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Introduction

Amyotrophic lateral sclerosis once affected the Chamorro people of Guam at a very
high rate (1). It no longer does. Most agree that the decline occurred because of a dietary
change that followed the United States occupation in 1944. Many thought this was the
cessation in consumption of cycad flour, which is a product made from the nut of the
Cycas micronesica palm. Some continue to support this hypothesis (2-6), but just as many
do not (7-11). Preoccupied by this ongoing debate, investigators have overlooked other
dietary changes that occurred on Guam post-1944. These other changes could equally be
responsible for the decline in ALS. Two such changes were: (1) a reduction in the purine
content of the Chamorro diet, and (2) an increase in its molybdenum content. There is
a link between purines and molybdenum, the enzyme that catabolizes the former has an
obligatory requirement for the latter. There is also a link between purines, molybdenum
and the development of motor nervous disorders in some animal species (12, 13).

What is amyotrophic lateral sclerosis

ALS is a motor nervous disorder that is divisible into three parts (14, 15). All three parts
occur in humans and cats (16), parts 1 and 2 occur in sheep and part 3 occurs in horses.
The three parts are;

(1) Asymmetric, limb, antigravitational muscle weakness, due to dysfunctions of, the
upper motor neuron, the ponto-medullary extensor muscles facilitatory center, and the
spinal motor neurons (12, 17). This part has been produced in molybdenum deficient sheep
fed the purine xanthosine (12).

(2) Bulbo-respiratory muscle weakness, due to dysfunctions of, the upper motor
neuron, and the ponto-medullary respiratory muscles facilitatory center (13). This part
has been produced in molybdenum deficient sheep fed the purine inosine (13).

(3) Generalized muscle weakness, due to spinal motor neuron degeneration (14, 15).
This part occurs in isolation in horses and appears to involve the molybdenum dependant
enzyme sulphite oxidase (14, 15), with glutathione deficiency hence vitamin E deficiency a
consequence (14, 15).

Human ALS can initially present as either limb antigravitational muscle weakness
or bulbo-respiratory muscle weakness, but eventually involves both. Generalized trunk
muscle weakness occurs later in the course of the disease in most cases.
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The timeline for the decline in ALS on
Guam

From 1945-49 the average annual incidence of ALS in
Chamorro men was 67 per 100,000 and in women 37 (18). By
1975-79 it had dropped to 17 per 100,000 for men and 12 for
women (18). By 1995-99 it was 1.0 per 100,000 for men and 2.0
for women (18). Assuming a dietary cause, the initial sex difference
in incidence would suggest that the food choices of men on the
traditional diet were different to those of women. However, after
64 years of the American diet, there was no longer any identifiable
sex difference in food choices (19), nor in the incidence of ALS. By
subtracting the mean 14 years long preclinical latent period for ALS
(20), the proposed dietary change responsible for the ALS decline
can be seen to have occurred, for the majority of Chamorro, by 16
years post-1944. Part of the observed decline in disease incidence
could be attributable to migration, improved survival, changes
in diagnostic criteria and competing mortality. In addition, the
possible contribution made by genetic dilution and environmental
toxins cannot be excluded.

The traditional Chamorro diet prior to
1944

The stated Chamorro diet prior to 1944 is retrospective hence
reliant on assumptions. There was an oral history pre-1944 but no
documented records. What we do know is that before 1944 all food
consumed by the Chamorro was grown or gathered on the island
(21-24). It was a subsistence diet heavily based upon plant foods.
Fish and seafoods were also wild harvested and commonly eaten
(22-24). Meat was not a common food source for the Chamorro,
but chickens, pigs and flying foxes (bats) were eaten by some on
special occasions. The foods that were grown in village food gardens
were; taro, yams, seedless breadfruit, rice, arrowroot, sweet potato,
cassava, corn (maize), sugar cane, ginger, melons, and leguminous
beans. The wild foods that were gathered were; bananas, seeded
breadfruit, coconuts, cycad nuts, giant taro, and wild yams. The
main protein sources for the Chamorro were fish and seafoods
harvested along the coastline of Guam and eaten and traded
between coastal and inland villages. The seafoods included; clams,
sea urchins, shrimps, lobster, crabs, crayfish, octopus, and oysters.

The American diet eaten by the
Chamorro from 1945 onwards

After 1944, U.S. imports of food replaced the traditional foods
of the Chamorro. The rapid development of a cash economy
resulted in a move away from growing and gathering food to
buying it in supermarkets. The American diet was heavily based
on processed rice, refined wheat flour, potatoes, sugar, chicken,
pork, beef, and sausages (19). By 2008 the Chamorro diet included
the following foods; processed white rice, sweetened beverages,
spaghetti & meat sauce, French fries, beer, chorizo sausage, tacos,
red rice, Kadun chicken stew, orange juice, McDonalds crispy
chicken sandwich, fried rice, Adobo chicken stew, hotdogs, white
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bread, pork spareribs, sweetened cereals, beef pot roast, chop-
steak, sweet tortillas, scrambled eggs, ice cream, sugar, milk, and
donuts (19).

The purine status of the traditional
Chamorro diet and the American diet

The purine status of the traditional Chamorro diet was never
measured, hence values presented here are assumed estimates based
upon our current knowledge of the purine content of individual
food stuffs today. The purines of interest for ALS, are hypoxanthine
(hence inosine), and xanthine (hence xanthosine). Their content
for a range of present-day foods is presented in Table 1 (25). In
plant-based foods hypoxanthine and xanthine are very low. For
the former less than 2.4 mg per 100 g, and for the latter less than
0.6mg per 100g. The meat-based foods, together with fish and
seafoods (except crab), are all good sources of hypoxanthine. With
the average hypoxanthine content for meats being 51 mg per 100 g,
for fish 95mg and for seafoods 35mg. The amount of xanthine
in most meat-based foods is small, only 2.3 mg per 100 g. Beef is
the exception, being 11.8 mg per 100g. Fish contains very little
xanthine, less than 1 mg per 100 g, but seafood collectively averages
50 mg per 100 g.

The fish and seafood components of the traditional Chamorro
diet presumably made it rich in both hypoxanthine and xanthine.
By contrast the contribution of chicken, pork and beef meats to the
American diet provided only a moderate amount of hypoxanthine
and very little xanthine. This difference would have been further
exaggerated by the American diet being low in fiber, and high in
sugar, this would have encouraged greater consumption of plant-
based foods relative to meats.

In Mo deficient sheep the ingestion of xanthosine at the
rate of 14 mg/kg body weight per day for a period of 32
weeks (12), produced delayed onset, irreversible, asymmetric
limb antigravitational muscle weakness approximately 30 months
afterwards. Likewise, feeding inosine, at a slightly higher rate,
produced delayed onset, irreversible, bulbar and respiratory muscle
weakness approximately 22 months later (13).

The Mo status of the traditional
Chamorro diet and the American diet

Neither the Mo status of the traditional diet, nor the present-
day American diet, on Guam, have ever been measured. However,
the Mo status of the diet being eaten by Americans in the U.S. in
1980 has been determined. The Mo content of the daily average diet
consumed in the U.S. was 0.07 ppm (15, 26). The American diet on
Guam would have moved toward this value from 1945 onwards. A
reasonable determination of plant food Mo content on Guam prior
to 1945 can be made by using what we known of the geology of
Guam, the soil pH values established in 1963 (27), and the soil Mo
values established in 2002 (28, 29). This process is of necessity based
upon assumptions, hence the Mo values determined are not precise.

Guam is divisible into roughly equal northern and southern
parts (see Figure 1). In the north, the soils are neutral to alkaline
limestone soils derived from carbonate rocks. In the south, the
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TABLE 1 The hypoxanthine and xanthine content of a range of foods (24).

Hypoxanthine, Xanthine,
mg/100 /100 g

Unpolished rice Nil Nil
Sweet potato 2.4 0.6
Taro 0.2 Nil
Yam 0.2 Nil
Bananas 0.1 Nil
Broad beans 1.3 0.2
Cucumber 0.1 0.1
Ginger Nil 0.5
Polished rice Nil Nil
Corn/maize 0.1 0.1
Potatoes 0.2 Nil
Wheat flour Nil Nil
Fish (mean 7 species) 94.6 0.9
Squid 34.0 53.2
Lobster 61.2 0.1
Clams 12.2 30.4
Sea urchins 225 9.1
Shrimps 103.4 117.1
Crabs Nil 47.2
Oyster 12.2 82.1
Octopus 36.7 60.8
Canned corn beef 31.3 1.5
Canned ham meat 55.8 Nil
Vienna sausage 327 Nil
Frankfurt sausage 32.7 1.5
Chicken (mean 4 different 82.2 14
cuts)

Pork (mean 6 different cuts) 63.0 Nil
Beef (mean 10 different cuts) 57.6 11.8
Eggs (chicken) Nil Nil
Milk Nil Nil
Cheese Nil Nil

soils are acidic volcanic soils derived from volcanic rocks (28, 29).
This much is certain because the geology of the island has been
stable for thousands of years. Soil Mo availability in limestone soils
is moderate, and in acidic volcanic soils low. Unlike most metal
nutrients Mo is much less bioavailable under acidic conditions.
Mo is recalcitrant at low pH because of the ligand exchange
mechanism, which results in Mo being bound to soil particles hence
not available to plants (30). In addition, Mo is strongly fixed in
soil by oxides of iron, aluminum and manganese. The pH values
established for Guam’s volcanic soils in 1963 ranged from pH 5.1-
6.8 (mean 5.6), whereas those for the limestone soils ranged from
pH 6.1-7.8 (mean 7.1) (27). The relative availability of Mo at pH 7.0
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is double that available at pH 5.5 (31). Food crops grown on these
two soil types would have reflected this difference in Mo availability.
However, caution is required because of the absence of historical
soil pH data.

When the Mo content of the acidic volcanic soils was
established for the first time in 2002 the following values were
obtained (28, 29). For 13 samples collected in Umatac, the mean
was 0.86 ppm (range 0.1-1.3). Four samples from Merizo were
1.0 ppm (0.7-1.6), 3 from Inarajan were 1.2 ppm (1.1-1.3), and
4 from Santa Rita were 0.43 ppm (0.2-0.7). A single sample was
collected from the limestone soils of Dededo in northern Guam. It
had a Mo value of 4.3 ppm. The southern samples gave consistently
low Mo values whereas the random sample from the north had a
moderate Mo value, as would be expected. Historical soil Mo values
will never be known and therefore the relative Mo content of food
crops grown on Guam in past decades can only be assumed.

Mo is required for the growth of plants such as beans, peas,
peanuts and cycads, the roots of which fix nitrogen. It is not
required for the growth of other plants. That said, all plants will
pick up whatever Mo is available in the soil. Consequently, the
same plant species can have either a very high or a very low Mo
content, depending on the soil in which its grown (12). Annual crop
growth and crop removal, without mineral replacement, gradually
reduces soil Mo availability hence plant Mo content. For example,
in Australia after 60 years of crop growth and crop removal on
acidic volcanic soils (12), the plant Mo content fell to <0.01 ppm.
The traditional Chamorro diet, in the southern election districts,
where food had been grown on acidic volcanic soils for centuries,
could conceivably have dropped to this same low level.

The incidence of ALS in the southern villages was known to
be much higher than that in the northern villages. Election district
data is not available for ALS but it is available for Parkinsonism-
Dementia complex, the disease that occurred together with ALS
and for which a purine etiology has previously been proposed
(32). The district by district, average annual incidence of PDC in
Chamorro men, during the period 1956-1965, was 85 per 100,000
for the southern districts but only 47 for the northern districts (33).
This almost 2 fold difference matches the assumed background
difference in soil pH, hence soil Mo availability, between these
two zones.

Discussion

There has been an overriding assumption that Mo deficiency
very rarely causes clinical disease in humans. Only one case
is cited in the literature (34). This was an adult male with
Crohn’s disease on parenteral nutrition for 18 months. The
biochemistry was as expected for Mo deficiency, namely depressed
urates, increased plasma methionine, depressed urine sulfates but
increased urine thiosulphates. These changes were consistent with
very low xanthine oxido-reductase and sulfite oxidase enzyme
activity. It was concluded that the clinical disease observed was
attributable to sulfur amino acid intolerance and that the cause
was Mo deficiency. None of the historical animal studies into the
potential effects of Mo deprivation have included either a dietary
purine challenge or a dietary sulfur amino acid challenge, in their
protocols. Without either of these no clinical effect was achieved
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FIGURE 1
The election districts of Guam.

nor should it have been expected. Likewise, the animal species  acid challenge. Because of these short comings clinical disease in
selected for these studies were not purine salvaging species, for  experimental animals had not been demonstrated until Bourke in
any purine challenge or monogastric species, for any sulfur amino 2012 (12).
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Four purine nucleosides and their corresponding nitrogenous
bases occur in foods. They are xanthosine (xanthine), inosine
(hypoxanthine), adenosine (adenine), and guanosine (guanine).
Each nucleoside contains a ribose sugar but its corresponding
base does not. Because purines normally occur in the central
nervous system, the body must protect itself from dietary sources
of them. There are two levels of protection. The first is the
enzyme xanthine oxido-reductase, located in the gut wall and liver,
which acts by catabolizing purines. This enzyme has an absolute
requirement for Mo. The second is a capacity shared by all animal
species whereby they can excrete surplus un-catabolized purines.
Humans, sheep, goats, cats, and pigs, are different to all other
animals in that they have the ability to salvage un-catabolized
purines, this ability is associated with an absence of serum XOR
(35). This capacity for salvage is both a potential benefit and a
potential risk. When XOR enzyme activity is too low, humans
and sheep inadvertently load salvaged purines into their CNS
(12, 13). This outcome is potentially neurotoxic. Consequently,
Mo deficiency in humans and sheep can lead to dire neurological
consequences. Animal studies have shown that when the purines
xanthosine and inosine are eaten by Mo deficient sheep, they
develop the majority of clinical signs that characterize ALS in
humans (12, 13). This purine plus Mo deficiency association with
human ALS is supported by the frequent finding of low blood
urate levels in patients with ALS (36). Low blood urate levels
are indicative of low xanthine oxidase activity, and low xanthine
oxidase activity is caused by Mo deficiency. The purine plus
Mo deficiency association with ALS is further supported by the
finding that the prevalence of ALS is significantly lower in gout
patients when compared to the general population (37). Gout is
caused by elevated dietary purine intakes in persons with very
good XOR activity hence a strong Mo status. Plasma cysteine is
increased in ALS and urine sulfates decreased (38). This is also
consistent with Mo deficiency. As is the finding that serum levels
of homocysteine are increased in ALS (39). There is evidence to
suggest that some sporadic cases of ALS are in part due to genetic
mutations (40). Consequently, it is possible that Mo deficiency
is the environmental factor that leads to ALS in individuals of a
particular genotype.

Some may query the relevance to humans of findings in animals
such as sheep. In this regard it should be remember that Homo
sapiens is also an animal, evolved from the great apes. Sheep and
humans share a similar body size, a similar mid-brain and brain
stem size, and identical purine salvage physiology. Humans have
a large and highly developed cerebral cortex, including the motor
cortex and a fully functional cortico-spinal tract (pyramidal tract).
These evolutionary developments give humans greater powers
of memory, cognition, imagination and fine motor skills. Sheep
have a smaller cerebral cortex, a simple motor cortex and a
vestigial cortical-spinal tract. However, in the midbrain and brain
stem area sheep share the same anatomical size and the same
motor functional ability as humans. This ability centers around
the constant automatic control of limb antigravitational muscle
and bulbo-respiratory muscle activation. These two involuntary
functions keep humans and sheep upright when awake, allow them
to vocalize and swallow, and ensure that they continue to breath
even when in a resting or sleeping state. These auto-controls are the
underlying functions that fail in ALS. In these respects the sheep is
a perfect match for the human.
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ALS continues to occur on Guam. This is an important fact, as
is the observation that ALS on Guam now has a similar incidence
rate to that of ALS in the U.S., being 1.5 per 100,000 on Guam and
1.8 in the U.S. (18, 41). This equalization supports a dietary cause
that is common to both countries. The continuation of ALS on
Guam, albeit at a more normal incidence, and the identical clinical
presentation of it on Guam to that of ALS in the U.S. confirms
that they are one and the same disease and that they have the
same cause. The causal, presumably dietary, factor on Guam has
not gone away it has just declined in its significance. The decline
in the incidence of ALS on Guam coincided with a decline in the
amount of xanthosine and inosine present in the Chamorro diet,
together with an apparent, significant increase in the Mo content
of that diet. Two components of diet that are shared by Guam
and the U.S. are purines and molybdenum. Assuming that the Mo
content of the diet on Guam in 1944 was as low as <0.01 ppm, and
assuming that by 1980 the American diet had lifted it to 0.07 ppm
(15, 26), this and a reduced purine intake would explain the current
parity in ALS incidence between the two countries. Naturally
occurring field outbreaks of a profound, chronically progressive,
irreversible, asymmetric, limb, antigravitational muscle weakness,
occur in xanthosine ingesting sheep when their dietary Mo level
falls below 0.04 ppm (12).
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