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Abstract The effects of theobromine in man are underresearched, possibly owing
to the assumption that it is behaviourally inert. Toxicology research in animals may
appear to provide alarming results, but these cannot be extrapolated to humans for a
number of reasons. Domestic animals and animals used for racing competitions
need to be guarded from chocolate and cocoa-containing foods, including foods

H.J. Smit

Functional Food Centre, Oxford Brookes University, Headington Campus, Gipsy Lane, Oxford
0X3 0BP, UK

e-mail: hsmit@brookes.ac.uk

B.B. Fredholm (ed.), Methylxanthines, Handbook of Experimental Pharmacology 200, 201
DOI 10.1007/978-3-642-13443-2_7, © Springer-Verlag Berlin Heidelberg 2011



202 H.J. Smit

containing cocoa husks. Research ought to include caffeine as a comparative agent,
and underlying mechanisms need to be further explored. Of all constituents pro-
posed to play a role in our liking for chocolate, caffeine is the most convincing,
though a role for theobromine cannot be ruled out. Most other substances are
unlikely to exude a psychopharmacological effect owing to extremely low concen-
trations or the inability to reach the blood—brain barrier, whilst chocolate craving
and addiction need to be explained by means of a culturally determined ambiva-
lence towards chocolate.

Keywords Chocolate - Cocoa - Comparative - Craving - Liking - Myths - Pharma-
cology - Psychology - Theobromine - Toxicology

1 Background

Chocolate is an excellent example of a dichotomous food commodity. The current
scientific and popular media focus on health issues has produced two conflicting
health labels for chocolate — antioxidant benefits versus increased risk of weight
gain. This is a change from the 1990s, when the focus was on a search for
psychoactive constituents of chocolate that would explain not only its appeal, but
also its craving-inducing, even its alleged addictive qualities. First phenylethyl-
amine (PEA; Hamilton 1992) and later anandamide (Tytgat et al. 2000) were at the
centre of this debate (see Sects. 4.1, 5, respectively).

The only pharmacologically active substance that has generally been ignored
in this respect is theobromine, at least in part because of an early and persistent
notion that it does not stimulate the central nervous system (CNS) (e.g. “does not
show any central activity worth mentioning” — Czok 1974; “ineffective by itself” —
Sprugel et al. 1977; “virtually inactive” — Rall 1980, p. 593; “behaviourally
inactive” — Snyder et al. 1981; “possesses little pharmacological activity and is
almost devoid of effects on the CNS and cardiovascular system” — Gates and
Miners 1999; “does not affect the nervous system” — Bonvehi and Coll 2000).
This may explain why relatively few studies or reviews on the effects of theobro-
mine have been published, especially in comparison with caffeine. However, some
recent findings have created a renewed interest in theobromine. Indeed, although
at first glance there appear to be very few relevant publications on the effects of
theobromine, the reader will notice that a surprisingly large number of studies and
other communications surfaced as work on this chapter progressed.

The main aim of this chapter is to assess the role theobromine plays in the
pharmacological activity of chocolate — the main supplier of theobromine to the
human diet. In addition, other (potentially) pharmacologically active chocolate
constituents will be discussed.
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2 Theobromine

2.1 Characteristics

As a purified chemical, theobromine is a white powder, and is mainly produced
from cocoa husks as a by-product of chocolate manufacture (The Merck Index
2006), although it can also be synthesised from (3-methyl-)uric acid (The Merck
Index 2006; Thorpe 1893, p. 697). It is only very slightly soluble in water (1 g/
2,000 ml) and alcohol (1 g/2,220 m1 95%), and only slightly more soluble in boiling
water (1 g/150 ml), though it dissolves in dilutions of alkali hydroxides and in
mineral acids (The Merck Index 2006; European Pharmacopoeia 2005; IARC 1991).

Theobromine is considered a diuretic, a smooth muscle relaxant, a myocardial
stimulant and a vasodilator (Dorland’s Illustrated Medical Dictionary 2007). Unlike
caffeine, it is a very mild CNS stimulant (Mumford et al. 1994), and it has both
antioxidant and pro-oxidant characteristics (Azam et al. 2003).

2.2 Natural Occurrence

Of all structurally related purine alkaloids (methylxanthines), theobromine is the
predominant member present in chocolate (Apgar and Tarka 1998). Therefore,
chocolate and other cocoa products are the main sources of theobromine in our
Western diet. However, it can also be found in small quantities in tea (Camilla
sinensis; Hicks et al. 1996), guarana (Paullinia cupana; Weckerle et al. 2003), mate
(Ilex paraguariensis; Cardozo et al. 2007) and cola nut (Souci et al. 1981; Burdock
et al. 2009), whilst its presence in coffee is negligible at a mere 10% of that in tea
(see Table 1 for a general overview of theobromine content in foods).

Note that different tea varieties contain different typical levels of methyl-
xanthines (Hicks et al. 1996). A relatively recently discovered tea variety, Camellia
ptilophylla, is naturally free of caffeine, but contains high levels of theobromine
instead — around 15-18 times the level in of green tea (Yang et al. 2007; He et al.
2009), hence its familiar name “cocoa tea”. Likewise, cocoa bean varieties differ
in their theobromine content, with Forastero varieties generally containing the
highest amounts (Brunetto et al. 2007; Timbie et al. 1978), although some results
do not agree with this (Hammerstone et al. 1994). See also Ashihara et al. (2010;
Sect. 2.3), and Sect. 2.3.1 below.

2.3 Synthesis, Catabolism and Pharmacokinetics

The brief overview below cannot pretend to represent the complexities of this topic,
although I have attempted to cover the most relevant and informative aspects. For a
more detailed and in-depth approach, please refer to Ashihara et al. (2010) and
Arnaud (2010).
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Table 1 Theobromine content of various products. (After Smit and Rogers 2001)

Product Portion size® Concentration (mg per portion)

Chocolate, dark 50g 378 (237—519)b; 221°¢

Chocolate, milk 50g 95 (65—160)"; 94¢

Cocoa powder 10g 189 (146-266)"; 203°; 260°
206 (178-240)° 263 (219-284)F

Tea (regular, bag) 230 ml 3.1 (1.4-4.4)>¢

Coffee (filter/percolated) 7.6 2/200 ml 0.3 (0.3-0.3)°

Coffee (instant) 1.6 g/200 ml 0.2 (0.1-0.5)®

Cola drinks Can (330 ml) ND"

ND not detected

“MAFF (1988)

®MAFF (1998); figures recalculated using comments in Annex C of this reference where appro-

priate

“Craig and Nguyen (1984)

9Risner (2008)

“Bonvehi and Coll (2000)

De Vries et al. (1981)

€This is in accord with values of first brew in Hicks et al. (1996).

"Dried kola nut contains 0.05-0.10% theobromine (Souci et al. 1981; see also Duke 1992 in
Burdock et al. 2009)

2.3.1 Theobromine Synthesis and Catabolism in Theobroma cacao

In the cocoa plant, theobromine accumulates in young leaves, and the concentra-
tions decline as the leaves mature (Koyama et al. 2003). In the cocoa pod,
theobromine is synthesised in both the pericarp (fleshy, outer layer) and the
cotyledons (seed embryos) of young cocoa fruits, though during the ripening
phase, pericarp theobromine concentrations decline sharply, whilst cotyledon
(cocoa bean) theobromine concentrations increase. This suggests that the major
site of theobromine synthesis is the cocoa bean itself, whilst not excluding a minor
role for theobromine migration between pericarp and cocoa bean (Zheng et al.
2004). Whilst theobromine is synthesised from AMP via xanthosine, it is metabo-
lised by demethylation via xanthine, both in the cocoa bean (Zheng et al. 2004; see
Ashihara et al. 2008 for a review) as well as in the cocoa leaf (Koyama et al. 2003).

Methylxanthine (including theobromine) concentrations in the cocoa bean are
broadly variety-dependent, although publications do not always agree: Brunetto
et al. (2007) found cocoa bean theobromine levels varying between 0.7 and 2%,
with the highest levels found in the Forastero varieties, whilst the theobromine-to-
caffeine ratios varied between 2 and 12, with Criollo, Trinitario and Forastero
varieties shown in order of increasing theobromine-to-caffeine ratio. Likewise,
Timbie et al. (1978) found cocoa bean theobromine levels of 1.2-3.9%, with the
highest average levels found in Forastero, the lowest level in Criollo (which had the
highest caffeine content) and increasing theobromine-to-caffeine ratios from Criollo
(1.1) through to Forastero (75.1; recalculated from data provided). Hammerstone
et al. (1994), however, provided entirely different figures for the same varieties.
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Their highest average theobromine content was found in the Criollo varieties
(2.3%), with Trinitario, Criollo and Forastero showing increasing theobromine-to-
caffeine ratios. Although the analytical procedures are very similar between the
publications, minor variations in these procedures may account for some of the
differences found. However, the ripening stage at which fruit is picked (Timbie
et al. 1978) and possibly also other factors such as growing conditions in terms of
soil quality/composition and weather may all affect the methylxanthine content.

Whilst the cocoa beans are being processed (fermentation, roasting, etc.), the
theobromine content changes mainly during the fermentation stage. During this
stage methylxanthines migrate from the bean into the shell, causing a decrease in
cocoa bean theobromine content of around 25% (Timbie et al 1978). Additionally,
it is not unreasonable to assume that the microorganisms involved in the fermenta-
tion process could further reduce the theobromine content, as is the case with tea
(Wang et al. 2008).

2.3.2 Theobromine Uptake, Metabolism and Pharmacokinetics in Man

Following oral administration in man, theobromine absorption from the digestive
tract is slow, especially compared with caffeine, with an estimated peak plasma
time of 2.5 h (compared with 0.5 h for caffeine) (Mumford et al. 1996). Moreover,
theobromine absorption is not complete, at least in some people (less than 90%;
Cornish and Christman 1957). Interestingly, the theobromine peak plasma
time after chocolate consumption is somewhat faster at 2 h after consumption
(Mumford et al. 1996). Although this seems counterintuitive because of plausible
increases in the release time from the chocolate food matrix and binding to
phenolic compounds (Czok 1974), Mumford et al. (1996) suggested the shorter
theobromine peak plasma time following chocolate administration may be caused
by stimulating bile production, shown in other studies to improve drug absorption.
Note, however, that the same study reported slower caffeine uptake from both
chocolate and cola. Despite the explanation provided for the latter (delayed
gastric emptying), the plasma concentration curves for both foods are strikingly
similar, and suggest a possible sucrose-mediated suppression of the excitatory
effects of caffeine (Chauchard et al. 1945). Clearly, more research is needed to
uncover the factors relevant to methylxanthine absorption from food.

In humans, methylxanthines are metabolised by demethylation (removal of
methyl side groups) by the enzyme cytochrome P450 (CYP). Hence, theobromine
(3,7-dimethylxanthine) is broken down to 3-methylxanthine and 7-methylxan-
thine by CYP. 7-Methylxanthine is then further metabolised into 7-methyluric
acid by xanthine oxidase (this is not the case for 3-methylxanthine), whilst
metabolism of theobromine into 3,7-dimethyluric acid and 3,7-diaminouracil is
less well understood, although this is at least in part CYP-mediated (Gates and
Miners 1999).

Note that theobromine does not metabolise into other dimethylxanthines (i.e.
theophylline or paraxanthine), nor does it “upgrade” to the trimethylxanthine
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caffeine (Mumford et al. 1996), although the latter does happen in young leaves of
the Theobroma cacao plant (Koyama et al. 2003). However, humans are exposed
to theobromine though demethylation of caffeine, in addition to the ingestion of
theobromine.

The clearance rate for acutely administered theobromine is around 1.2 ml/min/kg,
around half of that of caffeine (Lelo et al. 1986), whereas after 4 days of chronic
administration, Miners et al. (1982) found a clearance rate of 0.75 ml/min/kg.
Likewise, Drouillard et al. (1978) found acute theobromine clearance rates of
0.94 ml/min/kg (1.47 after a 2-week methylxanthine abstinence), reduced to 0.81
after 5 days of chronic administration (figures calculated from published data),
suggesting that the chronic exposure-related reduction in theobromine clearance is
reversed after dietary theobromine abstinence (Drouillard et al. 1978). Note that
interindividual differences in theobromine clearance rates may be substantial, as is
the case for caffeine (Lelo et al. 1986 measured a 1.2 + 0.4 ml/min/kg theobromine
clearance rate; Balogh et al. 1992 measured 79% interindividual variance in
caffeine clearance rates). Moreover, tobacco smokers have a substantially increased
theobromine clearance compared with non-smokers (Miners et al. 1985).

2.4 Mechanism of Action

Although various effects of caffeine have in the past been attributed to the release of
intracellular calcium and inhibition of cyclic nucleotide phosphodiesterases, ordi-
nary human consumption of dietary methylxanthines would be insufficient to reach
the levels needed for these processes to be activated (Fredholm et al. 1999). The
main mechanism of action for methylxanthines has long been established as an
inhibition of adenosine receptors (Snyder et al 1981; see Fredholm et al. 1999 for an
extensive review). A range of secondary effects of adenosine antagonism may
explain the variety of effects of methylxanthines on the human system in more
detail. The interaction of adenosine A,a receptors with dopamine D, receptors
(Fredholm et al. 1999) is one such example. Interestingly, theobromine shows a
much lower affinity for adenosine receptors than caffeine (Daly et al. 1983;
Fredholm and Lindstrom 1999), which may explain why it is generally regarded
as behaviourally inert. However, caffeine and theobromine show differential affi-
nities for different adenosine receptor subtypes. Daly et al. (1983) found that
theobromine is 2-3 times less active than caffeine as an adenosine A; receptor
antagonist, but at least 10 times less active than caffeine as an A, receptor antago-
nist. Fredholm and Lindstrom (1999) gave similar values, but with a clear differ-
ence in caffeine-to-theobromine affinity ratios for stratium compared with cortex
A receptor antagonism (theobromine was found to be 4.7 and 11.8 times less active
than caffeine, respectively). Nevertheless, the authors suggested caffeine and theo-
bromine are non-selective receptor antagonists.

Interestingly, the much higher presence of theobromine in chocolate compared
with that of caffeine (theobromine-to-caffeine ratio average 10; milk chocolate
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11.3; dark chocolate 14.0; cocoa powder 9.0; recalculated from Tables 1 and 2 in
Smit and Rogers 2001), clearly do not make up for the lower average adenosine
receptor affinity of caffeine compared with that of theobromine (again, of around a
factor 10 in Fredholm and Lindstrom 1999, akin to the difference in locomotor
stimulation threshold between caffeine and theobromine reported by Snyder et al.
1981). Moreover, because A; receptors determine the effects of caffeine on fluid
intake (Rieg et al. 2007), whilst the A,A receptors play a role in the desire for
caffeine (El Yacoubi et al. 2005), the differential affinities for different receptor
types provide a possible explanation for the observation that caffeine and theobro-
mine exert different effects. Note that additionally, the caffeine dimethylxanthine
metabolites paraxanthine and theophylline have adenosine receptor affinities even
stronger than caffeine (Daly et al. 1983; Fredholm and Lindstrom 1999), thereby
explaining part of the effects of caffeine, whilst theobromine, also a dimethyl-
xanthine, does not have such metabolites. Moreover, the reduced and delayed
uptake of theobromine compared with that of caffeine may further diminish the
in vivo effect of theobromine as an adenosine receptor antagonist in terms of its
central and peripheral effects.

2.5 Effects in Animals

The effects of theobromine in animals as reported in the scientific literature can
broadly be categorised into three groups: (1) toxicology studies; (2) case studies or
reports of theobromine poisoning; (3) pharmacology studies; and (4) behavioural
studies. Additionally, concern regarding the use of theobromine as a doping agent
in equine and related sports has also penetrated the scientific literature.

Dietary theobromine intake in animals originates from two sources: (1) domestic
chocolate and chocolate- or cocoa-containing foods as consumed by humans;
(2) animal feed containing cocoa shell. The use of cocoa shell in animal has seen
a drastic increase since the discovery that (1) it contains high levels of vitamin D,
(2) its addition to the cattle’s winter diet raised the vitamin D level to that which it
typically is during the summer months, and (3) milk fat content was also raised
when using this feed (Knapp and Coward 1934; Kon and Henry 1935; Golding and
Burr 1937 in Dowden 1938). It is likely that experience from the use of this feed
taught the equine sports that it was beneficial to animal performance, though this is
not clear from the literature. Note that McDonald et al. (2002; p. 596) mentioned
another feed derived from the cocoa bean, that is “extracted cocoa bean meal”,
which also contains theobromine and which the authors therefore also did not
recommend being fed to racing horses. Moreover, the European Food Safety
Authority has mentioned cocoa bean meal, cocoa husk meal, cocoa germs, cocoa
bean shells and discarded chocolate confectionery as sources for animal feed in
Europe (EFSA 2008).
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2.5.1 Toxicology Studies

Toxicology studies mainly concern teratology and male reproductive toxicology,
presumably following a study by Friedman et al. (1979), which reported testicular
atrophy in nearly all rats fed caffeine or theobromine at a dietary concentration of
0.5% for over 14 weeks, although the detrimental effects in the caffeine condition
were greater. However, Gans (1984) reported the reverse, that is, testicular atrophy
and spermatogenic cell destruction following feeding with theobromine were
much greater than they were following feeding with caffeine. Though the latter
study used a dietary concentration of 0.8% theobromine with an exposure time of
7 weeks, subsequent studies switched to daily doses of 25-500 mg/kg body weight
(Wang et al. 1992), and have shown similar effects for a shorter test duration, even
after 2 weeks (Funabashi et al. 2000). Lower toxicity has been shown for cocoa
powder containing the same amount of theobromine (Wang and Waller 1994).
Additionally, Tarka et al. (1981) showed that when rats were fed chow containing
0.6 and 0.8% theobromine for 7 weeks, testicular weight decreased significantly
compared with feeding with 0 and 0.2% theobromine. Moreover, they showed this
effect was irreversible as measured during the subsequent 7 weeks. Although the
underlying mechanism is unclear, its effects are seen also in terms of degeneration
and necrosis in spermatogenic cells (Gans 1982; Wang and Waller 1994). Simi-
larly to theobromine, cocoa powder at 5% of the diet showed testicular atrophy and
decreased spermatogenesis (Tarka et al. 1991). The effects of theobromine on the
male reproduction system described above have been validated in several other
publications (Weinberger et al. 1978; Soffietti et al. 1989; Tarka et al. 1979). Note
that similar atrophy effects have been observed for the thymus gland in rats (Tarka
et al. 1979), appearing sooner than testicular damage (Gans 1982), and with
theobromine producing higher decreases in thymus weight than caffeine (Gans
1984), though these effects were not found in dogs (Gans et al. 1980). Because this
gland “plays an important role in cellular immunity by generating circulating
T lymphocytes” (Nishino et al. 2006), the effects of theobromine reported on
this gland may suggest an increase in overall immune response suppression.

The toxic effects of theobromine also include growth reduction and weight loss,
possibly achieved through loss of appetite and food intake (Tarka et al. 1979).

Theobromine doses as low as 6 mg/day in the diet of mother mice reduces
embryo weight and embryo tissue angiogenic activity (i.e. the rate at which new
blood vessels are formed in growing tissue), and reduces neonatal relative limb size
and spleen weight, suggesting that this is caused by a theobromine-induced reduc-
tion in the formation of new blood vessels in embryos (Chorostowska-Wynimko
et al. 2004). The same research group showed a similar effect of chocolate
(Skopinski et al. 2004) but attributed this to its epigallocatechin content owing to
the correlations found between effect size and epigallocatechin content. Although
this appears strange as the theobromine concentrations would have produced the
same conclusion for theobromine and confirmed the results of their other publica-
tion of the same year, yet another study confirmed the link between dietary cocoa
flavanol dose and embryonic (and tumour) angiogenesis (Wasiutynski et al. 2005).
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Further studies will need to point out differential roles or mechanisms for these
effects of theobromine and cocoa polyphenols, respectively, and evidence for
similar effects in man ought to be sought. Nevertheless, Tarka et al. (1986a, b)
pointed out that at much lower doses (25-200 mg/kg body weight/day), only their
highest doses showed teratogenic effects (a delay in osteogenesis in rats; maternal
toxicity/mortality, fetal malformations and osteogenic delays in rats), whilst the
theobromine intake in these doses in rats and rabbits would be equivalent to an
unrealistic human consumption of 7.5-10 Ib (3.44.5 kg) milk chocolate/day,
possibly explaining why no human teratogenic effects of theobromine have been
reported. Alternatively, a 5% cocoa powder as used by Tarka et al. (1991) would
not be impossible to implement in the human diet, though the effects of this on the
male (and the female) reproduction system are unknown.

Interestingly, and in line with the findings reported above, angiogenesis in
tumour growth is also inhibited by theobromine, an example of how a toxic
effect can have a positive outcome (eBarcz et al. 1998; Gil et al. 1993). This
effect is mediated through inhibition of adenosine receptors (Barcz et al. 2000)
present in the carcinoma itself (Ryzhov et al. 2008) and their role in carcinoma
hypoxia (Ryzhov et al. 2007), which would explain why similar effects are found
with caffeine (Merighi et al. 2007). Conversely, theobromine intake has been
associated with the prevalence of prostate (Slattery and West 1993) and testicular
(Giannandrea 2009) cancer, although these associations were inconsistent over
several decades Giannandrea (2009), and have not been tested further. Neverthe-
less, theobromine can reduce copper, thereby generating oxygen radicals (Shamsi
and Hadi 1995 in Schmid et al. 2007). Moreover, because caffeine can impair
DNA double strand repair (Sarkaria et al. 1999), it is possible this may also apply
to theobromine, lending theobromine, as is the case for caffeine (Azam et al.
2003), both pro- and anticarcinogenic properties. Investigating the effects of cocoa
powder, Tarka et al. (1991) found no evidence of a carcinogenic effect. However,
the phenolic content of cocoa is likely to counteract any carcinogenic activity of
other cocoa constituents (Lee et al. 2006; Jourdain et al. 2006).

Note that the toxic effects of theobromine may depend on other dietary consti-
tuents (e.g. protein content) and species-specific tolerance levels. Therefore, the
marked differences in theobromine’s toxic effects observed between animal species
may make extrapolations to the human system very complex (Tarka et al. 1979), if
not impossible.

2.5.2 Case Studies of Animal Poisoning

Many cases of animal poisoning reportedly result from the consumption of chocolate.
Dogs, unlike cats, find chocolate a most palatable food, and are therefore most
vulnerable to chocolate poisoning, especially when kept indoors. Strachan and
Bennett (1994) reported acute cardiac arrest in a dog on the morning after the
consumption of cocoa powder on the evening before, with an estimated theobromine
exposure of 80 mg/kg body weight. Stidworthy et al. (1997), however, reported
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similar symptoms in two dogs who died within 1 h after an estimated consumption
of 20-30 g dark chocolate each (using Table 1 and the reported average animal
weight of 24 kg, this equates to an estimated theobromine exposure of 8 mg/kg),
whilst two similar animals fed the same appeared unaffected. Interestingly, Gans et
al. (1980) showed that acute doses of 200 mg/kg and less were not lethal. Other cases
of dog poisoning have been reported following the consumption of garden mulch
made of chocolate beans and shells, although these animals were successfully treated
and recovered within 5 days (Hovda and Kingston 1994). The symptoms are varied,
but include vomiting, restlessness, diarrhoea, haematuria (blood in urine), tachycar-
dia (rapid heart beat) and hyperpnoea (deep breaths due to hypoxia) (Hovda and
Kingston 1994), shivering and convulsions (Strachan and Bennett 1994), and panting,
restlessness and muscle tremors (Gans et al. 1980).

However, deaths following the consumption of chocolate have also been found
in wildlife. Reportedly, parrots (Gartrell and Reid 2007), foxes and badgers
(Jansson et al. 2001), and undoubtedly more animal species, have been the victim
of the consumption of chocolate left unattended.

Even the consumption of cocoa products as an ingredient in cattle feed or other
animal feed (i.e. cocoa meal, cocoa husks or chocolate waste from the food or
catering industry) can lead to livestock poisoning, even death (e.g. poultry — Black
and Barron 1943; calves — Curtis and Griffiths 1972; ducks — Gunning (1950); fowl,
ducks and horses — see Blakemore and Shearer 1943 for a review of several early
cases).

The toxicity of chocolate to animals has inspired research into coyote pest
control in the USA, resulting in an optimal mortality caffeine-to-theobromine
ratio of 1:5 (Johnston 2005), not dissimilar to that of chocolate and other cocoa
products, reconfirming the danger of this food in domestic animals. Note, however,
that the latter publication reiterated the importance of the combination of caffeine
and theobromine in the effects found, suggesting a focus on theobromine alone as
the active toxicant it is not justified when toxic effects or death are caused by the
consumption of chocolate.

2.5.3 Equine Sports and Theobromine Doping

In equine sports, caffeine and theobromine are considered doping agents owing
to their stimulant effects. Hence, horse urine should not contain any caffeine
(exposure detection level set at 0.1 pg/ml), whilst theobromine levels should not
exceed 2 pg/ml (IFHA 2007). Although this appears to be a fairly generous level for
a doping substance, this can be easily exceeded by feeding a horse 20 chocolate-
coated peanuts per day (equivalent to 1.5 such peanuts per day for a human being on
a weight basis), and could therefore be interpreted as extremely conservative
(Budhraja et al. 2007). Logically, the use of by-products from the cocoa industry
in horse feed also increases urine theobromine levels (Haywood et al. 1990),
again increasing the risk of doping detection. Upon theobromine exposure, Delbeke
and Debackere (1991) recommend a 2-day washout period to ensure urinary
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theobromine levels are below the legal threshold, although for other methylxan-
thine-containing foods, e.g., guarana, this may be insufficient: Salvadori et al.
(1994) identified theobromine in horse urine up to 318 h (13 days) after guarana
administration. Moreover, like many other drugs, toxins and trace elements and/or
their metabolites, theobromine can also be detected in equine hair as a means for
assessing drug history (Dunnett and Lees 2003). Whilst methylxanthine doping is
also an issue in greyhound racing (Wells et al. 1988; Loeffler et al. 2000) it would
be interesting to see if the relevant sports organisations will follow the example of
the World Anti-Doping Agency of moving caffeine from the “Prohibited List” to
the “Monitoring Program” for detecting patterns of misuse rather than imposing a
ban. The reasons for this change include (1) the presence of a great interperson
variability in caffeine metabolism, (2) the notion that above the traditionally used
12 pg/ml threshold level, caffeine has a detrimental effect on performance, but also
(3) that lowering the detection threshold increases the risk of being penalised for
consuming caffeine through everyday food and drink (WADA 2008). It is likely
that some, if not all, of these arguments are applicable to dogs and horses, where
chocolate treats and potential contamination of feed with cacao may impose more
problems than the benefits for both racing organisations and competitors.

Much like horse racing in Western countries, camel racing is as important a sport
in, for example, the United Arab Emirates, where methylxanthines are assessed in
camel urine using a zero-tolerance approach in doping control (Wasfi et al. 2000).

2.5.4 Pharmacology Studies

Unlike toxicology studies, only a few studies have investigated theobromine meta-
bolism in animals, one of which recorded this in detail in rats (Bonati et al. 1984),
and did not find a clear difference between acute and chronic administration on the
pharmacokinetics, though the absorption rates declined with increased theobromine
doses. Shively and Tarka (1983) found that theobromine metabolism was slower
in rats than in humans, whilst in rats it was not affected by pregnancy status.
Moreover, in a study comparing five mammalian species (rats, mice, hamsters,
rabbits and dogs), Miller et al. (1984) found that theobromine was most extensively
metabolised in male mice and rabbits, and that theobromine metabolism shows only
quantitative differences between species and sexes.

2.5.5 Behavioural Studies

Kuribara and Tadokoro (1992) reported that the mean 3-h post-treatment ambu-
latory activity in mice was increased after oral doses of both 10 mg/kg theobro-
mine and 1 g/kg cocoa powder, whilst response rates were increased in the shuttle
avoidance task at 3 mg/kg theobromine. However, the performance in the avoid-
ance tasks was disrupted at 100 mg/kg theobromine or higher (Kuribara and
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Tadokoro 1992). Similar results were reported by the same group in a different
paper (Kuribara et al. 1992), where only the 10 mg/kg theobromine dose
increased the avoidance rate in mice, and where at the 1,000 mg/kg dose, half
of the mice died within a few hours. Because the measurements were taken over a
3-h period, this may explain why Snyder et al. (1981) found no effect on
locomotor activity in mice at 5-100 pmol/kg (1-18 mg/kg) during their 1-h
post-treatment observation. He et al. (2009), however, found no effects of
30 mg/kg theobromine or 200 mg/kg cocoa tea (Camellia ptilophylla; see
Sect. 2.2) on ambulatory behaviour in mice during a 2h post-treatment observation
period. Instead, they reported that only in combination with caffeine (as chemicals
or as green tea) was a synergistic effect found compared with caffeine alone.
Although the caffeine dose (10 mg/kg) at which the synergistic effects with
theobromine were shown would have been unusually high in humans and surely
not relevant to chocolate consumption, this study provides important evidence for
furthering our understanding of the behavioural effects of the methylxanthines in
chocolate. Conversely, Heim et al. (1971) and Sprugel et al. (1977) found that
locomotive activity, oxygen consumption and brain cyclic GMP and cyclic AMP
levels in white mice were affected by caffeine, but that this effect was prevented by
theobromine, whilst theobromine itself did not affect these measures (Heim et al.
1971; Sprugel et al. 1977). Only 2-3 h after treatment did effects of theobromine
alone occur (Heim et al. 1971). Moreover, after caffeine versus saline discriminative
stimulus training in male Sprague-Dawley rats, several methylxanthines, but not
theobromine, generalised to the caffeine cue at most doses tested (10-75 mg/kg
for theobromine; Carney et al. 1985). These findings suggest that, at least in
mice, the theobromine concentrations in chocolate may have a behavioural
consequence, that this consequence is of an interactive nature with other methyl-
xanthines, and that behavioural effects of theobromine may be delayed com-
pared with those of caffeine.

Only a few other animal species have been the subject of investigations regard-
ing behavioural effects of theobromine. After previously having identified some
purines and other potentially behaviourally active substances from hornet queens,
Ishay and Paniry (1979) investigated the effects of the main methylxanthines on
hornet behaviour. They found that unlike the effects of purine and hypoxanthine,
the effects of caffeine, theobromine and theophylline included nervousness, shaky
movement and unsteady gait, reduced physical contact and positive geotropism,
with no marked differences between the methylxanthines.

2.6 Effects in Man

Although theobromine is the most predominant methylxanthine present in choco-
late, research into the effects of theobromine in man is relatively scarce compared
with that into the effects of caffeine, and compared with research in animals. This
section aims to present the research on theobromine in man to date.
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2.6.1 Psychopharmacological Effects

Several inappropriately substantiated popular claims about the psychopharma-
cological activity of chocolate constituents (e.g. PEA, see later) resulted in the
investigation of the ecological potential of a range of such substances (Smit and
Rogers 2001). It was concluded that caffeine and theobromine were the only
likely substances to play a role in the psychopharmacological activity of choco-
late. This idea was confirmed when the same authors (Smit et al. 2004) showed
that the combination of caffeine (19 mg) and theobromine (250 mg) contained in
a 2-oz bar (approximately 50 g) of dark chocolate has significant effects on
energetic arousal, reaction time and information processing. Subsequent work
reported that the same combination of methylxanthines increased the liking for
the flavour of a ‘novel’ drink when combined with the (encapsulated) active
substances compared with an encapsulated ‘placebo’ (Smit and Blackburn
2005). These results show a role for chocolate methylxanthines in our liking
for chocolate. Additionally, they provide a very clear explanation for why we
prefer milk chocolate over white chocolate, and why dark chocolate is an easily
acquired taste. However, a study comparing the individual effects of caffeine
and theobromine with the effect of their combination (as used in Smit et al.
2004) using identical, ecologically valid amounts has not been performed to
date. Such a study would clarify whether the effects found are either solely or
partly attributable to caffeine, and whether caffeine and theobromine provide an
additive or synergistic effect.

Only a very few early publications have reported individual and combined
effects of caffeine and theobromine. Dorfman and Jarvik (1970) gave volunteers
300 mg caffeine and/or 300 mg theobromine before the volunteers retired for the
evening. Those in the caffeine and caffeine + theobromine condition showed a
longer sleep latency and lower sleep quality than those in the theobromine condi-
tion. Additional data confirmed that sleep latency increases were related to caffeine
dose and not to theobromine. Finally, they did not find any interactive effects of the
two methylxanthines.

In a study of a more exploratory nature, Mumford et al. (1994) provided some
valuable insights into the comparative effects of caffeine and theobromine on mood
and cognition by investigating their subjective effects. Despite the small sample
size (N = 7), and the use of relatively high doses of methylxanthines [the doses
used were the lowest discriminable caffeine dose in the least sensitive volunteer
(178 mg) and the highest tolerated dose of theobromine by the most sensitive
volunteers (560 mg)], this study presented some very interesting and important
findings. First of all, it shows how theobromine possesses caffeine-like qualities by
means of the subjective effect descriptions of the most theobromine sensitive
participant: “Energy”, “Motivation to work™, “Alert”, “Sleepy” (decreased), whilst
these effects were emphasised by an additional effect on the measure “Magnitude of
drug effect”. Second, the discrimination threshold phase of the study showed a wide
range of reliable discrimination thresholds amongst the volunteers, although this
was not further investigated. This study only provided limited information with
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regard to the role of the individual methylxanthines in the psychopharmacological
effects of chocolate, although clearly a role for the effects of theobromine cannot be
ruled out, and may depend on the individual’s sensitivity to these effects.

Further evidence for caffeine-like effects of theobromine, albeit anecdotal, was
provided by Ott (1985; pp. 79-80), who replaced his dietary caffeine intake with a
daily dose of 600 mg theobromine (200 mg in the morning, afternoon and evening)
for 7 days. Upon acute theobromine deprivation, the author described how he
“developed a tension headache, muscle tension in his shoulders and neck, and
became extremely lethargic” within 16 h. These symptoms were reversed within
60 min of the consumption of another 200-mg dose of theobromine, suggesting that
the symptoms were that of theobromine withdrawal. Because this one-man experi-
ment was not performed according to double-blind conventions, Ott advocated that
the scientific community carry out a proper study looking into these effects.

In summary, theobromine produces only very minor subjective effects compared
with caffeine. In sensitive individuals these effects may be more marked, but can
also be detrimental in the form of headaches (Mumford et al. 1994), as can caffeine.
However, anecdotal evidence suggests that theobromine behaves like caffeine by
means of its capability of producing withdrawal and providing subsequent with-
drawal-reversal effects. Unfortunately, no data on the effects of theobromine on
mood and cognition in humans other than those presented above have been
reported, confirming that this area is seriously underresearched. Although the
psychopharmacological effects of theobromine may be smaller than those of
caffeine, they have been reported. Taking into account habitual caffeine and
theobromine intake, and discriminable and/or tolerable doses, these may help to
provide a more sensitive method for uncovering clearer effects of theobromine on
mood and mental performance.

2.6.2 Physiological Effects
Cardiovascular

Theobromine is generally regarded both as a bronchodilator and as a vasodilator
(Reynolds 1993) and may therefore have an effect on the heart. Indeed, Czok
(1974) claimed theobromine provides an effect of medium strength on the heart
in general, an effect less strong than the related theophylline, but stronger than
caffeine. However, no more precise explanation than that was provided, nor were
any citations listed. Effects of theobromine on the heart were confirmed by anec-
dotal evidence reported in Ott (1985, p. 82), where the author described experien-
cing cardiac-stimulating effects of an oral dose of 200 mg theobromine within
15 min of administration. Interestingly, theobromine has also been prescribed for
relief from pain caused by angina pectoris in some patients, presumably by means
of its vasodilating effects (Dock 1926). Although Baron et al. (1999) did not find any
cardiac or haemodynamic effects of theobromine, it is possible that the cocoa
polyphenols in their chocolate may have obscured any theobromine-related effects.
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Note that other studies have also investigated haemodynamic effects of chocolate,
but attributed these effects to cocoa polyphenols (Taubert et al. 2003; Grassi et al.
2005) whilst not taking into account the potentially confounding effects of theobro-
mine, although Kelly (2005) argued for this to be addressed.

Geraets et al. (2006) found strong inhibitory effects of theobromine on the
activity of the nuclear enzyme poly(ADP-ribose) polymerase-1 (PARP-1), which
is implied in acute and chronic inflammatory diseases such as stroke, ischaemia—
perfusion and diabetes, and implied in chronic obstructive pulmonary disease. For
this reason, they emphasised that methylxanthines (including theobromine) with
higher PARP-1 inhibition rates are potentially helpful dietary agents in the treat-
ment of vascular dysfunction and inflammation.

On balance, very few studies have been published investigating cardiovascular
effects of theobromine, though some limited evidence suggests that theobromine
exerts cardiovascular effects by means of vasodilation and cardiac stimulation.
Because the effects of caffeine on cardiovascular functions are expressed though
noradrenalin release from sympathetic nerves acting on o,-adrenergic receptors,
with a possible, but much less important role for adenosine (A;) receptor antago-
nism (Fredholm et al. 1999), similar effects of theobromine can be expected,
although possibly of lower magnitude. Finally, further research is needed to
validate the hypothesis that theobromine can be used for the prevention and
treatment of vascular dysfunction and inflammation.

Respiratory

Theobromine improves bronchodilation in asthma patients (Simons et al. 1985),
although this effect is stronger with theophylline and caffeine (Becker et al. 1984).
However, note that the order of bronchodilation efficacy for these three methyl-
xanthines is different in Apgar and Tarka 1999, who listed theobromine as stronger
than caffeine for this effect. Presumably owing to its superior diffusion in bronchial
tissue (van Zyl et al. 2008), theophylline (1,3-dimethylxanthine) is still used as a
medication for asthma patients but can have serious side effects (Barnes and
Pauwels 1994; El-Bitar and Boustany 2009), whilst caffeine and theobromine are
not in use as such. Nevertheless, caffeine does improve lung function (Bara and
Barley 2001), as is also supported by epidemiological evidence (Pagano et al.
1988), suggesting that asthma and bronchitis patients may be self-dosing on
caffeine to relieve symptoms, even if this is subliminally achieved by means of
positive reinforcement. Because theobromine also improves lung function (10 mg/
kg; Simons et al. 1985), there may be a similar role for the consumption of
chocolate in the relief of asthmatic symptoms. Indeed, I have anecdotal evidence
(from a personal acquaintance whose partner is suffering from asthma) of a clear
association between periods of heightened asthmatic symptoms and a marked
increase in consumption of both chocolate and cola drinks. Interestingly, it was
not the patient herself, but was her partner who became aware of this association.
Note that whilst the tobacco industry claims to add cocoa powder to cigarettes as a
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flavouring agent, it may also conveniently serve to enhance the uptake of nicotine
(and thereby increase the addictive property of tobacco) through the bronchodilat-
ing properties of theobromine (Rambali et al. 2002), as well as possibly suppressing
smoke-induced cough reflex (see below).

A complementary beneficial effect of theobromine on the airways relates to
theobromine’s more recently identified cough reflex suppressant (“‘antitussive”) prop-
erties through suppression of vagus nerve activity. This effect was shown in response
to both inhalation of a citric acid aerosol in guinea pigs and to inhalation of a capsaicin
aerosol in humans. Interestingly, although there was no clear difference between
theobromine and codeine in suppressing citric acid induced cough in guinea pigs,
the suppressant effects of theobromine on cough induced by a capsaicin aerosol in
human volunteers were greater than those of codeine. Moreover, and unlike codeine,
theobromine was free from side effects (Usmani et al. 2005), an important notion in
the context of a strong need for antitussives without side-effects (Chung and Chang
2002). This could lend theobromine a direct medical application in the reduction of
cough, as cough is a common symptom in cancer (Walsh et al. 2000), and usually
responds well to one or more medications (Table 1 in Estfan and Walsh 2008). This
application could be extended to chocolate, where a corresponding portion of dark
chocolate could reduce the cost of conventional medicine where proven effective.
Hence, dark chocolate is currently being investigated as an alternative to medicine for
its potential to reduce cough in cancer patients for whom cough is a troubling
symptom (Halfdanarson and Jatoi 2007).

Though seemingly related, not in the least by the effect theobromine has on either,
the regulation of smooth muscle relaxation and that of cough suppression are
different. Smooth muscle relaxation is regulated by [,-adrenergic receptors
(whereby [,-adrenergic receptor agonists acutely improve bronchodilation, although
chronic exposure can have detrimental effects on the control of asthma; Lipworth
and Williamson 2009), and by adenosine receptors (Brown et al. 2008). Although
methylxanthines have bronchodilating effects and act as adenosine receptor antago-
nists, this may not be the main mode of action for theobromine as a bronchodilator or
smooth muscle relaxant. Indeed, Lunell et al. (1983) reported strong bronchodilator
effects of a xanthine derivative without any CNS effects. However, both A; and A,p
receptors have been implied in the pathogenesis of asthma, and although roles for
Aja and Aj receptors are likely, they are still unclear (Brown et al. 2008).

The cough reflex is triggered by three different kinds of sensory nerve receptors in
the respiratory tract, whose signals are relayed via the vagus nerve and the brainstem
to the “cough centre” or “central cough generator”, where the physical cough
response is coordinated (Chung and Pavord 2008). Although current antitussives
are mainly opiates and opiate derivatives acting on the central cough pathway, their
side effects call for the development of other substances that achieve the same goal
through different mechanisms. Therefore, new and proposed antitussives acting
centrally may target sigma or GABA receptors, or act through other mechanisms
yet to be identified (Reynolds et al. 2004). Alternatively, they may act peripherally
by directly targeting neuronal pathways, for example, ion channels, nerve fibres and
relevant receptor sites (Chung and Chang 2002; Reynolds et al. 2004). Moreover,
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guinea pig sensory nerve activity and human sensory nerve activity in the airways
are inhibited by activating cannabinoid CB, receptors (Patel et al. 2003; Belvisi et al.
2008). Although Usmani et al. (2005) showed that theobromine also inhibits guinea
pig vagus nerve activity, its modus operandi has not been established. Nevertheless,
the authors suggested that theobromine is likely to exert its effect through suppres-
sion of phosphodiesterase activity and by inhibiting bronchoconstricting adenosine
A receptors, though alternative modes of action (e.g. activation of Ca**-activated
K* channels) cannot be ruled out (Usmani et al. 2005).

Concluding, both the antitussive and the bronchodilating effects of theobromine
are at least in part related to the adenosine receptor antagonistic properties
of theobromine as part of the methylxanthine family, and it could be that different
effects are expressed through different adenosine receptor subtypes and though other
receptors, such as [3,-adrenergic receptors. The exact pathways for the bronchodilat-
ing and antitussive effects of theobromine are unclear, and whilst other pathways
may be involved, further investigation is clearly needed to clarify this topic.

Renal

Because adenosine plays an important role in regulating blood flow, it also plays an
important role in renal haemodynamics, affecting renal blood flow and glomerular
filtration rates. The renal vascular system, however, unlike the main vascular
system, is regulated by adenosine A; receptors in addition to A, receptors (see
Hansen and Schnermann 2003; Vallon et al. 2006 for reviews of the role of
adenosine in the kidney). The finding that A; receptors also determine the effects
of caffeine on fluid intake (Rieg et al. 2007) may be related to this. Because
theobromine has a lower overall adenosine receptor affinity than caffeine and
theophylline, though all three methylxanthines are non-selective adenosine antago-
nists (Fredholm and Lindstrom 1999), a small, but possibly insignificant, diuretic
effect of theobromine would be predicted not to be functionally different from the
other methylxanthines. Indeed, despite a previous and unjustified claim that theo-
bromine has a stronger effect on the kidney than caffeine (Czok 1974), Dorfman
and Jarvik (1970) and Massey and Whiting (1993) reported that unlike caffeine,
oral administration of 300 mg theobromine did not increase urinary calcium or
sodium excretion, although Dorfman and Jarvik (1970) found no change in the
overnight urine volume following oral administration of 300 mg caffeine or 300 mg
theobromine compared with ‘no drug’.

Dental

The consumption of chocolate, as a sugar-containing confectionery, is inevitably
associated with dental caries (i.e. chocolate is seen as a cariogenic food). However,
both theobromine (added to the diet in hamsters — Stralfors 1967; applied to human
teeth in vitro — Sadeghpour 2007), and cocoa (reviewed in Naylor 1984) reportedly
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inhibit dental caries. Sadeghpour (2007) found that regular exposure to theobro-
mine increased the enamel surface microhardness compared with sodium fluoride,
and helped surface recrystallisation. Kashket et al. (1985) found that defatted
cocoa inhibits dental plaque formation, as did cocoa extracts (Srikanth et al.
2008) and cocoa polyphenol extracts (Percival et al. 2006). Whilst the preparations
used in the work reported in the latter publication may or may not have been free of
methylxanthines, the authors did not make any reference to this, and also other
publications have reported effects of polyphenol-containing drinks on plaque
formation without referring to its methylxanthine content (Hannig et al. 2009).
Whilst there may also be a role for caffeine in combating dental caries (Stralfors
1967), it is likely that methylxanthines and polyphenols may have an effect on
dental caries by means of separate mechanisms, suggesting that a combined
application may be more beneficial, although more research is necessary to
confirm this. The strong inhibition of the metabolic activity of anaerobic bacteria
by fluoride in wastewater treatment (Ochoa-Herrera et al. 2009) may well prove to
be another decisive factor for the promotion of theobromine- and polyphenol-
containing toothpaste in the near future.

2.7 Therapeutic Applications

Theobromine is currently not in use as a medicinal drug. However, Stedman’s
Medical Dictionary (Stedman’s Medical Dictionary 1976) describes theobromine
as “used as a diuretic, myocardial stimulant, dilator of coronary arteries, and
smooth muscle relaxant” and according to Landau (1986), theobromine was used
to treat arteriosclerosis and some peripheral vascular diseases, whilst Reynolds
(1993) added angina pectoris and hypertension to this list. Rall (1980), however,
mentions that it has almost disappeared from the medical scene owing to its low
effectiveness in its pharmacological actions compared with caffeine and theophyl-
line, and whilst Tarka (1982) wrote that there was no therapeutic use for theobro-
mine, Simons et al. (1985) mentioned its use in antiasthma medication.

Recent research, however, has identified theobromine as a PARP-1 inhibiting
(Geraets et al. 2006), dental enamel strengthening (Sadeghpour 2007) and antitus-
sive (Usmani et al. 2005) agent (see earlier), suggesting there is still a future for
theobromine as a medicine, preventative or curative.

3 Caffeine

Unlike theobromine, the effects of caffeine have been extensively investigated.
Absorption of caffeine is rapid and complete following oral administration, though
in the presence of sugar, absorption is slower but still complete (Yesair et al. 1984),
and the maximum blood plasma concentrations (peak plasma time) are reached
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within 1 h (James 1991). Indeed, after oral administration of 72 mg caffeine,
Mumford et al. (1994) found an onset of subjective effects at 21 min (10—45 min)
followed by a caffeine peak plasma time at 30 min after treatment. By means of its
adenosine receptor antagonistic properties, caffeine stimulates the CNS and
increases blood pressure, respiration, lipolysis, renin and catecholamine release,
urine output, and intestinal peristalsis (Landau 1986; James 1991).

Consumption of excessive amounts (more than 1 g/day or more than ten cups of
strong coffee per day) can result in tachycardia, dyspepsia (disturbed digestion,
decreased appetite, oppressive feeling in the stomach and unpleasant taste), irrita-
bility and insomnia, also referred to collectively as “caffeinism” (Landau 1986).
Other publications have described symptoms following the intake of high doses of
caffeine as “signs and symptoms indistinguishable from those of anxiety neurosis”,
and nervousness, irritability, tremulousness, occasional muscle twitching, insomnia
and sensory disturbances (Tarka 1982) and “a variety of unpleasant subjective states
including anxiety, dysphoria and depression” (Mumford and Holtzman 1991).

As a psychostimulant, caffeine increases feelings of energy (more alert, less
tired, etc.) and improves other aspects of mood, and enhances psychomotor and
cognitive performance when taken in amounts consumed in coffee and tea (Rogers
and Dernoncourt 1998; also reviewed in James 1991). Because caffeine reverses
overnight caffeine-withdrawal symptoms, which include headache and lethargy
(reviewed in Smit and Rogers 2007), it is a powerful (“negative”) reinforcer in
learned behaviour as indicated, for example, by its ability to increase flavour
preference (Rogers et al. 1995; Yeomans et al. 1998). It is this ability which is
thought to lie at the heart of the fact that coffee and tea are the world’s most popular
and widely consumed drinks despite their innate bitterness. Because doses as low
as 12.5 mg caffeine have shown behavioural effects (Smit and Rogers 2000), and
because such amounts are present in easily consumable portions of chocolate
(despite their much higher presence in tea and coffee; see Smit and Rogers 2001),
one can only assume that caffeine in chocolate has pharmacological activity, and
that caffeine reinforcement could contribute to our liking for chocolate.

4 Biogenic Amines

Cocoa and cocoa products contain biogenic amines (e.g. PEA, tyramine, tryptamine
and serotonin) and their precursors (phenylalanine, tyrosine and tryptophan) in
fairly high concentrations, which increase during fermentation of the cocoa
beans, and decrease during roasting and alkalisation (Ziegleder et al. 1992). In
general, these concentrations are irrelevant in healthy people, since biogenic
amines are metabolised by the monoamine oxidase (MAO) enzymes in the mucosa
of the small intestine, and in the liver and kidneys (Askar and Morad 1980).
Because of the endogenous abundance of MAO enzymes, “even the intraduodenal
injection of amines in the absence of enzyme inhibition would be unlikely to
lead to their absorption and appearance in systemic blood unless the amount was
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sufficiently large to swamp the deaminating mechanisms” (Marley and Blackwell
1970). The effects of biogenic amines are therefore only expressed in people with
an MAO deficiency, as has been suggested for migraine sufferers (Marley and
Blackwell 1970), and in patients receiving medication containing MAO inhibitors
(Askar and Morad 1980). These effects, however, can include headaches, increased
blood pressure and even a life-threatening “amino shock” (Askar and Morad 1980).
Realistically, these adverse effects would presumably lead to the avoidance of
chocolate rather than provide an explanation for cravings for chocolate, yet their
endogenous biological function may have provided an alleged basis for any wrong-
fully presumed positive effects. The biogenic amines considered in the following
sections have been discussed in the scientific and popular media in this respect.

4.1 Phenylethylamine

2-Phenylethylamine, or B-phenylethylamine (PEA), is the basic molecule or struc-
ture for all compounds that make up the PEA family. This includes the stimulant
and hallucinogenic substances amphetamine and mescaline, and the endogenous
neurotransmitters dopamine, adrenalin and noradrenalin (Passmore and Robson
1970). Although it has been assumed that chocolate contains large amounts of
PEA (e.g. 6 mg/100 g according to the British Food Manufacturing Industries
Research Association, cited in Sandler et al. 1974), more recent works suggest
much smaller amounts (Koehler and Eitenmiller 1978; Ingles et al. 1985; Hurst and
Toomey 1981, with a maximum observed concentration of 0.66 mg/100 g for one
particular (milk) chocolate sample — Hurst and Toomey 1981).

Endogenously, PEA occurs in minute quantities (single nanograms per gram of
nervous tissue) in the mammalian brain, where it is synthesised by decarboxylation of
phenylalanine, almost certainly in dopaminergic neurones. It appears to coexist in the
brain with dopamine, and is proposed to be a modulator of catecholamine neurotrans-
mission, though it is rapidly metabolised by MAO type B (Paterson et al. 1990).

Although low levels of endogenous PEA have been linked to depression and
high levels have been linked with mania, the evidence for this is mixed and
inconclusive (Davis and Boulton 1994). Even so, Liebowitz and Klein (1979)
identified an affective disorder involving atypical depression and attention-seeking
behaviour (“hysteroid dysphoria”) and linked this to an abnormal regulation of
PEA. Whilst the authors did not refer to any published evidence, they claimed that
“depressed, hysteroid dysphorics often binge on chocolate, which is loaded with
phenylethylamine”, and that the production of PEA is “stimulated by positive life
events”. Moreover, PEA has been linked to the euphoric feelings that are part of
courtship and sexual activity, mainly on the basis of animal experiments where
PEA was injected into the brain (Kohl and Francoeur 1995, after Liebowitz 1983;
see also Crenshaw 1996). This, in combination with the notion that PEA is the basic
structure of all amphetamines, has led the popular media to link PEA with romance,
love and sex, branding PEA a “love drug”, making chocolate a “sex substitute”.
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Obviously, oral consumption and cerebral injection are entirely different
modes of administration, and the idea that people eat chocolate to feel “sexier”
or more “sensual” because eating chocolate raises endogenous PEA is simply a
myth. However, overlooking this distinction may have been used as a convenient
tool for the popular media to promote chocolate as a “sex substitute”, a message
further reinforced when a calculation error resulted in suspiciously high PEA
concentrations in chocolate (Hamilton 1992; a value of 660 mg/100 g chocolate
miscalculated by a factor of 1,000 from either Table 9 in Hurst and Toomey 1981
or from Table 3 in Hurst et al. 1982, same data). Note that PEA is still freely used
to commercially promote the sales of PEA as a nutraceutical, e.g. http://www.
americannutrition.com/store/Nootropics.html, accessed 6 August 2009.

On the bais of the evidence available, it is very doubtful that oral intake of PEA
causes any beneficial psychopharmacological effects. Indeed, when assessing the
effects of a large variety of synthesised amphetamines, administered (usually
orally) in various doses, Shulgin and Shulgin (1991) were surprised to find that
only PEA did not induce any subjective effects, either orally (200-1,600 mg) or
intravenously (25-50 mg). Clearly, PEA needs side groups to function as an active
amphetamine, and these findings further substantiate the “PEA myth” of chocolate.

4.2 Tyramine

Tyramine is present in a variety of foods, but its levels in chocolate are relatively
low and are akin to those of PEA (Koehler and Eitenmiller 1978; Ingles et al. 1985;
Hurst and Toomey 1981). Like PEA, tyramine has also been implicated in migraine
attacks, and in the “cheese reaction” (tyros is Greek for “cheese”; Passmore and
Robson 1970): prescribed in the late 1950s and the 1960s for depression and
hypertension, MOA inhibitors made patients sensitive to the toxic effects of
tyramine, found in some cheeses in relatively high amounts — up to 62.5 mg/
100 g was measured by Ingles et al. (1985) and ten Brink et al. (1990). Symptoms
of the “cheese reaction” included hypertensive crisis and severe headache, some-
times even leading to intracranial bleeding or cardiac failure (Joosten 1988).
However, there appears to be no published evidence suggesting any beneficial
effects of tyramine on mood and behaviour.

4.3 Serotonin and Tryptophan

As a neurotransmitter in the CNS and the peripheral nervous system, serotonin
(5-hydroxytryptophan) plays an important role in the regulation of mood and
behaviour (Young 1993). Although it has been identified in a range of foods,
bananas, pineapples and chocolate contain somewhat higher than average concen-
trations (2.5, 4.2 and 2.7 mg/100 g — averages calculated from Smith 1981; Marley
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and Blackwell 1970; Hurst and Toomey 1981), although the highest concentrations
of serotonin have been found in walnuts (55 mg/100g; Smith 1981). Note that as for
all biogenic amines, also serotonin is metabolised rapidly after oral intake, and
consumption of foods containing serotonin will not directly affect brain levels of
serotonin. This fits with the observation that cravings for walnuts are not common,
certainly when compared with the prevalence of cravings for chocolate.

As a precursor of serotonin, the amino acid tryptophan is not prone to deami-
nisation. However, large pharmacological doses of tryptophan (much larger than
our normal dietary intake of 1-1.5 g/day) can be an effective antidepressant (Young
et al. 1986), which is consistent with the idea that a deficit in serotonergic activity is
important in the vulnerability to depression (Maes and Meltzer 1995). Likewise,
tryptophan has shown improvements in depressive symptoms in seasonal affective
disorder (McGrath et al. 1990) and premenstrual syndrome (Steinberg et al. 1986),
and people prone to depression show deteriorated mood following the administra-
tion of tryptophan-depleted mixtures of amino acids (Young et al. 1986; Benkelfat
et al. 1994). Although these studies suggest a clear role for the serotonergic system
in the cause of depression, altered brain levels of tryptophan and therefore serotonin
are not expected to occur when tryptophan is consumed through the regular diet owing
to competition for uptake into the brain with other large neutral amino acids (Young
1993; Rogers 1995). It is therefore extremely unlikely that any mood changes that
may arise from the consumption of chocolate are caused by its tryptophan content.

5 Anandamide

Anandamide (arachidonylethanolamide), an endogenous ligand for the cannabinoid
receptor that binds competitively to brain cannabinoid receptors, has been identified
in minute concentrations (0.05 pg/g) in chocolate, where this compound is
contained in the cocoa solids, as its presence was not confirmed in white chocolate
(di Tomaso et al. 1996). Unsubstantiated, the authors suggest that anandamides
present in food might “heighten sensitivity and produce euphoria” and in doing so,
intensify the orosensory effects of chocolate. However, the bioavailability
of anandamide is no more than 5% (Di Marzo et al. 1998). Note also that
A°-tetrahydrocannabinol, the main psychoactive compound in cannabis, showed a
noticeable “high” in human volunteers at doses as low as 18.77 pg/kg body weight
(equivalent to 1.3 mg for a 70-kg person) (Perez-Reyes et al. 1973). It then follows
that, even if one were to make the generous assumption that anandamide is as
bioavailable, stable and potent (magnitude of drug effect) as A°-tetrahydrocannabi-
nol, a blood plasma concentration of 18.77 ug/kg body weight can only be achieved
by consuming 25 kg chocolate in a single sitting — a most uncomfortable, if not
impossible task with potentially lethal consequences. This therefore also contra-
dicts the suggestion of di Tomaso et al. that their findings “point to an unexpected
link between non-drug craving and the endogenous cannabinoid system”. The fact
that a cannabis user tried to convince the court of having consumed “a massive
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amount of chocolate” in defence against the accusation of using and supplying
cannabis (this involved a positive routine urine test; Tytgat et al. 2000) only
confirms how the discovery of di Tomaso et al. resulted in yet another myth
about our liking and cravings for chocolate.

6 Salsolinol and Tetrahydro-B-carbolines

Salsolinol (SAL) and tetrahydro-B-carbolines (THBCs) are neuroactive alkaloids
generated endogenously following the consumption of alcohol through a reaction
between the primary alcohol metabolite acetaldehyde and dopamine to create
SAL,' or between acetaldehyde and indoleamines (e.g. serotonin, tryptamine,
tryptophan) to create THBCs (Quertemont et al. 2005). Both SAL (Haber et al.
2002) and THBCs (Myers 1989) have been implied as an important factor in
alcoholism, and investigated as such (Quertemont et al. 2005).

Additionally, SAL and THBCs have been identified in chocolate: SAL has been
found in milk and dark chocolate and cocoa at 5, 20 and 25 mg/kg respectively;
Melzig et al. 2000), whilst THBCs were identified in comparable though slightly
lower amounts (1.4, 5.5 and 3.3 mg/kg respectively; Herraiz et al. 1993). In part
driven by their implication in alcoholism, SAL (Melzig et al. 2000) and THBCs
(Herraiz 2000) have independently been named as potentially involved in cravings
for chocolate.

Again, also here, a role for SAL and THBC:s in the cause of chocolate cravings
would require that their consumption results in raised blood plasma levels of these
compounds. Unfortunately, the literature is not clear whether this occurs or not.
Even if they could be freely absorbed, THBCs are also mild MAO inhibitors (see
Sect. 4 for MAO inhibition), potentially amplifying the effects of biogenic amines
in chocolate and thereby contributing to migraines following the consumption of
THBCs (Baker et al. 1987 in Herraiz 2000; Herraiz and Chaparro 2006) or SAL
(Heikkilla et al. 1971 in Melzig et al. 2000) in chocolate. Furthermore, although
SAL reportedly shows positive effects on heart rate and muscle contractions
(Sokolova et al. 1990 and Chavez-Lara et al. 1989, respectively, in Melzig et al.
2000), again the route of administration is not clear. Finally, a particular THBC has
been found in the tubers of the South American maca plant (Lepidium meyenii
Walp.). Whilst this plant has been ascribed various therapeutic benefits, and is used
by athletes as an alternative to anabolic steroids (Brack Egg 1999 in Piacente et al.
2002), it is perfectly possible that these effects are related to one or more of the
other maca constituents, especially glucosinolates.

On the basis of the evidence available, it is unlikely that chocolate cravings can
be induced by SAL or THBCs. Like PEA, tyramine and anandamide, SAL and

'SAL is the most widely researched example of a tetrahydroisoquinoline; tetrahydroisoquinolines
are formed from acetaldehyde and catecholamines (Quertemont et al. 2005)
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THBCs may have to be added to the ever-growing list of myths surrounding this
topic as there is no direct evidence indicating biological activity through oral intake
of either substance.

7 Magnesium

Chocolate has been mentioned as a relevant source of dietary magnesium (Gibson
1990). Indeed, according to some publications, it has one of the highest magnesium
levels of all foods listed (Seelig 1989; Rozin et al. 1991). Moreover, magnesium
therapy has been claimed to reduce premenstrual tension (Abraham 1980) and to
reduce chocolate cravings in women on hormone replacements (Roach 1989;
A. Weil, personal communication). Although this appears to indicate an explana-
tion for “why women crave for chocolate at that particular time of the month”, the
following findings need to be taken into consideration before any such claims can
be made.

First of all, dark chocolate contains 90—100 mg magnesium/100 g, whilst milk
chocolate magnesium levels are slightly lower, at 43—50 mg magnesium/100 g
(FSA 2002; Souci et al. 1986). Although chocolate may have the potential to
contribute to the dietary intake of magnesium, and to even counteract magnesium
deficiency, other foods contain similar or even much larger amounts of magnesium,
for example Brazil nuts (410 mg/100 g), roasted and salted cashew nuts (250 mg/
100 g), peanuts (210 mg/kg) and All-Bran cereal (240 mg/100 g) (FSA 2002).
Interestingly, cravings for these foods do not appear to be very common in sufferers
from premenstrual tension, as is confirmed by the observation that chocolate is the
main target in female food cravings (Hill and Heaton-Brown 1994; Rodin et al.
1991), followed by ice-cream (Rodin et al. 1991). Indeed, “the food cravings
reported. . . were hunger-reducing, mood-improving experiences, directed at want-
ing to consume highly pleasant tasting food” (Hill and Heaton-Brown 1994).

Therefore, despite speculated associations between changes in mood, food
preferences and the menstrual cycle (Bancroft et al. 1988; Wurtman and Wurtman
1989), there is no reliable evidence to suggest that magnesium-deficient people
show an increased craving or liking for chocolate.

8 Conclusions and Considerations

Most of the pharmacologically active substances present in chocolate that have
been highlighted by both scientists and the popular media do not exude an effect in
man owing to extremely low concentrations, the inability to cross or even reach the
blood-brain barrier, or other inabilities that may at times have been conveniently
ignored in order to justify a message that appeals to the general public. Of all
constituents proposed to play a role in why we like chocolate over and above its
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innate appeal as a sweet and creamy tasting food (Drewnowski and Greenwood
1983), caffeine appears to provide the clearest evidence, based on effects found
with ecologically relevant doses (Smit and Rogers 2001). Although theobromine is
a promising “candidate”, synergistic or detrimental interactions as found in animal
research (Heim et al. 1971; He et al. 2009) cannot be ruled out and need to be
investigated with doses relevant to generally consumed amounts, as well as the
possibility that some people are much more sensitive to the effects of theobromine
than others (Mumford et al. 1994; Ott 1985). Research ought to include caffeine as a
comparative agent, and underlying mechanisms need to be further explored, espe-
cially in the case of theobromine as an antitussive (Usmani et al. 2005) or as a dental
enamel protective (Sadeghpour 2007) agent. In animals, theobromine is much
better researched, despite this being fairly limited to toxicology studies. Addition-
ally, a range of case studies of animal poisoning point out the dangers of chocolate
and other cocoa-containing products to a wide range of animal species. Finally,
doping control and therefore potential disqualifications are an issue in animal racing
sports. However, the effects found in animals, whether they be of a toxicological,
behavioural or other nature, cannot necessarily be translated to the human system
(Tarka et al. 1979; Miller et al. 1984).

Clearly, the focus of interest regarding the effects of theobromine has charged
over time, and new developments are promising an interesting future for a much
underresearched substance. Hence, theobromine is in need of further investigation,
and the following points need to be addressed:

1. A theobromine-to-caffeine affinity ratio for adenosine receptors of possibly 1:10
is not compensated for the estimated 10:1 theobromine-to-caffeine prevalence
ratio in chocolate in terms of its mood, mental performance, or subjective effects.

2. It appears some individuals may be sensitive to the subjective effects of theo-
bromine, though this needs validating, and a theoretical basis for this needs to be
established.

3. Although some interactive effects of caffeine and theobromine have been
observed, and although the effects of low doses of caffeine and of relevant
caffeine—theobromine combinations on mood and performance have been
found, effects of the individual components in relation to their combination
have not yet been reported.

4. Although antitussive and enamel-strengthening effects of theobromine may
have been found, similar effects of cocoa or chocolate ingestion, or comparative
effects with caffeine and maybe other methylxanthines need to be investigated,
in part to gain better insight into the possible mechanisms involved.

Note that although the methylxanthines in chocolate appear to represent its
pharmacological activity (Smit et al. 2004), the list of minor chocolate constituents
presented here is not exhaustive, nor does it address potential interactive effects
between compounds that are not explained by their individual effects (Perez-Reyes
et al. 1973). Moreover, although pharmacological activity can play a role in the
liking for a food (see Smit and Blackburn 2005 for the combination of caffeine and
theobromine as an example of their role in the liking for chocolate), this does not
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translate into cravings for such a food. Indeed, Michener and Rozin (1994) showed
that only the sensory experience of a food, and not the pharmacologically active
constituents, could fulfil such cravings. Note also that cravings for chocolate are
usually directed at milk chocolate, containing lower quantities of the active con-
stituents, and that people rarely describe strong urges for the consumption of coffee
and tea, even when caffeine intake is reduced because of changes in daily routine
(Rogers and Dernoncourt 1998). Finally, unlike chocolate, caffeine intake is rarely
resisted (“dietary restraint”). Taking these general observations and experimental
findings into account, we must seek the most plausible explanation for the existence
of cravings for chocolate and even chocolate “addiction” in a culturally determined
ambivalence towards chocolate (Cartwright and Stritzke 2008; Smit and Rogers
2001; Rogers and Smit 2000), and not in a role for any chocolate constituents.

Summarising, despite the assumption of being a behaviourally inert substance,
theobromine has shown a range of interesting effects, both in man and in other
animal species. Novel findings may have caused a renewed interest in this caffeine-
related compound, and much is yet to be clarified. Also, with regard to my personal
interest in the psychopharmacological effects of chocolate, I can only conclude that
the last word on theobromine has not yet been heard.

References

Abraham GE (1980) Premenstrual tension. Curr Probl Obstet Gynecol 3:1-39

Apgar JL, Tarka SM Jr (1998) Methylxanthine composition and consumption patterns of cocoa
and chocolate products. In: Spiller GA (ed) Caffeine, 1st edn. CRC, Boca Raton

Apgar JL, Tarka SM Jr (1999) Methylxanthines. In: Knight I (ed) Chocolate & cocoa: health and
nutrition, 1st edn. Blackwell Science, Oxford

Arnaud M (2010) Pharmacokinetics and metabolism of natural methylxanthines in animal and
man. In: Fredholm BB (ed) Methylxanthines. Springer, Heidelberg

Ashihara H, Sano H, Crozier A (2008) Caffeine and related purine alkaloids: biosynthesis,
catabolism, function and genetic engineering. Phytochemistry 69:841-856

Ashihara H, Kato M, Crozier A (2010) Distribution, biosynthesis and catabolism of methyl-
xanthines in plants. In: Fredholm BB (ed) Methylxanthines. Springer, Heidelberg

Askar A, Morad MM (1980) Lebensmittelvergiftung. I. Toxine in Natiirlichen Lebensmitteln.
Alimenta 19:59-66

Azam S, Hadi N, Khan NU et al (2003) Antioxidant and prooxidant properties of caffeine,
theobromine and xanthine. Med Sci Monit 9:BR325-BR330

Balogh A, Harder S, Vollandt R et al (1992) Intra-individual variability of caffeine elimination. Int
J Clin Pharmacol 30:383-387

Bancroft J, Cook A, Williamson L (1988) Food craving, mood and the menstrual cycle. Psychol
Med 18:855-860

Bara A, Barley E (2001) Caffeine for asthma. Cochrane Database Syst Rev (4) Art No CD001112.
doi:001110.001002/14651858

Barcz E, Sommer E, Janik P et al (2000) Adenosine receptor antagonism causes inhibition of
angiogenic activity of human ovarian cancer cells. Oncol Rep 7:1285-1291

Barcz E, Sommer E, Sokolnicka I et al (1998) The influence of theobromine on angiogenic
activity and proangiogenic cytokines production of human ovarian cancer cells. Oncol Rep
5:517-520



Theobromine and the Pharmacology of Cocoa 227

Barnes PJ, Pauwels RA (1994) Theophylline in the management of asthma: time for reappraisal?
Eur Respir J 7:579-591

Baron AM, Donnerstein RL, Samson RA et al (1999) Hemodynamic and electrophysiologic
effects of acute chocolate ingestion in young adults. Am J Cardiol 84:370-373

Becker AB, Simons KJ, Gillespie CA et al (1984) The bronchodilator effects and pharmacokinet-
ics of caffeine in asthma. N Engl J Med 310:743-746

Belvisi MG, Patel HJ, Freund-Michel V et al (2008) Inhibitory activity of the novel CB2 receptor
agonist, GW833972A, on guinea-pig and human sensory nerve function in the airways. Br J
Pharmacol 155:547-557

Benkelfat C, Ellenbogen MA, Dean P et al (1994) Mood-lowering effect of tryptophan depletion.
Arch Gen Psychiatry 51:687-697

Black DJG, Barron NS (1943) Observations on the feeding of a cacao waste product to poultry. Vet
Rec 55:166-167

Blakemore F, Shearer GD (1943) The poisoning of livestock by cacao products. Vet Rec 55:165

Bonati M, Latini R, Sadurska B et al (1984) Kinetics and metabolism of theobromine in male rats.
Toxicol 30:327-341

Bonvehi JS, Coll FV (2000) Evaluation of purine alkaloids and diketopiperazines contents in
processed cocoa powder. Eur Food Res Technol 210:189-195

Brown RA, Spina D, Page CP (2008) Adenosine receptors and asthma. Br J Pharmacol 153:
S5446-S456

Brunetto MdR, Gutiérrez L, Delgado Y et al (2007) Determination of theobromine, theophylline
and caffeine in cocoa samples by a high-performance liquid chromatographic method with on-
line sample cleanup in a switching-column system. Food Chem 100:459-467

Budhraja A, Camargo FC, Hughes C et al (2007) Caffeine and theobromine identifications in post-
race urines: threshold levels and regulatory significance of such identifications. AAEP Proc
53:87-94

Burdock GA, Carabin IG, Crincoli CM (2009) Safety assessment of kola nut extract as a food
ingredient. Food Chem Toxicol 47:1725-1732

Cardozo EL Jr, Cardozo-Filho L, Filho OF et al (2007) Selective liquid CO, extraction of purine
alkaloids in different Ilex paraguariensis progenies grown under environmental influences.
J Agric Food Chem 22:6835-6841

Carney JM, Holloway FA, Modrow HE (1985) Discriminative stimulus properties of methyl-
xanthines and their metabolites in rats. Life Sci 36:913-920

Cartwright F, Stritzke WG (2008) A multidimensional ambivalence model of chocolate craving:
construct validity and associations with chocolate consumption and disordered eating. Eat
Behav 9:1-12

Chauchard P, Mazoué H, Lecoq R (1945) Inhibition par les sucres de 1’effet excitant qu’exercent
les bases puriques sur le systéme nerveux. Soc Biol Seance 12-13

Chorostowska-Wynimko J, Skopinska-Rézewska E, Sommer E et al (2004) Multiple effects of
theobromine on fetus development and postnatal status of the immune system. Int J Tissue
React 26:53-60

Chung KF, Chang AB (2002) Therapy for cough: active agents. Pulm Pharmacol Ther 15:335-338

Chung KF, Pavord ID (2008) Prevalence, pathogenesis, and causes of chronic cough. Lancet
371:1364-1374

Cornish HH, Christman AA (1957) A study of the metabolism of theobromine, theophylline, and
caffeine in man. J Biol Chem 228:315-323

Craig WJ, Nguyen TT (1984) Caffeine and theobromine levels in cocoa and carob products. J Food
Sci 49:302-305

Crenshaw TL (1996) Why we love and lust: how our sex hormones influence our relationships.
HarperCollins, London

Curtis PE, Griffiths JE (1972) Suspected chocolate poisoning of calves. Vet Rec 90:313-314

Czok G (1974) Zur Frage der biologischen Wirksamkeit von Methylxanthinen in Kakaoprodukten.
Z Ernahrungswiss 13:165-171



228 H.J. Smit

Daly JW, Butts-Lamb P, Padgett W (1983) Subclasses of adenosine receptors in the central nervous
system: interaction with caffeine and related methylxanthines. Cell Mol Neurobiol 3:69-80
Davis BA, Boulton AA (1994) The trace amines and their acidic metabolites in depression - an
overview. Prog Neuropsychopharmacol Biol Psychiatry 18:17-45

de Vries JW, Johnson KD, Heroff JC (1981) HPLC determination of caffeine and theobromine
content of various natural and red dutched cocoas. J Food Sci 46:1968—-1969

Delbeke FT, Debackere M (1991) Urinary excretion of theobromine in horses given contaminated
pelleted food. Vet Res Commun 15:107-116

Di Marzo V, Sepe N, De Petrocellis L et al (1998) Trick or treat from food endocannabinoids?
Nature 396:636

di Tomaso E, Beltramo M, Piomelli D (1996) Brain cannabinoids in chocolate. Nature 382:
677-678

Dock W (1926) The use of theobromine for pain of arteriosclerotic origin. Cal West Med 25:
636-638

Dorfman LJ, Jarvik ME (1970) Comparative stimulant and diuretic actions of caffeine and
theobromine in man. Clin Pharmacol Ther 11:869-872

Dorland’s Illustrated Medical Dictionary (2007) Saunders Elsevier, Philadelphia

Dowden HC (1938) Note on the quantity of theobromine in the milk of cows fed on a diet
including this alkaloid. Biochem J 32:71-73

Drouillard DD, Vesell ES, Dvorchik BH (1978) Studies on theobromine disposition in normal
subjects. Clin Pharmacol Ther 23:296-302

Dunnett M, Lees P (2003) Trace elements, toxin and drug elimination in hair with particular
reference to the horse. Res Vet Sci 75:89-101

El Yacoubi M, Ledent C, Parmentier M et al (2005) Reduced appetite for caffeine in adenosine
A2A receptor knockout mice. Eur J Pharmacol 519:290-291

El-Bitar MK, Boustany RM (2009) Common causes of uncommon seizures. Pediatr Neurol
41:83-87

Estfan B, Walsh D (2008) The cough from hell: diazepam for intractable cough in a patient with
renal cell carcinoma. J Pain Symptom Manage 36:553-558

European Food Safety Authority (2008) Theobromine as undesirable substances in animal feed.
EFSA J 725:1-66

European Pharmacopoeia 5.0 (2005) Monographs: 0298 Theobromine:2554

Food Standards Agency (2002) McCance and Widdowson’s the composition of foods. Sixth
summary edition. Royal Society of Chemistry, Cambridge

Fredholm BB, Bittig K, Holmén J et al (1999) Actions of caffeine in the brain with special
reference to factors that contribute to its widespread use. Pharmacol Rev 51:83-133

Fredholm BB, Lindstrém K (1999) Autoradiographic comparison of the potency of several
structurally unrelated adenosine receptor antagonists at adenosine A; and A, receptors. Eur
J Pharmacol 380:197-202

Friedman L, Weinberger MA, Farber TM et al (1979) Testicular atrophy and impaired spermato-
genesis in rats fed high levels of the methylxanthines caffeine, theobromine, or theophylline.
J Environ Path Toxicol 2:287-706

Funabashi H, Fujioka M, Kohchi M et al (2000) Collaborative work to evaluate toxicity on male
reproductive organs by repeated dose studies in rats 22). Effects of 2- and 4-week administra-
tion of theobromine on the testis. J Toxicol Sci 25:211-221

Gans JH (1982) Dietary influences on theobromine-induced toxicity in rats. Toxicol Appl Phar-
macol 63:312-320

Gans JH (1984) Comparative toxicities of dietary caffeine and theobromine in the rat. Food Chem
Toxicol 22:365-369

Gans JH, Korson R, Cater MR et al (1980) Effects of short-term and long-term theobromine
administration to male dogs. Toxicol Appl Pharmacol 53:481-496

Gartrell BD, Reid C (2007) Death by chocolate: a fatal problem for an inquisitive wild parrot. N Z
Vet J 55:149-151



Theobromine and the Pharmacology of Cocoa 229

Gates S, Miners JO (1999) Cytochrome P450 isoform selectivity in human hepatic theobromine
metabolism. Br J Clin Pharmacol 47:299-305

Geraets L, Moonen HJ, Wouters EF et al (2006) Caffeine metabolites are inhibitors of the nuclear
enzyme poly(ADP-ribose)polymerase-1 at physiological concentrations. Biochem Pharmacol
72:902-910

Giannandrea F (2009) Correlation analysis of cocoa consumption data with worldwide incidence
rates of testicular cancer and hypospadias. Int J Environ Res Public Health 6:568-578

Gibson RS (1990) Assessment of calcium, phosphorus, and magnesium status. Principles of
nutritional assessment. Oxford University Press, Oxford

Gil M, Skopinska-Rézewska E, Radomska D et al (1993) Effect of purinergic receptor antagonists
suramin and theobromine on tumor-induced angiogenesis in balb/c mice. Folia Biol (Praha)
39:63-68

Grassi D, Lippi C, Necozione S et al (2005) Short-term administration of dark chocolate is
followed by a significant increase in insulin sensitivity and a decrease in blood pressure in
healthy persons. Am J Clin Nutr 81:611-614

Gunning OV (1950) Theobromine poisoning in ducks due to the feeding of cacao waste products.
Br Vet J 106:31-32

Haber H, Jahn H, Ehrenreich H et al (2002) Assay of salsolinol in peripheral blood mononuclear
cells of alcoholics and healthy subjects by gas chromatography-mass spectrometry. Addict
Biol 7:403-407

Halfdanarson TR, Jatoi A (2007) Chocolate as a cough suppressant: rationale and justification for
an upcoming clinical trial. Support Cancer Ther 4:119-122

Hamilton S (1992) Why the lady loves COHS(CH2)2NH2. New Sci 132:26-28

Hammerstone JF Jr, Romanczyk LJ Jr, Aitken WM (1994) Purine alkaloid distribution within
Herrania and Theobroma. Phytochem 35:1237-1240

Hannig C, Sorg J, Spitzmiiller B et al (2009) Polyphenolic beverages reduce initial bacterial
adherence to enamel in situ. J Dent 37:560-566

Hansen PB, Schnermann J (2003) Vasoconstrictor and vasodilator effects of adenosine in the
kidney. Am J Physiol Renal Physiol 285:F590-F599

Haywood PE, Teale P, Moss MS (1990) The excretion of theobromine in thoroughbred racehorses
after feeding compounded cubes containing cocoa husk establishment of a threshold value in
horse urine. Equine Vet J 22:244-246

He R, Xie G, Yao X-S et al (2009) Effect of cocoa tea (Camellia ptilophylla) co-administrated with
green tea on ambulatory behaviors. Biosci Biotechnol Biochem 73:957-960

Heim F, Hach B, Mitznegg P et al (1971) Coffein-antagonistische Wirkungen des Theobromins
und coffeinartige Eigenschaften von Theobromin-Metaboliten. Arzneimittelforschung (Drug
Res) 21:1039-1043

Herraiz T (2000) Tetrahydro-B-carbolines, potential neuroactive alkaloids, in chocolate and cocoa.
J Agric Food Chem 48:4900-4904

Herraiz T, Chaparro C (2006) Human monoamine oxidase enzyme inhibition by coffee and
h-carbolines norharman and harman isolated from coffee. Life Sci 78:795-802

Herraiz T, Huang Z, Ough CS (1993) 1,2,3,4-Tetrahydro-B-carboline-3-carboxylic acid and
1-methyl-1,2,3,4-tetrahydro--carboline-3-carboxylic acid in wines. J Agric Food Chem 41:
455-459

Hicks MB, Hsieh Y-HP, Bell LN (1996) Tea preparation and its influence on methylxanthine
concentration. Food Res Int 29:325-330

Hill AJ, Heaton-Brown L (1994) The experience of food craving; a prospective investigation in
healthy women. J Psychosom Res 38:801-814

Hovda LR, Kingston RL (1994) Cocoa bean mulch poisoning in dogs. Vet Hum Toxicol 35:357

Hurst WJ, Martin RA, Zoumas BL et al (1982) Biogenic amines in chocolate - a review. Nutr Rep
Int 26:1081-1086

Hurst W], Toomey PB (1981) High-performance liquid chromatographic determination of four
biogenic amines in chocolate. Analyst 106:394-402



230 H.J. Smit

IARC (1991) Theobromine. IARC Monogr Eval Carcinog Risks Hum 51:421-441

Ingles DL, Back JF, Gallimore D et al (1985) Estimation of biogenic amines in foods. J Sci Food
Agric 36:402-406

International Federation of Horseracing Authorities (2007) International agreement on breeding,
racing and wagering. Article 6. http://www.horseracingintfed.com/resources/2007_choose_eng.
pdf. Accessed 12 Jun 2009

Ishay JS, Paniry VA (1979) Effects of caffeine and various xanthines on hornets and bees.
Psychopharmacology 65:299-309

James JE (1991) Caffeine and health. Academic, London

Jansson DS, Galgan V, Schubert B et al (2001) Theobromine intoxication in a red fox and a
European badger. J Wildl Dis 37:362-365

Johnston JJ (2005) Evaluation of cocoa- and coffee-derived methylxanthines as toxicants for the
control of pest coyotes. J Agric Food Chem 53:4069—4075

Joosten HMLJ (1988) The biogenic amine contents of Dutch cheese and their toxicological
significance. Neth Milk Dairy J 42:25-42

Jourdain C, Tenca G, Deguercy A et al (2006) In-vitro effects of polyphenols from cocoa and beta-
sitosterol on the growth of human prostate cancer and normal cells. Eur J Cancer Prev
15:353-361

Kashket S, Paolino VJ, Lewis DA et al (1985) In-vitro inhibition of glucosyltransferase from the
dental plaque bacterium Streptococcus mutans by common beverages and food extracts. Arch
Oral Biol 30:821-826

Kelly CJ (2005) Effects of theobromine should be considered in future studies. Am J Clin Nutr
82:486-487

Koehler PE, Eitenmiller RR (1978) High pressure liquid chromatographic analysis of tyramine,
phenylethylamine and tryptamine in sausage, cheese and chocolate. J Food Sci 43:1245-1247

Kohl JV, Francoeur RT (1995) The scent of Eros. Continuum, New York

Koyama Y, Tomoda Y, Kato M et al (2003) Metabolism of purine bases, nucleosides and alkaloids
in theobromine-forming Theobroma cacao leaves. Plant Physiol Biochem 41:977-984

Kuribara H, Asahi T, Tadokoro S (1992) Behavioral evaluation of psycho-pharmacological and
psychotoxic actions of methylxanthines by ambulatory activity and discrete avoidance in mice.
J Toxicol Sci 17:81-90

Kuribara H, Tadokoro S (1992) Behavioral effects of cocoa and its main active compound
theobromine: evaluation by ambulatory activity and discrete avoidance in mice. Jpn J Alcohol
Drug Depend 27:168-179

Landau SI (ed) (1986) International dictionary of medicine and biology. Wiley, New York

Lee KW, Kundu JK, Kim SO et al (2006) Cocoa polyphenols inhibit phorbol ester-induced
superoxide anion formation in cultured HL-60 cells and expression of cyclooxygenase-2 and
activation of NF-kB and MAPKSs in mouse skin in vivo. J Nutr 136:1150-1155

Lelo A, Birkett DJ, Robson RA et al (1986) Comparative pharmacokinetics of caffeine and its
primary demethylated metabolites paraxanthine, theobromine and theophylline in man. Br J
Clin Pharmacol 22:177-182

Liebowitz MR (1983) The chemistry of love. Little Brown, Boston

Liebowitz MR, Klein DF (1979) Hysteroid dysphoria. Psychiatr Clin North Am 2:555-575

Lipworth BJ, Williamson PA (2009) Beta blockers for asthma: a double-edged sword. Lancet
373:104-105

Loeffler B, Kluge K, Ungemach FR et al (2000) [Concentrations of caffeine, theophylline and
theobromine in plasma and urine of dogs after application of coffee, tea and chocolate and its
relevance to doping]. Tierédrztl Prax (K) 28:79-85

Lunell E, Svedmyr N, Andersson KE et al (1983) A novel bronchodilator xanthine apparently
without adenosine receptor antagonism and tremorogenic effect. Eur J Respir Dis 64:333-339

Maes M, Meltzer HY (1995) The serotonin hypothesis of major depression. In: Bloom FE, Kupfer
DJ (eds) Psychopharmacology: the fourth generation of progress. Raven, New York

MAFF UK (1988) Food portion sizes. HMSO, London


http://www.horseracingintfed.com/resources/2007_choose_eng.pdf
http://www.horseracingintfed.com/resources/2007_choose_eng.pdf

Theobromine and the Pharmacology of Cocoa 231

MAFF UK (1998) Survey of caffeine and other methylxanthines in energy drinks and other
caffeine-containing products (updated). Food surveillance information sheet 144

Marley E, Blackwell B (1970) Interactions of monoamine oxidase inhibitors, amines, and food-
stuffs. Adv Pharmacol Chemother 8:185-239

Massey LK, Whiting SJ (1993) Caffeine, urinary calcium, calcium metabolism and bone. J Nutr
123:1611-1614

McDonald P, Edwards RA, Greenhalgh JFD et al (2002) Animal nutrition. Prentice Hall, Harlow

McGrath RE, Buckwald B, Resnick EV (1990) The effect of L-tryptophan on seasonal affective
disorder. J Clin Psychiatry 51:162-163

Melzig MF, Putscher I, Henklein P et al (2000) In vitro pharmacological activity of the tetrahy-
droisoquinoline salsolinol present in products from Theobroma cacao L. like cocoa and
chocolate. J Ethnopharmcol 73:153-159

Merighi S, Benini A, Mirandola P et al (2007) Caffeine inhibits adenosine-induced accumulation
of hypoxia-inducible factor-lalpha, vascular endothelial growth factor, and interleukin-8
expression in hypoxic human colon cancer cells. Mol Pharmacol 72:395-406

Michener W, Rozin P (1994) Pharmacological versus sensory factors in the satiation of chocolate
craving. Physiol Behav 56:419-422

Miller GE, Radulovic LL, Dewit RH et al (1984) Comparative theobromine metabolism in five
mammalian species. Drug Metab Dispos 12:154-160

Miners JO, Attwood J, Birkett DJ (1982) Theobromine metabolism in man. Drug Metab Dispos
10:672-675

Miners JO, Attwood J, Wing LM et al (1985) Influence of cimetidine, sulfinpyrazone, and cigarette
smoking on theobromine metabolism in man. Drug Metab Dispos 13:598-601

Mumford GK, Benowitz NL, Evans SM et al (1996) Absorption rate of methylxanthines following
capsules, cola and chocolate. Eur J Clin Pharmacol 51:319-325

Mumford GK, Evans SM, Kaminski BJ et al (1994) Discriminative stimulus and subjective effects
of theobromine and caffeine in humans. Psychopharmacology 115:1-8

Mumford GK, Holtzman G (1991) Qualitative differences in the discriminative stimulus effects of
low and high doses of caffeine in the rat. J Pharmacol Exp Ther 258:857-865

Myers RD (1989) Isoquinolines, beta-carbolines and alcohol drinking: involvement of opioid and
dopaminergic mechanisms. Experientia 45:436-443

Naylor MN (1984) Nutrition and dental decay. Proc Nutr Soc 43:257-263

Nishino M, Ashiku SK, Kocher ON et al (2006) The thymus: a comprehensive review. Radio-
graphics 26:335-348

Ochoa-Herrera V, Banihani Q, Leén G et al (2009) Toxicity of fluoride to microorganisms in
biological wastewater treatment systems. Water Res 43:3177-3186

Ott J (1985) The cacahuatl eater. Natural Products, Vashon

Pagano R, Negri E, Decarli A et al (1988) Coffee drinking and prevalence of bronchial asthma.
Chest 94:386-389

Passmore R, Robson JS (1970) A companion to medical studies in three volumes. Pharmacology,
microbiology, general pathology and related subjects, vol 2. Blackwell, Oxford

Patel HJ, Birrell MA, Crispino N et al (2003) Inhibition of guinea-pig and human sensory nerve
activity and the cough reflex in guinea-pigs by cannabinoid (CB2) receptor activation. Br J
Pharmacol 140:261-268

Paterson IA, Juorio AV, Boulton AA (1990) 2-Phenylethylamine: a modulator of catecholamine
transmission in the mammalian central nervous system? J Neurochem 55:1827-1837

Percival RS, Devine DA, Duggal MS et al (2006) The effect of cocoa polyphenols on the growth,
metabolism and biofilm formation by Streptococcus mutans and Streptococcus sanguinis. Eur J
Oral Sci 114:343-348

Perez-Reyes M, Timmons MC, Davis KH et al (1973) A comparison of the pharmacological
activity in man of intravenously administered A°-tetrahydrocannabinol, cannabinol, and can-
nabidiol. Experientia 29:1368-1369

Piacente S, Carbone V, Plaza A et al (2002) Investigation of the tuber constituents of maca
(Lepidium meyenii Walp.). J Agric Food Chem 50:5621-5625



232 H.J. Smit

Quertemont E, Tambour S, Tirelli E (2005) The role of acetaldehyde in the neurobehavioral effects
of ethanol: a comprehensive review of animal studies. Prog Neurobiol 75:247-274

Rall TW (1980) Central nervous system stimulants [continued]: the xanthines. In: Goodman
Gilman A, Goodman LS, Gilman A (eds) The pharmacological basis of therapeutics, 6th edn.
Macmillan, New York

Rambali B, Van Andel I, Schenk E et al (2002) The contribution of cocoa additive to cigarette
smoking addiction. RIVM, Bilthoven

Reynolds JEFE (1993) Martindale: the extra pharmacopoeia. The Pharmaceutical Press, London

Reynolds SM, Mackenzi AJ, Spina D et al (2004) The pharmacology of cough. Trends Pharmacol
Sci 25:569-576

Rieg T, Schnermann J, Vallon V (2007) Adenosine A1 receptors determine effects of caffeine on
total fluid intake but not caffeine appetite. Eur J Pharmacol 555:174-177

Risner CH (2008) Simultaneous determination of theobromine, (+)-catechin, caffeine, and (—)
-epicatechin in standard reference material baking chocolate 2384, cocoa, cocoa beans, and
cocoa butter. ] Chromatogr Sci 46:892-899

Roach M (1989) More reasons to love chocolate. New Woman Febr:135-136

Rodin J, Mancuso J, Granger J et al (1991) Food cravings in relation to body mass index, restraint
and estradiol levels: a repeated measures study in healthy women. Appetite 17:177-185

Rogers PJ (1995) Food, mood and appetite. Nutr Res Rev 8:243-269

Rogers PJ, Dernoncourt C (1998) Regular caffeine consumption: a balance of adverse and benefi-
cial effects for mood and psychomotor performance. Pharmacol Biochem Behav 59:1039-1045

Rogers PJ, Richardson NJ, Elliman NA (1995) Overnight caffeine abstinence and negative
reinforcement of preference for caffeine-containing drinks. Psychopharmacology 120:457-462

Rogers PJ, Smit HJ (2000) Food craving and food “addiction: A critical review of the evidence
from a biopsychosocial perspective. Pharmacol Biochem Behav 66:3-14

Rozin P, Levine E, Stoess C (1991) Chocolate craving and liking. Appetite 17:199-212

Ryzhov S, McCaleb JL, Goldstein AE et al (2007) Role of adenosine receptors in the regulation of
angiogenic factors and neovascularization in hypoxia. J] Pharmacol Exp Ther 320:565-572

Ryzhov S, Novitskiy SV, Zaynagetdinov R et al (2008) Host A(2B) adenosine receptors promote
carcinoma growth. Neoplasia 10:987-995

Sadeghpour A (2007) A neural network analysis of theobromine vs. fluoride on the enamel surface of
human teeth: an experimental case study with strong implications for the production of a new line
of revolutionary and natural non-fluoride based dentifrices. Tulane University, New Orleans

Salvadori MC, Rieser EM, Ribeiro Neto LM et al (1994) Determination of xanthines by high-
performance liquid chromatography and thin-layer chromatography in horse urine after inges-
tion of guarana powder. Analyst 119:2701-2703

Sandler M, Youdim MBH, Hanington E (1974) A phenylethylamine oxidising defect in migraine.
Nature 250:335-337

Sarkaria JN, Busby EC, Tibbetts RS et al (1999) Inhibition of ATM and ATR kinase activities by
the radiosensitizing agent, caffeine. Cancer Res 59:4375-4382

Schmid TE, Eskenazi B, Baumgartner A et al (2007) The effects of male age on sperm DNA
damage in healthy non-smokers. Hum Reprod 22:180-187

Seelig M (1989) Cardiovascular consequences of magnesium deficiency and loss: pathogenesis,
prevalence and manifestations - magnesium and chloride loss in refractory potassium repletion.
Am J Cardiol 63:4G-21G

Shively CA, Tarka SM Jr (1983) Theobromine metabolism and pharmacokinetics in pregnant and
nonpregnant Sprague-Dawley rats. Toxicol Appl Pharmacol 67:376-382

Shulgin A, Shulgin A (1991) PIHKAL: a chemical love story. Transform, Berkeley

Simons FER, Becker AB, Simons KJ et al (1985) The bronchodilator effect and pharmacokinetics
of theobromine in young patients with asthma. J Allergy Clin Immunol 76:703-707

Skopinski P, Skopinska-Rézewska E, Kaminski A et al (2004) Chocolate feeding of pregnant mice
resulted in epigallocatechin-related embryonic angiogenesis suppression and bone mineraliza-
tion disorder. Pol J Vet Sci 7:131-133



Theobromine and the Pharmacology of Cocoa 233

Slattery ML, West DW (1993) Smoking, alcohol, coffee, tea, caffeine, and theobromine: risk of
prostate cancer in Utah (United States). Cancer Causes Control 4:559-563

Smit HJ, Blackburn RJ (2005) Reinforcing effects of caffeine and theobromine as found in
chocolate. Psychopharmacology 181:101-106

Smit HJ, Gaffan EA, Rogers PJ (2004) Methylxanthines are the psycho-pharmacologically active
constituents of chocolate. Psychopharmacology 176:412-419

Smit HJ, Rogers PJ (2000) Effects of low doses of caffeine on cognitive performance, mood and
thirst in low and higher caffeine consumers. Psychopharmacology 152:167-173

Smit HJ, Rogers PJ (2001) Potentially psychoactive constituents of cocoa-containing products. In:
Hetherington MM (ed) Food cravings and addiction. Leatherhead Food RA Publishing,
Leatherhead

Smit HJ, Rogers PJ (2007) Effects of caffeine on mood. In: Smith BD, Gupta U, Gupta BS (eds)
Caffeine and activation theory. CRC, Boca Raton

Smith TA (1981) Amines in food. Food Chem 6:169-200

Snyder SH, Katims JJ, Annau Z et al (1981) Adenosine receptors and behavioral actions of
methylxanthines. Proc Natl Acad Sci USA 78:3260-3264

Soffietti MG, Nebbia C, Valenza F et al (1989) Toxic effects of theobromine on mature and
immature male rabbits. J] Comp Pathol 100:47-58

Souci SW, Fachmann W, Kraut H (1981) Food composition and nutrition tables 1981/1982.
Wissenschaftliche Verlagsgesellschaft, Stuttgart

Souci SW, Fachmann W, Kraut H (1986) Food composition and nutrition tables 1986/1987.
Wissenschaftliche Verlagsgesellschaft, Stuttgart

Sprugel W, Mitznegg P, Heim F (1977) The influence of caffeine and theobromine on locomotive
activity and the brain cGMP/cAMP ratio in white mice. Biochem Pharmacol 26:1723-1724

Srikanth RK, Shashikiran ND, Subba Reddy VV (2008) Chocolate mouth rinse: effect on plaque
accumulation and mutans streptococci counts when used by children. J Indian Soc Pedod Prev
Dent 26:67-70

Stedman’s Medical Dictionary (1976). The Williams & Wilkins Company, Baltimore

Steinberg S, Annable L, Young SN et al (1986) Tryptophan in the treatment of late luteal phase
dyphoric disorder: a pilot study. J Psychiatry Neurosci 19:114-119

Stidworthy MF, Bleakley JS, Cheeseman MT et al (1997) Chocolate poisoning in dogs. Vet Rec
141:28

Strachan ER, Bennett A (1994) Theobromine poisoning in dogs. Vet Rec 134:284

Stralfors A (1967) Effect on hamster caries by purine derivatives vanillin and some tannin-
containing materials. Arch Oral Biol 12:321-332

Tarka SM Jr (1982) The toxicology of cocoa and methylxanthines: a review of the literature. CRC
Crit Rev Toxicol 9:275-312

Tarka SM Jr, Applebaum RS, Borzelleca JF (1986a) Evaluation of the perinatal, postnatal and
teratogenic effects of cocoa powder and theobromine in Sprague-Dawley/CD rats. Food Chem
Toxicol 24:375-382

Tarka SM Jr, Applebaum RS, Borzelleca JF (1986b) Evaluation of the teratogenic potential of
cocoa powder and theobromine in New Zealand white rabbits. Food Chem Toxicol 24:363-374

Tarka SM Jr, Morrissey RB, Apgar JL et al (1991) Chronic toxicity/carcinogenicity studies of
cocoa powder in rats. Food Chem Toxicol 29:7-19

Tarka SM Jr, Zoumas BL, Gans JH (1979) Short-term effects of graded levels of theobromine in
laboratory rodents. Toxicol Appl Pharmacol 49:127-149

Tarka SM Jr, Zoumas BL, Gans JH (1981) Effects of continuous administration of dietary
theobromine on rat testicular weight and morphology. Toxicol Appl Pharmacol 58:76-82

Taubert D, Berkels R, Roesen R et al (2003) Chocolate and blood pressure in elderly individuals
with isolated systolic hypertension. JAMA 290:1029-1030

ten Brink B, Damink C, Joosten JMLJ et al (1990) Occurrence and formation of biologically active
amines in foods. Int J Food Microbiol 11:73-84

The Merck Index (2006). Merck & Co Inc., Whitehouse Station, NJ



234 H.J. Smit

Thorpe TE (1893) On the rise and development of synthetical chemistry. Fortn Rev 53:691-701

Timbie DJ, Sechrist L, Keeney PG (1978) Application of high-pressure liquid chromatography to
the study of variables affecting theobromine and caffeine concentrations in cocoa beans. J Food
Sci 43(560-562):565

Tytgat J, Mv B, Daenens P (2000) Cannabinoid mimics in chocolate utilized as an argument in
court. Int J Legal Med 113:137-139

Usmani OS, Belvisi MG, Patel HJ et al (2005) Theobromine inhibits sensory nerve activation and
cough. FASEB J 19:231-233

Vallon V, Miihlbauer B, Osswald H (2006) Adenosine and kidney function. Physiol Rev 86:
901-940

van Zyl JM, Derendinger B, Seifart HI et al (2008) Comparative diffusion of drugs through
bronchial tissue. Int J Pharm 357:32-36

Walsh D, Donnelly S, Rybicki L (2000) The symptoms of advanced cancer: relationship to age,
gender, and performance status in 1,000 patients. Support Care Cancer 8:175-179

Wang X, Wan X, Hu S et al (2008) Study on the increase mechanism of the caffeine content during
the fermentation of tea with microorganisms. Food Chem 107:1086-1091

Wang Y, Waller DP (1994) Theobromine toxicity on Sertoli cells and comparison with cocoa
extract in male rats. Toxicol Lett 70:155-164

Wang Y, Waller DP, Hikim AP et al (1992) Reproductive toxicity of theobromine and cocoa
extract in male rats. Reprod Toxicol 6:347-353

Wasfi 1A, Boni NS, Elghazali M et al (2000) The pharmacokinetics, metabolism and urinary
detection time of caffeine in camels. Res Vet Sci 69:69-74

Wasiutynski A, Siwicki AK, Balan BJ et al (2005) Inhibitory effect of cocoa catechins on
embryonic and tumor angiogenesis in mice. Pol J Environ Stud 14:800-805

Weckerle CS, Stutz MA, Baumann TW (2003) Purine alkaloids in Paullinia. Phytochemistry
64:735-742

Weinberger MA, Friedman L, Farber TM et al (1978) Testicular atrophy and impaired spermato-
genesis in rats fed high levels of the methylxanthines caffeine, theobromine, or theophylline.
J Environ Path Toxicol 1:669-688

Wells DJ, Hanks BM, Yarbrough CS et al (1988) Determination of methylxanthine stimulants in
urine of racing greyhounds by high-performance liquid chromatography. Resolution of a
contested drug administration case. J Anal Toxicol 12:30-32

World Anti-Doping Agency (2008) Q&A: 2009 prohibited list. http://www.fibt.com/fileadmin/
Medical/2009-2010/QA_List_OR.pdf. Accessed 8 Apr 2010

Wurtman RJ, Wurtman JJ (1989) Carbohydrates and depression. Sci Am 260:68—75

Yang XR, Ye CX, Xu JK et al (2007) Simultaneous analysis of purine alkaloids and catechins in
Camellia sinensis, Camellia ptilophylla and Camellia assamica var. kucha by HPLC. Food
Chem 100:1132-1136

Yeomans MR, Spetch H, Rogers PJ (1998) Conditioned flavor preference negatively reinforced by
caffeine in human volunteers. Psychopharmacology 137:401-409

Yesair DW, Branfman AR, Callahan MM (1984) Human disposition and some biochemical
aspects of methylxanthines. In: Spiller GA (ed) The methylxanthine beverages and foods.
Chemistry, consumption and health effects. Liss, New York

Young SN (1993) The use of diet and dietary components in the study of factors controlling affect
in humans: a review. J Psychiatry Neurosci 18:235-244

Young SN, Pihl RO, Ervin FR (1986) The effect of altered tryptophan levels on mood and
behavior in normal human males. Clin Neuropharmacol 9:516-518

Zheng X-Q, Koyama Y, Nagai C et al (2004) Biosynthesis, accumulation and degradation of
theobromine in developing Theobroma cacao fruits. J Plant Physiol 161:363-369

Ziegleder G, Stojacic E, Stumpf B (1992) Vorkommen von beta-Phenylethylamin und seinen
Derivaten in Kakao und Kakaoerzeugnissen. Z Lebensm Unters Forsch 195:235-238


http://www.fibt.com/fileadmin/Medical/2009-2010/QA_List_OR.pdf
http://www.fibt.com/fileadmin/Medical/2009-2010/QA_List_OR.pdf

	Theobromine and the Pharmacology of Cocoa
	1 Background
	2 Theobromine
	2.1 Characteristics
	2.2 Natural Occurrence
	2.3 Synthesis, Catabolism and Pharmacokinetics
	2.3.1 Theobromine Synthesis and Catabolism in Theobroma cacao
	2.3.2 Theobromine Uptake, Metabolism and Pharmacokinetics in Man

	2.4 Mechanism of Action
	2.5 Effects in Animals
	2.5.1 Toxicology Studies
	2.5.2 Case Studies of Animal Poisoning
	2.5.3 Equine Sports and Theobromine Doping
	2.5.4 Pharmacology Studies
	2.5.5 Behavioural Studies

	2.6 Effects in Man
	2.6.1 Psychopharmacological Effects
	2.6.2 Physiological Effects
	Cardiovascular
	Respiratory
	Renal
	Dental


	2.7 Therapeutic Applications

	3 Caffeine
	4 Biogenic Amines
	4.1 Phenylethylamine
	4.2 Tyramine
	4.3 Serotonin and Tryptophan

	5 Anandamide
	6 Salsolinol and Tetrahydro-ß-carbolines
	7 Magnesium
	8 Conclusions and Considerations
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


