge diagnoses
collected from hundreds of hospitals by the United States Centers for Disease Control and Prevention (CDC).
These data are available for free download from the web at:

ftp://ftp.cdc.gov/pub/Health Statistics/ NCHS/Datasets/NHDS/

Raw data files were available from 1998 through 2010. We downloaded the files and documentation from the
CDC website. Each data file contains thousands of discharge records collected from hospitals using a statisti-
cally random sampling procedure [42]. The records contain information about the age, sex, race, geographic lo-
cation and diagnoses for each discharge. The diagnoses are recorded by the International Classification of Dis-
eases, Ninth Revision (ICD-9) codes. Up to seven diagnostic codes can be recorded for each discharge, with the
first listed being the primary reason for hospital admission. We included in the set for any particular ICD-9 code
any event which mentioned that code as one of the diagnostic codes for the event; i.e., we did not treat the first-
mentioned code in any special way.

A computer program was written to query the data file for specific ICD codes for each year. A rate of increase,
as an estimate of prevalence, over time for each particular diagnosis was obtained as follows:

a=axT/(t+P)

where 4 is the normalized number of hospital discharges of a disease in a year; a is the total number of the hos-
pital discharge records of the disease in the year computed from the raw files; T represents the total number of
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hospital discharges in that year in the US; t is the total number of hospital discharge records in the sampled hos-
pitals in that same year, which is computed from the raw files; and P is the total population in the US for that
year. Population estimates were obtained from the CDC mortality database [43].

2.1.3. Autism Data

We requested and received the individual Child Count data from the US Department of Education (USDE).
These data are collected for children with disabilities under the Individuals with Disabilities Education Act
(IDEA). The Child Count data are recorded by disability and age range. We extracted the data for the number of
6-year-old children with autism for each year from 1995-2010.

2.1.4. Mortality Data
Age-adjusted death data were obtained directly from the CDC mortality files [44].

2.2. Results

Our first interest was in tracking the adoption of genetically engineered (GE) herbicide resistant (Roundup
Ready) crops. As can be seen from Figure 1, only cotton had greater than 10% coverage in 1996, whereas by
2012 all crops had become around 90% herbicide resistant. The increase in glyphosate use on soy and corn crops
closely tracks the adoption of herbicide-resistant, GE crops, as shown in Figure 2 and Figure 3. The total
amount of glyphosate applied to soy, corn and cotton crops in the states surveyed by the USDA is shown in
Figure 4. The survey states comprise approximately 90% of the total of these crops planted in the US

As can be seen from Figure 5, during the interval from 1998 to 2010, the estimated number of diagnoses at
hospital discharge with ICD9 codes related to sleep disorder (ICD 327, 780.50 - 59, 307.41 - 49) have been in-
creasing steadily, precisely in step with the increase in glyphosate usage on corn and soy crops (R = 0.97; p <
0.000013). Figures 6-10 show similar statistics drawn from the hospital discharge data for the following neuro-
logical diseases, which are all associated with insomnia: autism (R = 0.98), ADHD (R = 0.95), anxiety (R =
0.95), schizophrenia (R = 0.88) and dementia (R = 0.93). In addition, anemia, which we identify as a key initiat-
ing factor in sleep disorder and in neurological disease, is also rising in step with glyphosate usage on corn and
soy crops, as shown in Figure 11. Data from death certificates are consistent with hospital discharge data. Suici-
de by overdose of prescription drugs (R = 0.95) is shown in Figure 12. Age-adjusted deaths from Alzheimer’s
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Figure 1. Percentage of corn, soy and cotton crops that are genetically engi-
neered to be herbicide tolerant from 1996 to 2012.
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Figure 2. Percentage of GE soy crops planted and the percentage of acreage
treated with glyphosate. Interpolated values are indicated with an asterisk
next to the year. Data were not available for glyphosate applications to soy
from 2007-2011. Data were only used through 2010; therefore the data point
at 2011 was not interpolated. Data point for 2012 is shown for reference.
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Figure 3. Percent GE corn crops and percentage of acreage treated with gly-
phosate; interpolated values indicated with asterisk.

disease (Figure 13) and from dementia (Figure 14) are both also highly correlated with glyphosate usage. The
correlation with deaths from dementia is 0.991, with p-value <2.3E-9.

Finally, autism rates can be estimated independently from the hospital discharge data by looking at the number
of children enrolled in the autism category under the Individuals with Disabilities Act (IDEA). The consistency
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Figure 4. Glyphosate applied to corn, cotton and soy crops in the surveyed
states.
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Figure 5. Correlation between sleep disorder prevalence and glyphosate ap-
plications to corn and soy crops.

between the two data sets is remarkable. Figure 15 shows the number of first grade children diagnosed with au-
tism in public schools in the US plotted along with glyphosate usage on corn and soy crops cumulated over the
previous four years, thus estimating the child’s exposure rates from the age of two to the age of six. These two
plots align almost perfectly: R = 0.997, p-value < 2.37E-7.

3. Evidence of Harm

If we assume, based on the evidence in Figures 5-15, that there might be a link between glyphosate exposure
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Figure 6. Correlation between autism prevalence, from hospital discharge data,
and glyphosate applications to corn and soy crops.
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Figure 7. Correlation between ADHD prevalence and glyphosate applications
to corn and soy crops.

and neurological diseases, how can we explain it physiologically? One possibility is that glyphosate might en-
hance the bioavailability of other toxicants such as aluminum. A thorough literature review reveals a plausible me-
chanism for such a hypothesis, as we will later show. It is also likely that glyphosate would also directly disrupt
the synthesis of melatonin. The precursor to melatonin is serotonin, and the sole precursor to serotonin is trypto-
phan, one of the three aromatic amino acids whose synthesis by plants and microbes is disrupted by glyphosate
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Figure 8. Correlation between anxiety prevalence and glyphosate applica-
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through the shikimate pathway [45]. Finally, glyphosate also disrupts sulfur metabolism, especially the homeo-
stasis of sulfate in the body [46]. We propose here that melatonin plays an important role in distributing sulfate

to the brain, and that sulfate plays an essential role in disposing of cellular debris during sleep.

Because human cells do not possess the shikimate pathway, it has been argued that glyphosate is nearly non-
toxic to humans. But this argument overlooks the fact that we depend upon our plant-based diet and our gut
bacteria to provide the essential nutrients produced by the shikimate pathway: the aromatic amino acids, trypto-
phan, tyrosine, and phenylalanine. A study comparing 14 patients with early stage Alzheimer’s disease with 17
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Hospital Discharge Diagnoses of Dementia (ICD 290-294)
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Figure 10. Correlation between dementia prevalence and glyphosate applica-
tions to corn and soy crops.
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Figure 11. Correlation between anemia prevalence and glyphosate applica-
tions to corn and soy crops.

age-matched controls showed significantly reduced levels of tryptophan and methionine in patients compared to
controls [47]. Plasma amino acid analyses, performed on 138 autistic children and 138 controls, showed that the
autistic cases had significantly lower levels of phenylalanine, tryptophan, and methionine [48]. It was specifi-
cally mentioned in the abstract that tryptophan would be less available for serotonin synthesis, due to the low
serum ratio of tryptophan to large neutral amino acids.

Although Monsanto has maintained that glyphosate does not bioaccumulate, studies on the blackworm species,
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Figure 12. Correlation between suicide by overdose and glyphosate applica-
tions to corn and soy crops.
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Figure 13. Correlation between deaths due to Alzheimer’s disease and gly-
phosate applications to corn and soy crops. Data discontinuity between 1998
and 1999 has been removed by subtracting a constant from 1999-2010 data
points. Discontinuity arises in some data because of the ICD code change
from the ninth revision to the tenth (ICD-9, ICD-10).

Lumbriculus variegatus have shown bioaccumulation of glyphosate [49]. Studies on humans and cows found
glyphosate residue in urine [50]. The humans on an organic diet had significantly lower urinary levels, and
chronically ill humans had a higher urinary level than those not chronically ill.

Furthermore, the cows were dissected and glyphosate residues in the tissues of the kidney, liver, lung, spleen,
muscles and intestines were comparable to that found in the urine. This means that the glyphosate is not being pass-
ed through the urine without affecting the organism, and that meat and dairy are an additional source of dietary

O,
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Figure 14. Correlation between deaths due to senile dementia and glyphosate
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Figure 15. Graph of US rates of autism prevalence in first grade served under
IDEA compared with glyphosate usage on corn and soy over the previous
four years.

glyphosate for humans. In another study by Kriiger et al., glyphosate residues were detected in the lungs, liver,
kidney, brain, gut wall and heart, in malformed one-day-old piglets [51].

Sulfation of melatonin depends on cytochrome P450 (CYP) enzymes, and it was proposed in [46] that CYP
enzyme disruption may be a key component of pathology associated with glyphosate in humans. Sulfate defi-
ciency in the brain is associated with neuropathology, and such deficiency arises in part due to impaired CYP
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function. Furthermore, as we will show later, glyphosate impairs sulfate supplies through other mechanisms be-
sides CYP enzyme inhibition. Glyphosate toxicity also leads to anemia, which enhances aluminum retention in
the brain and induces hypoxia.

The notion of a gut-brain axis has become a “hot topic” in the recent biomedical literature [52]. The key idea
is that enteric microbiota interact with the brain through signaling mechanisms that can influence homeostasis.
A stunning set of experiments was recently performed on mice engineered to express many behavioral features
of autism [53]. The autistic phenotype was introduced through maternal immune activation during gestation. A
detailed profile was determined for the gut microbiome and for the plasma metabolome. The gut microbial
analysis indicated a different distribution in the specific species of Clostridium and Bacteroides that were pre-
sent in the autistic mice compared to controls, along with a distinct serum biomarker manifested as a 46-fold in-
crease in serum levels of 4-ethylphenylsulfate (4EPS), which was, remarkably, completely normalized by probi-
otic treatment with B. fragilis. Germ-free mice display nearly undetectable levels of serum 4EPS, indicating that
it is derived from products of the microbiota [53]. It has been shown that 4EPS is produced by microbiota in rats
in response to heavy metals [54]. It is closely related to p-cresol sulfate (4-methyl phenylsulfate: 4MPS), which
has been identified as a urinary marker for autism [55] [56]. Injection of 4EPS into control mice led to manifes-
tations of an autistic phenotype, showing a direct causal effect of this one metabolite in autism.

4. Glyphosate and Aluminum Synergy: The Anemia Factor

In this section, we provide evidence that glyphosate works synergistically with aluminum to cause anemia, and
that anemia leads to hypoxia, which enhances the effects of aluminum on neurons. The hypoxic conditions often
associated with preterm birth promote aluminum uptake by the pineal gland, and infants born prematurely are
highly susceptible to later developing autism [57] [58]. Hypoxia is an important factor in the pathological proc-
esses that lead to endothelial cell migration and angiogenesis. Melatonin protects from the adverse effects of
hypoxia, but this appears to exhaust the supply in the pineal gland.

In addition to its antioxidant properties, melatonin inhibits hypoxia-induced cell migration by suppressing
hypoxia-inducible factor-1a (HIF-1a) [59]. A study on the effects of hypoxia on the pineal gland showed that
the expression of HIF-1a, vascular endothelial growth factor (VEGF), endothelial nitric oxide synthase (eNOS),
neuronal NOS (nNOS) and inducible NOS (iNOS) were all increased, while melatonin content was significantly
reduced [60]. The authors suggested that increased vascular permeability may allow free access of serum-de-
rived substances in the pineal gland to disrupt secretory function. This could enhance the toxicity of aluminum
and glyphosate present in the serum, as well as reducing the bioavailability of melatonin.

Mineral deficiencies in iron [61] and cobalt [62] both contribute to anemia, a direct cause of hypoxia due to
insufficient oxygen-carrying capacity. Iron deficiency is prevalent among children with autism [63]. Cobalamin
deficiency is a common cause of macrocytic anemia [62], and cobalamin depends on cobalt. A Danish study on
cows showed severe cobalt deficiency in conjunction with exposure to glyphosate as evidenced by glyphosate
presence in the urine [64]. A case study showed optic neuropathy following severe cobalamin deficiency in three
children with autism [65].

Aluminum causes a microcytic hypoproliferative anemia which contributes to the anemia in patients with end
stage renal disease, and the mechanism includes cytochrome-oxidase inhibition, impaired iron transport, and in-
effective erythropoieisis. It appears to involve inhibition of heme synthesis, either via inhibition of enzyme ac-
tivity or by interference with iron incorporation [66].

Anemia and hypoxia were observed in 6 out of 16 human patients exposed to acute glyphosate intoxication
[67]. There are many mechanisms by which glyphosate might induce anemia. Ferric reductase is required for
iron absorption in the human gut. Glyphosate reduced the activity of ferric reductase in plants by 50% within six
hours of treatment [68], so it might have a similar effect in mammals. Evidence from plants supports the idea
that glyphosate may directly interfere with heme synthesis. Glyphosate inhibits 5-Enolpyruvyl Shikimate 3-
Phosphate synthase (EPSP synthase) and it interferes with the reaction of the enzyme with pyridoxal 5’-phos-
phate, probably by binding at the same site [69]. This suggests that glyphosate might have the same effect for ¢-
aminolevulinic acid synthase (ALAS), the enzyme that catalyzes the first step of pyrrole synthesis, which is de-
pendent upon pyridoxal 5’-phosphate as a catalyst. Indeed, inhibition of ALAS by glyphosate has been noted in

many studies in plants [70]-[73].
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This leads directly to impaired chlorophyll synthesis, since chlorophyll is assembled from pyrrole units that
encase the magnesium atom at the center. Some have suggested that this may be more important than shikimate
pathway inhibition in glyphosate’s pathological effects on plants. Impaired pyrrole synthesis would have a sig-
nificant effect in animals, since both cobalamin (vitamin B12) and heme depend upon pyrrole rings for their
construction. Impaired pyrrole synthesis would then lead to both hemoglobin-deficiency anemia and the anemia
associated with vitamin B12 deficiency.

In addition to the independent effects of glyphosate and aluminum on hypoxia and their neurotoxicity, gly-
phosate will likely enhance the toxic effects of aluminum through multiple factors. There is strong evidence that
glyphosate chelates aluminum [74], as it does many other metal cations: it can form “aluminum cages” through
several different configurations involving multiple coordinated glyphosate molecules. It is well established that
citrate similarly chelates aluminum, and that this allows ingested aluminum to penetrate the gut barrier [75] [76].

Citrate also chelates free calcium, and this is known to disrupt cellular tight junction integrity. Small un-
charged molecules such as Al-citrate can then freely pass through a paracellular pathway, and this greatly in-
creases the rate of absorption of aluminum in the proximal bowel [77]. Glyphosate also chelates calcium [78],
and, like citrate, it is a small molecule. Therefore, it can be expected that glyphosate would similarly allow oral-
ly delivered aluminum to gain access to the vasculature, although this has not yet been demonstrated experimen-
tally.

Pigs fed a diet of GM Roundup-Ready corn and soy suffered from an inflamed stomach [79], clearly suggest-
ing gut dysbiosis. A leaky gut, associated with gastrointestinal disorders, will facilitate the passage of both Al-
citrate and Al-glyphosate past the impaired tight junctions of the gut boundary. Glyphosate is a microbicide, and
it preferentially Kills beneficial gut bacteria [46] [80], allowing pathogens like Clostridium difficile to overgrow.
As previously mentioned, Clostridium difficile produces the toxic phenol, p-cresol, which has been shown to
enhance aluminum uptake in hepatocytes [81], mediated by transferrin receptors.

The pineal gland has significant transferrin receptor protein expression, which is enhanced under hypoxic
conditions [82]. Neuronal injury due to hypoxia resembles the molecular abnormalities seen in Alzheimer’s dis-
ease [83]. There is a concern of aluminum exposure from parenteral nutrition in preterm infants, as demon-
strated from long-term follow-up study of their bone health [84]. Transferrin expression in the pineal gland is
repressed by melatonin [82], so melatonin deficiency would work synergistically with hypoxia to promote alu-
minum uptake.

5. Hepatic Toxicity and CYP Enzymes

In vivo experiments on aluminum hepatotoxicity in rats revealed that aluminum reduces the levels of CYP en-
zymes in the liver by as much as 50%, and that this is associated with a reduced ability to metabolize drugs [85]
[86]. Jeffery et al. [85] suggested that the toxicity of aluminum might be mediated in part through the release of
free iron from heme groups due to competitive ligand displacement. This might also explain its ability to inter-
fere with CYP enzyme function, as CYP enzymes contain a heme group. This idea is further supported by the
observation of aluminum-induced anemia, which also appears to involve inhibition of heme synthesis, possibly
through interference with iron incorporation or utilization in heme [66].

Glyphosate has also been shown to disrupt CYP enzymes in plants [87], rat liver [88], and human hepatic mi-
crosomes [89]. Its mechanism of action is likely through nitrogen binding to heme, and therefore it acts syner-
gistically with aluminum’s interference with iron. Glyphosate would also be anticipated to impair CYP enzyme
synthesis through its disruption of heme synthesis, as discussed previously. Obviously, CYP enzyme impairment
in the liver results in enhanced toxicity of multiple environmental toxins, including both drugs and pesticides.
Thus, hepatic encephalopathy [90] may arise from increased vulnerability of the brain, particularly the region
outside the BBB, to toxins that were not adequately cleared by the liver.

CYP enzymes are heavily involved in the metabolism of melatonin [91]. CYP1A2 and CYP2C19 are largely
responsible for plasma clearance of melatonin by the liver. 6-hydroxylation of melatonin, a necessary interme-
diary step towards sulfation, is likely achieved by CYP1B1 in the brain and the liver. Intriguingly, supplemen-
tary melatonin in rats accumulates in the brain almost exclusively as melatonin sulfate, whereas the plasma me-
latonin component was found to be only 75% sulfated [92]. Thus, melatonin sulfation would be expected to be
impaired in the context of dysfunctional CYP enzymes.

Sections 4 and 5 will develop more fully the argument that sulfate serves a critical role in both the gut and the
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brain, and that aluminum and glyphosate work synergistically to disrupt sulfate synthesis and sulfate transport.

6. The Significance of Sulfate in the Gut

Gastrointestinal symptoms are strongly correlated with autism [93], and this could lead to treatment with alumi-
num-containing antacids, thus providing a ready source of aluminum, chelated by either citrate or glyphosate, to
gain entry into the general circulation. Aluminum-containing antacids can lead to constipation [94], which is a
common symptom among autistic children [95]. Serotonin initiates peristalsis by activating serotonin receptors
on sensory neurons in the intestine [96], and hence a deficiency in serotonin could further promote constipation
issues. Such a deficiency could easily arise in the presence of glyphosate, since serotonin is derived from tryp-
tophan, a product of the shikimate pathway.

It has long been known that children with autism have abnormal sulfation chemistry, with extremely low lev-
els of free serum sulfate [97]. A study of metabolic biomarkers of autism revealed lower baseline plasma con-
centrations of methionine, homocysteine, cystathionine, cysteine, and glutathione [98]. Studies on Escherichia
coli (E. coli) have shown that glyphosate suppresses two enzymes involved in sulfate activation and metabolism.
Adenosine 5’-phosphosulfate (APS) kinase is reduced 2.55-fold and 3’-phosphoadenosine 5’-phosphosulfate
(PAPS) reductase activity is reduced 3.75-fold [98]. APS kinase produces PAPS, which is then reduced by
PAPS reductase to yield PAP and sulfite. PAPS synthesis is an essential step in the process of assimilating sul-
fate into biologically important molecules, such as the sulfur-containing amino acids or the glucosinolates in
plants. Defects in PAPS metabolism in members of the Brassicaceae family of plants produces a pseudo-sulfate
deficiency despite adequate sulfate in the medium, along with reduced glutathione levels [99]. Thus we can pre-
dict that glyphosate exposure in plants will lead to depleted supplies of these important nutrients in food sources.
Furthermore, it is likely that this same inhibition will also negatively impact E. coli and other gut bacteria, and it
might well explain the overgrowth of desulfovibrio found in association with autism [100]. Desulfovibrio is able
to utilize sulfate as an energy source by reducing it to hydrogen sulfide gas (H,S) through an alternate pathway.
Excess H,S is highly toxic, and this could lead to gastrointestinal discomfort, as well as depleting sulfur sup-
plies.

Celiac disease has become an epidemic in the last decade [101], and it is characterized by villous atrophy in
the small intestine, interfering with absorption of multiple micronutrients. Samsel and Seneff [102] developed a
hypothesis that glyphosate residues in food may promote celiac disease, and much of their argument was based
on disrupted CYP enzyme function. The destroyed epithelial cells lead to an accumulation of protein debris
which is then partially degraded by anaerobic gut bacteria in the large intestine, producing toxic phenolic com-
pounds like p-cresol as derivative molecules of tyrosine [103] [104]. In this section, we discuss an important role
for CYP enzymes in maintaining the health of the crypts and the villi in the small intestine, and we will argue
that CYP dysfunction in the gut and liver leads to impaired supply of serotonin, melatonin and sulfate to the
brain.

Dysfunctional vitamin D homeostasis likely plays an important role. It has recently been acknowledged that
there is an epidemic of vitamin D3 deficiency in the US today, as determined by measuring serum levels of
25(0OH)D3 [105]. Figure 16 shows a rapid rise in hospital discharge diagnoses of vitamin D deficiency begin-
ning in 2006. Maternal vitamin D3 deficiency has been implicated in autism [106]. Vitamin D activation is a
two-step process, beginning with a CYP-mediated oxidation to 25(OH)D3 (calcidiol), and followed by a CYP-
mediated oxidation to 1,25(0OH)2D3 (calcitriol). Two distinct CYP enzymes in the liver, one microsomal and
one mitochondrial, perform the first step in vitamin D activation, and two CYP enzymes in the Kidneys, also one
microsomal and one mitochondrial, perform the second step [107]. Thus, impaired CYP function (especially in
the liver but also in the kidney), due to exposure to aluminum and/or glyphosate, could be a contributor to celiac
disease and related gut disorders, as well as the epidemic in vitamin D3 deficiency.

Vitamin D regulates sulfate homeostasis through its influence on sulfate reuptake in the kidney [108]. The
kidney normally controls serum levels of free sulfate through reabsorption in the proximal tubules of over 80%
of the sulfate in urine. Vitamin D-deficient rats exhibit reduced serum sulfate levels along with markedly in-
creased renal excretion of sulfate [109]. Experiments on mice with impaired vitamin D receptor (VDR) activity
have confirmed that VDRs in the kidney regulate the amount of sulfate that is reabsorbed [108]. These mice
showed a 42% increase in urinary sulfate levels, a decrease of 50% in serum sulfate, reduced glutathione content
in the liver, and, most importantly, 45% lower sulfated proteoglycan content in the skeleton. Thus, a low level of
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Figure 16. Temporal trends in vitamin D deficiency according to CDC hospital
discharge data.

calcitriol, as would be expected with impaired CYP activity, can be predicted to lead to a deficiency in sulfated
proteoglycans, which is, in turn, associated with colitis and Crohn’s disease [110].

VDR expression is reduced in diseased colonic regions of both Crohn’s disease and ulcerative colitis patients,
and mice engineered to have increased expression of VDR in the colon are resistant to colitis [111]. Epithelial
VDR signaling inhibited epithelial cell apoptosis by blocking NF-«B, thus protecting from mucosal permeability.
Calcitriol induces autophagy in human monocytes/macrophages as well as the capture of bacteria within auto-
phagosomes, promoting antimicrobial activity [112].

Colston et al. [113] proposed that the main function of calcitriol in the small intestine is to promote differen-
tiation of enterocytes in the crypts at the base of the villi. Thus, a deficiency in calcitriol will lead to impover-
ished enterocyte renewal. Serotonin is primarily produced in the gastrointestinal system, specifically, the en-
terochromaffin (EC) cells of the intestinal mucosa [114], which are interspersed with the enterocytes in the villi.
Serotonin activates neural reflexes in the gut through 5-HT3 and 5-HT4 receptor action to induce intestinal mo-
tility through peristalsis and secretion [115]. Inflammatory bowel disease, irritable bowel syndrome, and consti-
pation are all associated with altered serotonin signaling. It has been proposed that the diarrhea and vomiting
associated with the very common infective agent, Rotavirus, is due to the fact that the virus stimulates entero-
cytes to produce an excess of serotonin [116] [117]. Of note, serotonin is found in the cerebral spinal fluid of the
brain conjugated with sulfate [118], and thus it may be a transport mechanism for sulfate from the gut to the
brain.

A recent in vivo study on mice, involving a drug, (R)-DOI, with a very specific agonistic effect on serotonin
5-HT2A receptors, revealed a remarkable anti-inflammatory effect localized to the small intestine [119]. The
authors wrote: “Remarkably, we observed a near complete blockade of TNF-a-induced proinflammatory marker
gene expression in this tissue at the lowest dose of (R)-DOI (0.01 mg/kg), mirroring the super potencies ob-
served in vitro” ([119] p. 3). The dose was administered through injection in the abdominal region, likely giving
the drug direct access to this tissue. However, this demonstrates that the small intestine depends upon serotonin
bioavailability to protect from TNF-a-induced inflammation that leads to inflammatory bowel syndrome.

Much can be learned from a set of rare genetic defects associated with impaired protein glycosylation. A case
in point is a boy who suffered from a “protein losing enteropathy” (PLE) due to a congenital glycosylation dis-
order [120]. Intestinal biopsy revealed a complete absence of heparan sulfate on the basolateral surface of en-
terocytes, which would ordinarily be attached to membrane-bound syndecan-1 proteoglycans [121] [122]. It was



S. Seneff et al.

noted that the most severe gastrointestinal manifestation of the disorder was observed in the rapidly dividing en-
terocytes associated with gastroenteritis-induced stress. Three other examples of this condition are described in
[123]. Three infant boys required total parenteral nutrition due to massive enteric protein loss and secretory di-
arrhoea. A gross abnormality was detected in the small intestinal glycosaminoglycans (GAGS) in all three in-
fants, once again with complete absence of enterocyte heparan sulfate.

These observations attest to the importance of heparan sulfate in the maintenance of proper bowel function.
Substantial loss of sulfated GAGs from the subepithelial basal lamina has been found in association with both
colitis and Crohn’s disease [123]. Increased enterocyte apoptosis is a hallmark of celiac disease [124] [125], and
it could be due to vulnerabilitiesfollowing insufficient sulfate supply to the matrix proteins. Insufficient calcitriol
supply likely also plays a role here, as nuclear calcitriol (1,25(0OH)2D3) receptor activity in the small intestine is
localized to crypts in the duodenum and jejunum, where precursor cells begin their maturation into enterocytes
[113]. A depleted renewal of the supply of enterocytes can lead to excess wearing of the brush border associated
with celiac disease [126]. These authors wrote: “Taken together these findings suggest that the major function of
calcitriol on small intestine is to promote differentiation of immature enterocytes in the crypts and at the base of
villi” ([126] p. 1224).

It has been demonstrated that the liver produces sulfated versions of both vitamin D2 and vitamin D3, and that
vitamin D3 sulfate appears in rabbit urine after oral administration of vitamin D3 [127]. Furthermore, it appears
that only the liver is capable of synthesizing vitamin D3 sulfate, and that one pathway for secretion is through
the bile acids [128]. Given the strong dependency upon heparan sulfate for proper formation of intestinal villi,
and given the strong dependency of villus maturation on VDRs, it can be hypothesized that vitamin D delivers
sulfate to the villi, which is then used to produce heparan sulfate proteoglycans (HSPGs), which are so critical
for the healthy function of the enterocytes in the crypts.

7. The Significance of Sulfate in the Brain

A much-overlooked factor in neurological disease is the critical role of sulfate in maintaining the health of the
brain. In a post-mortem study, among all lipids examined, only the sulfonated lipid, sulfatide, was found to be
severely depleted in association with Alzheimer’s disease [129], and this defect existed even in the earliest
stages. Mice engineered to be defective in the synthesis of heparan sulfate in the brain exhibit all the features of
“mouse autism” [130]. Postmortem studies have confirmed that heparan sulfate is depleted in the cerebrospinal
fluid in the lateral ventricles of autistic children [131]. HSPGs are attached to syndecans and glypicans in the
plasma membrane of all cells, and they play critical roles in metabolism, ion and nutrient transport, recycling of
damaged molecules, and signaling cascades [132]. Experiments in rats have shown that low serotonin during
early brain development can lead to fewer dendritic spines and reduced synaptic density, as well as excess cor-
tical brain growth [133]-[135], and these developmental abnormalities are features of autism in humans [136]
[137].

The tryptophan hydroxylases, TPH1 and TPH2, are responsible for serotonin synthesis from tryptophan. Vi-
tamin D activates the transcription of TPH2 in the brain, and suppresses the transcription of TPH1, which exists
at sites outside the brain, including the placenta during pregnancy. It has been proposed that this regulation of
THP1 and TYP2 by vitamin D3 explains three major characteristics of autism that follow from the observation
that autism is associated with low vitamin D status in both the mother [106] and the child [138]. These are: 1)
low serotonin concentrations in the autistic brain, 2) the high male prevalence of autism, and 3) the presence of
maternal antibodies against fetal brain tissue [139].

Obviously, low vitamin D status in the child would lead to reduced serotonin expression in the brain. Studies
on mice have reproduced an autism phenotype through selective neonatal forebrain serotonin depletion [136].
Males would be more adversely affected by the loss of brain serotonin due to low vitamin D because estrogen
also stimulates serotonin expression and can therefore rescue the female brain from deficiency. Low vitamin D
in the placenta due to the mother’s deficiency could cause TPH1 activity to act as a tryptophan trap, shunting
tryptophan away from the kynurenine pathway, which would result in a decreased number of regulatory T cells
to protect the fetal brain from immune attack by maternal antibodies. Vitamin D, tryptophan, and estrogen are
all sulfoconjugated when transported in the blood.

An experiment that involved administering 40 ppm melatonin for 11 weeks to mice demonstrated that 99.9%
of the melatonin taken up into the brain had been 6-hydroxylated and then conjugated with sulfate [92]. Pin-
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ealocytes in the pineal gland augment the sulfate content in their HSPGs during the daylight hours, along with
light-induced upregulation of the enzyme, 3-O-sulfotransferase [140]. The pineal gland is situated at the base of
the third ventricle, and it delivers sulfated melatonin to the tissues of the brain during the night cycle. Further-
more, all of the monoamine neurotransmitters present in the cerebrospinal fluid are predominately conjugated
with sulfate [141].

In a postmortem study of the brains of subjects with autism, the principal anomalous finding was diminished
grey matter in the region of the hypothalamus directly adjacent to the optic chiasma [142], i.e., the median emi-
nence. Studies on melatonin receptor locations in rat brain revealed that the median eminence has the highest
receptor concentrations [143]. Multiple regulatory hormones are released from the median eminence to the pos-
terior part of the pituitary gland, including corticotropin releasing factor, gonadotropin releasing hormone, thy-
rotropin releasing hormone, growth hormone releasing hormone and dopamine. The median eminence is situated
adjacent to the optic chiasma, and therefore in close proximity to the pineal gland, and thus has ready access to
melatonin. Thus, reduced grey matter in this critical region, possibly as a result of reduced melatonin supply,
would predictably lead to disrupted pituitary regulation.

Intriguingly, only a few regions of the brain have been shown to exhibit circadian rhythms in their metabolic
activities, and these are all regions that have access to light stimuli through the optic chiasma. They include the
suprachiasmic, supraoptic and raphe nuclei of the hypothalamus. All exhibit substantially higher glucose uptake
during the daylight hours [144]. We hypothesize that this is related to the increased bioavailability of sulfate
during daylight, which can be exploited to produce sulfated GAGs for temporary storage of glucose as glucosa-
mine sulfate in the extracellular space [145].

Dehydroepiandrosterone (DHEA) and DHEA sulfate are neuroactive steroids that are produced from choles-
terol in the brain [146]. DHEA sulfate and pregnenolone sulfate display memory-enhancing properties in aged
rodents [147], and they play an important regulatory role in the brain [148] [149]. Decreased levels of brain
DHEA sulfate are correlated with reduced perfusion in the hippocampus in association with Alzheimer’s disease
[150]. Remarkably, DHEA sulfate, but not DHEA, increases the melatonin secretion by the pineal gland by 50%
to 80%, but only if it is present during the daylight phase of the diurnal cycle [151]. One can surmise that it is
providing sulfate for conjugation with melatonin.

Cholesterol sulfate interacts with the omega-3 fatty acid, docosahexaenoic acid (DHA) in response to light
stimulus [152] to induce electron flow. DHA is important in the pineal gland [153], and dietary enrichment in
DHA in rats resulted in increased levels of DHA in the pineal gland, which was associated with increased mela-
tonin sulfate secretion in urine at night [154]. DHA likely plays an important role in catalyzing sulfate synthesis,
through its induction of electron flow.

A study on keratinocytes, specialized cells in the skin that produce an abundance of cholesterol sulfate, have
shown that activation of liver X receptors (LXRs) in the keratinocytes leads to a substantial upregulation of the
cholesterol sulfotransferase, SULT21b, and therefore induces synthesis of cholesterol sulfate [155]. Mice engi-
neered to have defective LXR receptors (both the o and g isoforms) exhibited a remarkable phenotypic expres-
sion which amounted to completely collapsed lateral and third ventricles in the brain, and the ventricles were
lined with an accumulation of lipid-laden cells [156]. These two considerations, taken together, imply that sul-
fation of cholesterol may be essential for cholesterol export, a logical deduction due to the fact that sulfation
makes cholesterol amphiphilic. Further support for this conclusion comes from a study on human aortic cells,
which showed that over expression of SULT2B1b led to the release of intracellular lipids from the aortic cells
[157]. Intriguingly, 25-hydroxycholesterol-3-sulfate (25HC3S) (but not 25HC) suppresses the inflammatory re-
sponse through a signaling cascade involving nuclear PPARy and NF-«xB [155]. Inflammation induces the acute
phase response which leads to pathological lipid and lipoprotein metabolism [158] [159].

It has recently been proposed that the restorative function of sleep may be a consequence of the enhanced re-
moval of cellular debris such as oxidized/glycated/misfolded proteins, oxidized lipids, and amyloid-g plaque
[160]. Endocytosis and subsequent digestion through the endosomal-lysosomal progression are critical for neu-
ronal function, and are known to be impaired in association with Alzheimer’s disease and other neurological
disorders [161] [162]. Debris such as amyloid £ and « synuclein that accumulate in association with neurologi-
cal diseases induce a pro-inflammatory response that is neurotoxic [163]. An arylsulfatase localized to lysoso-
mes breaks down GAGs, including the HSPGs that are temporarily housed in the immediate surrounding area of
most cells, and an impaired version of this enzyme leads to lysosomal storage disorders associated with severe

neurological impairment [164].
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Iron is the most abundant transition metal on the earth’s crust and it easily cycles between ferric (Fe(l11)) and
ferrous (Fe(lIl)) oxidation states, making it very useful for redox reactions but also very dangerous to exposed
biomolecules. Most lysosomes contain large amounts of iron, which makes them susceptible to rupture [165].
DNA, membrane lipids and cellular proteins are highly susceptible to damage from exposure to ferrousiron
through the generation of reactive oxygen species (ROS) [166]. Lysosomes are intimately involved in iron recy-
cling, and they utilize ferrous iron to help break down cellular debris. Heparin, the most highly sulfated mole-
cule known to biology, protects lipids such as linolenic acid from peroxidation damage through exposure to fer-
rous iron, and it is hypothesized that it does so by providing an acidic environment where water is produced in-
stead of the ROS, superoxide, when iron is oxidized [167]. Removal of sulfate from the heparin disables its pro-
tective effects. These authors further proposed that this acidification effect may be an important role for the
HSPGs that are endocytosed into lysosomes along with cellular debris to be broken down [168].

In summary, evidence from multiple fronts suggests that sulfate insufficiency is a critical factor in neurologi-
cal disease. A deficiency in vitamin D, which induces sulfate wasting through the kidneys, leads to suppressed
serotonin synthesis in the brain and excess serotonin synthesis in the placenta, both of which contribute to the
pathology of autism in the fetus and the neonate. Cholesterol sulfate suppresses inflammation [155], which is a
key component of neuronal degeneration [169]. Cholesterol sulfate synthesis is mediated through LXRs [155],
and defective LXRs lead to severe pathology in the ventricles [156]. Melatonin is transported within the ventri-
cles as melatonin sulfate, and melatonin induces the sleep cycle which enables the clearance of cellular debris,
whose recycling depends critically upon heparan sulfate in the lysosome, via the protection it affords from oxi-
dative damage from ferrous iron. Both oxidative stress and impaired clearance of cellular debris are implicated
in neurological diseases.

8. Pineal Gland Calcification and “Alumification”

Seneff et al. [145] proposed that endothelial nitric oxide synthase (eNOS), in addition to its well established role
in synthesizing nitric oxide, produces sulfate in specialized cells in the skin, catalyzed by sunlight, using mecha-
nisms that are similar to those used by sulfur-oxidizing bacteria. In this paper, we propose that the pineal gland
similarly utilizes nitric oxide synthase to synthesize sulfate in response to light, following the same arguments
detailed in [145]. eNOS is a CYP enzyme, although it is the only CYP enzyme that produces nitric oxide, and it
does not appear to use its CYP domain for this task. Many other CYP enzymes are involved in sulfur oxidation
[170], and so this dual function would legitimize the presence of a CYP domain in eNOS. As a CYP enzyme, it
would be subject to disruption by both aluminum and glyphosate.

It is well established that, in a “decoupled” mode, eNOS produces superoxide instead of nitric oxide, and this
superoxide can be utilized to oxidize reduced sulfur under appropriate physiological conditions [145]. Here, we
further propose that both eNOS and nNOS in the pineal gland also produce sulfate in response to sunlight, which
is used to resupply the HSPGs with sulfate that is depleted following melatonin sulfoconjugation and distribu-
tion.

The pineal gland contains an abundance of eNOS, nNOS and iNOS isoforms [60], present in both pinealo-
cytes and in nerve fibers innervating the gland, and it remains a mystery as to what role they play [171]. Fol-
lowing hypoxic stress, the pineal gland melatonin content was significantly reduced, along with increased vas-
cular permeability and increased expression of eNOS, nNOS, and iNOS [60], suggesting that melatonin sulfate
was distributed to the neural tissues through this process. Remarkably, the amount of nNOS synthesized by the
pineal gland is regulated by the light/dark cycle. When the gland is exposed to constant light or to a light:dark
cycle of 20:4, its synthesis of nNOS is suppressed [172]. If it utilizes its nNOS to synthesize sulfate, it would be
necessary to exploit the night cycle to dispense with the synthesized sulfate via the melatonin carrier. Without a
night cycle, excess sulfate would accumulate and nNOS synthesis suppression is expected through a feedback
regulatory mechanism.

Through the release of melatonin, the pineal gland regulates reciprocal relationships between the neuroendo-
crine system and the immune system [173]. The pineal gland produces melatonin under control from the cir-
cadian clock, maintained by the suprachiasmic nucleus (SCN). Melatonin is an important antioxidant and neu-
roprotector that also regulates the sleep-wake cycle [174]. Melatonin exerts efficient protection against oxidative
stress and nitrosative damage, through its metal-binding effects, free-radical scavenging, and stimulation of an-
tioxidative enzymes [175]. van Rensburg et al. [176] proposed a model for AD pathology whereby excess alu-
minum is taken up into the brain where it exasperates iron-induced lipid peroxidation in the lysosomes. The
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study also demonstrated that melatonin was protective against such iron-induced lipid peroxidation, possibly
through free radical scavenging.

It has become very clear that Alzheimer’s is associated with calcification of the pineal gland, and with sharply
decreased synthesis of melatonin. When melatonin levels were measured postmortem in the cerebrospinal fluid
(CSF) of 85 Alzheimer’s patients and 82 age-matched controls [177], it was found that CSF melatonin levels in
the AD patients were only 20% of the levels found in the control subjects. This was equally true for early-stage
Alzheimer’s as for late-stage. Those with two copies of the ApoE-4 marker for Alzheimer’s risk had even lower
levels of melatonin than the other Alzheimer’s patients. Computer tomography was used [178] to show that the
amount of calcified pineal tissue in patients with Alzheimer’s disease was significantly more than that in either
normal controls, patients with depression, or patients with other types of dementia.

Melatonin is a potent antioxidant, and its reaction with hydrogen peroxide produces another scavenger that is
at least as effective as melatonin itself [179]. It also stimulates antioxidative enzymes and stimulates ATP pro-
duction in the inter-mitochondrial membrane. Since oxidation damage and mitochondrial dysfunction are hall-
marks of Alzheimer’s disease [180], it is plausible that melatonin insufficiency is a key factor in Alzheimer’s
pathology. Melatonin, as well as its precursors, tryptophan and serotonin, all have been shown to bind aluminum,
and it was argued that loss of melatonin with age may be a key factor in increased susceptibility to aluminum
toxicity in the brain leading to Alzheimer’s disease [181]. Furthermore, researchers have used several different
methods to confirm that melatonin protects cultured cells from death following exposure to toxic fragments of
amyloid-g [182], another hallmark of Alzheimer’s disease. Finally, in vivo chemical-induced tau hyperphos-
phorylation in the rat lateral ventricle could be partially blocked by prior exposure to melatonin [183].

Calcification of the pineal gland can begin very early in life, and there is a trend towards increased calcifica-
tion with increasing age [174]. A study in 1974 showed that Blacks in America had much slower rates of calci-
fication than Whites, and that Blacks in West Africa had substantially less calcification than their counterparts in
the US [184]. These differences might be attributed in part to differentials in sunlight exposure. Calcification
likely has a significant negative effect on the pineal gland’s ability to produce sulfate following light stimulation.
This is because calcium binds to calmodulin, triggering a signaling cascade that causes eNOS to detach from the
plasma membrane and switch to nitric oxide synthesis, following phosphorylation [185] [186].

As we have previously stated, the pineal gland also tends to bioaccumulate aluminum more easily than other
parts of the brain [25]. Aluminum gains entry into cells as a calcium mimetic, and it binds calmodulin with a
ten-fold higher binding strength than calcium [187]. So it can be expected that aluminum will have a severe ad-
verse effect on sulfate synthesis and melatonin synthesis in the pineal gland.

9. Discussion

In this paper, we have developed the argument that a synergistic interaction between aluminum and glyphosate
can lead to severe impairment of pineal gland function, and that this could explain the association of sleep dis-
order with a wide range of neurological diseases, and likely even help explain the related pathologies of those
diseases. We began by showing the remarkably strong correlations between glyphosate application to corn and
soy in the US and sleep disorder, autism, ADHD, suicide, anxiety disorder, and dementia. We have shown how
glyphosate could assist entry of aluminum into the general circulation through chelation, and how glyphosate
would indirectly enhance aluminum absorption by the pineal gland via its induction of p-cresol synthesis by
pathogenic gut bacteria. p-Cresol enhances aluminum uptake via transferrin, which is present in large amounts
in the pineal gland, and in enhanced amounts under hypoxic stress conditions, induced by both glyphosate and
aluminum. We have also discussed the important role of CYP enzyme dysfunction in disrupting vitamin D3
homeostasis and disrupting sulfation and metabolism of melatonin. We have shown that vitamin D3 normally
plays an important role in maintaining the health of the intestinal villi in the small intestine, and we have argued
that part ofits role may be to supply sulfate to the enterocytes. Serotonin is the sole precursor to melatonin, and
serotonin itself is produced by ECcells in the intestinal villi from tryptophan, one of the three aromatic amino
acids whose synthesis is disrupted by glyphosate, through its interference with the shikimate pathway. Since
tryptophan is an essential amino acid, we depend upon supply from food sources and/or from our gut bacteria.
Thus, it can be expected that glyphosate residues in the food crops introducing exposure to gut microbes would
lead to deficiencies in tryptophan and therefore in serotonin and melatonin.

An important contribution of this paper is to raise awareness of the essential roles of sulfate in the brain, and
to argue that sulfate deficiency in the cerebrospinal fluid in the ventricles plays a crucial role in neurological
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disease. Research has shown that CSF deficiency in heparan sulfate is associated with autism [130], and that de-
ficiency in sulfatide is a feature of Alzheimer’s disease [129]. Lysosomal recycling of cellular debris, which has
been argued to be a key role for the sleep cycle [160], is impaired in Alzheimer’s disease [161] [162]. Melatonin
sulfate can supply sulfate to the HSPGs in the brain at night to induce the low pH needed to safely break down
proteins using iron-based redox chemistry, while protecting the cell from the ROS that are produced through
iron oxidation under non-acidic conditions [167]. And the melatonin provides essential antioxidant capabilities
to further protect from collateral damage [174]. Melatonin has been shown to be protective against amyloid S
toxicity and to prevent the formation of tau tangles, both hallmarks of Alzheimer’s disease [182].

Glyphosate disrupts sulfur metabolism through its suppression of both CYP enzymes and enzymes involving
the synthesis and metabolism of PAPS, the activated form of sulfate. Besides reducing the bioavailability of es-
sential sulfur-containing amino acids, this also leads to impaired sulfate supplies, systemically. As we have
shown, this has implications for both the gut and the brain, and it can help explain the deficiencies in sulfate in
the gut inassociation with inflammatory intestinal diseases and deficiencies in the brain associated with neuro-
logical diseases.

We have proposed here that the pineal gland uses its eNOS and nNOS enzymes to produce sulfate from re-
duced sulfur sources. The pineal gland becomes calcified with age, and calcification of the pineal gland is highly
correlated with Alzheimer’s and with reduced melatonin synthesis [178]. The pineal gland also bioaccumulates
aluminum [25], and aluminum behaves as an analog to calcium in inducing eNOS to detach from the membrane
and switch from sulfate synthesis to nitric oxide synthesis [187]. This would have catastrophic effects on the
ability of the pineal gland to produce sulfate, and would therefore interfere with the synthesis of melatonin sul-
fate at night. Thus, both aluminum and calcium would be expected to negatively impact the pineal gland’s abil-
ity to maintain supplies of melatonin and sulfate to the CSF. We hypothesize that this is a key component of
most neurological diseases, and that it links them to the associated sleep disorders.Future research is needed to
specifically investigate pineal gland pathologies in association with aluminum, melatonin, and sulfate.

10. Conclusion

In this paper, we have developed the argument that glyphosate, the active ingredient in the herbicide, Roundup,
and aluminum, a pervasive toxic metal in our environment, operate synergistically to induce dysfunction in the
pineal gland leading to the sleep disorder that is characteristic of multiple neurological diseases, including au-
tism, ADHD, depression, Alzheimer’s disease, ALS, anxiety disorder and Parkinson’s disease. We further argue
that impaired supply of melatonin and sulfate to the brain as a consequence of pineal damage can explain how
the disrupted sleep can lead to more general neurological damage, and we propose that this is a significant
component of the disease process. The steady increase in glyphosate usage on corn and soy crops aligns re-
markably well with the increase in sleep disorder and in autism, as well as other neurological diseases. We have
shown how disruption of CYP enzymes and promotion of anemia and hypoxia, due to both aluminum and gly-
phosate, and disruption of gut bacteria by glyphosate, can cause a pathology leading to deficiencies in both me-
latonin and sulfate in the cerebrospinal fluid that is characteristic of autism and Alzheimer’s disease. Insufficient
sulfate leads to impaired lysosomal recycling of cellular debris, and insufficient melatonin leads to sleep disor-
der, vascular disease and impaired protection from ROS damage in the brain.
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