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Abstract: Caffeine is a secondary metabolite extensively studied for its stimulatory properties and presumed association
with specific pathologies. This alkaloid is typically consumed through coffee, tea, and other plant products but is also an
additive in many medications and confectionaries. Nonetheless, despite its worldwide consumption and acceptance, there
is controversial evidence as to whether its effects on the central nervous system should be interpreted as stimulatory or
as an addiction in which typical withdrawal effects are canceled out with its daily consumption. The following discussion is
the product of an extensive review of current scientific literature, which aims to describe the most salient topics associated
with caffeine's purpose in nature, biosynthesis, metabolism, physiological effects, toxicity, extraction, industrial use and
current plant breeding approaches for the development of new caffeine deficient varieties as a more economical option to

the industrially decaffeinated coffees currently available to caffeine intolerant consumers.

Key words: Biosynthesis, decaffeination, extraction, metabolism, physiological effects, plant breeding.

|
Introduction

Caffeine is a methylated xanthine (1,3,7-trimethylxanthi-
ne)'* extracted from coffee beans for the first time by Fried-
lieb Ferdinand Runge in 1820%5, and which exact formula
was proposed by Medicus in 1875%7. It is a natural alkaloid
which name originated from the German and French words
kaffee and coffee respectively, and it is present in more than
60 sub-tropical species®® such as coffee (Coffea sp.), tea
(Camellia sinensis L.)*''2 cocoa (Theo-broma cacao), the
guarana plant (Paullinia cupana)'®'?, the mate grass (llex
paraguariensis St. Hil.)" among others.

Caffeine is a white, odorless, water-soluble compound* 1213
and its solubility increases as the water temperature increa-
ses'. For example, the solubility of caffeine is 0.6% at 0 °C (32
°F), 13% at 25 °C (77 °F) & 66.7% at 100 °C (212 °F).

Depending on the concentration, it contributes to the
bitter taste of the drink*'>'” and is held responsible for no
more than 10 to 20% of the bitterness perceived in the co-
ffee drink®'®2'. However, according to some authors, their
contribution to the drink's bitter taste is so low that it plays a
minor role in the definition of flavor?2.

This alkaloid is thermostable, so it is not degraded while
roasting coffee beans??>?*, However, the small losses that oc-
cur are generally attributed to sublimation due to the high tem-
peratures during roasting*%2225; When this occurs, the relative
increases are recorded in its concentration (< 10%) are attribu-
ted to the loss of other compounds during the grain roasting®.

Caffeine in the form of a drink such as tea, coffee, and
cola, among others, is one of the most socially accepted
natural stimulants which acts on the central nervous sys-
tem (CNS) as an antagonist of adenosine receptors, being
the most consumed and studied psychoactive substance in

history8.26,

Biosynthesis and purpose

Although caffeine was isolated from coffee beans for
the first time in 18203, it was not until 1895 that the first
report of its artificial synthesis was recorded?”?® from di-
methylurea, and most of the methods known to date were
patented between 1940 and 1960. Artificial synthesis of ca-
ffeine is a cheap process carried out from theophylline, uric
acid or uracil.

In the plant, the biosynthetic pathway of the purine
nucleus alkaloids, such as caffeine, starts from the inosyl
monophosphate, which generates the xanthosine 5'-mono-
phosphate, and when the phosphate group is removed xan-
thosine is produced from which a four-stage route initiates
in the following sequence: xanthosine (I) — 7-methylxan-
thosine (ll) — 7-methylxanthine (lll) — theobromine (IV) —
caffeine.

The first, third and fourth stages involve three me-
thylations catalyzed by three N-methyltransferases at posi-
tions 7-N, 3-N, and 71-N?22%3" and S-adenosyl-L-methionine
(SAM) being responsible for the donation of methyl groups
(-CHB) during the methylation reactions (Figure 1)223'.

The evidence suggests that caffeine is synthesized in
planta in the young leaves and in the pericarp from where
it is translocated and accumulated in the endosperm of the
seeds of C. arabica and C. canephora®810223032: However,
its production occurs only during the early stages of fruit de-
velopment'®3" which was evidenced by the results obtained
by Perrois et al.*® who quantified the alkaloid concentrations
during different stages of bean development in different ge-
notypes of both species.

The results suggest a more remarkable caffeine syn-
thesis in both species' early stages of bean development
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with a more significant accumulation of the alkaloid in Ro-
busta coffee varieties (Figure 2). Perrois et al.*, the lower
accumulation of the alkaloid in Arabica coffee varieties have
its origin in its genomic constitution.

In addition, caffeine as a secondary metabolite is not
only present in the leaves (~ 0.8% based on dried mat-
ter)'23335 but in the fruit pericarp also (e.g., exocarp, meso-
carp, and endocarp)'®'® and in the coffee flowers where
it reaches the highest concentrations compared to other
structures of the plant®. Benatti et al.* reported that caffei-
ne is present in the flowers of C. arabica during anthesis
(period during which the flower remains open and functio-
nal), with an average concentration of 0.58 mg g-1 in the
petals and gynoecium and 1.36 mg g-1 in the stamens.

Sequential molecular analyses of deoxyribonucleic acid
(DNA) suggest that C. arabica is the product of the natural
fusion of two chromosomal sets of two diploid species of
the genus Coffea, presumably C. eugenioides (?) and one
species of the canephoride group probably C. canephora
(3)?%%41 with a single polyploidization event after the mer-
ger*? or it probably arose through the fusion of two non-re-
duced gametes of the above-mentioned species®.

For this reason, C. arabica is classified as a segmental
allotetraploid (CaCaEaEa)*“*#, The lower caffeine accu-
mulation in Arabica coffee varieties could be attributed to
a significant reduction in the transcriptional activity of enzy-
mes responsible for the alkaloid synthesis in C. eugenioi-
des, which in turn would reduce the transcriptional activity of
enzymes derived from homeologs genes of the Robusta's
sub-genome®*®',

It’s in planta function has been debated for years, but
two hypotheses prevail the protection of leaves and fruits

from predators, coupled with an allelopathic effect that dis-
turbs the germination of adjacent seeds and development
of newly germinated neighboring plants'®3!344546  Germi-
nation tests conducted by Ransom*’ confirm that caffeine
can delay and even prevent seed germination and seedling
development of multiple horticultural species even at low
concentrations (1%).

The caffeine content in coffee

The species of the genus Coffea display a wide varia-
tion in their caffeine concentration on a dry basis, ranging
from 0.6-1.4% in C. arabica and 1.8-3.5% in C. canepho-
ra*+212348 to a very low or complete absence as in the
case of C. salvatrix and C. pseudozanguebariae respecti-
vely3049.50,

Due to its higher caffeine content, coffee prepared with
C. canephora can have concentrations ranging between 56-
203 mg 100 ml" of infusion, while those prepared with C.
arabica have levels ranging between 36-112 mg 100 ml’
of infusion®".

The observed variations in the coffee drink can be attri-
buted to: the cultivated species or variety (Table 1) since it
is an inherited trait'®4° the environment (e.g., soils, planting
height above sea level and the degree of light exposure);
the chosen roast level, averaged particle size after grinding,
the method of drink preparation, the cup size®*® the propor-
tion of water and roasted coffee and blends made before or
after roasting (% of Arabica vs % of Robusta)*™.

Based on the evidence, it can be deduced that the
bean's caffeine content is conditioned by the degree of light
exposure. Interestingly, coffee plants grown under shade
tend to have a more significant alkaloid accumulation than
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Figure 1. Caffeine’s biosynthesis. Steps Il, lll and IV represent methylations. Step Il represents the separation
of a ribose. SAM = S-adenosyl-L-methionine &amp; SAH = S-adenosyl-homocysteine.
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Figure 2. Caffeine con-

tent at different stages
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those sown directly under the sun, regardless of the species
involved.

For example, a study conducted on C. canephora
plants grown under complete darkness revealed the alka-
loid accumulation in plant tissues plummeted; Additionally,
a reduction in the transcriptional activity of genes involved in
its biosynthetic pathway (ie, CcDXMT, CcXMT, & CcMXMT)
was also recorded; However, this trend was reversed after 6
to 12 hours of light exposure®' which suggests that although
light is necessary to induce caffeine production the amount
of required exposure is low.

Species Variety Leaf (%) Seeds” (%)

C. arabica. Mundo Novo. 0.98 1.11
Tipica. 0.88 1.05
Catuai. 0.93 134
Laurina. 0.72 0.62

C. canephora. | Robusta. 0.46 >4
Kouilou/Conillon. 0.95 2.36
Laurentii. 1.17 245

Table 1. Caffeine Content by Species and Coffee Varieties
* Percent contents based on dried matter.
Reproduced with permission of Oestreich-Janzen?.

On average, the raw coffee bean contains ~ 1% of ca-
ffeine?”; However, one cup of coffee contains < 100 mg of
caffeine; and the maximum recommended intake should not
exceed 400 mg day-1 (~ 5.7 mg kg live weight)*''%+57 the
equivalent of four cups of coffee'*¢%8. Fortunately, the esti-
mated average daily consumption for regular coffee consu-
mers in the USA ranges between 186 to 200 mg3°¢°.

Additionally, according to the Specialty Coffee Associa-
tion of America (SCAA), the average consumption of coffee
in the USA is 3.1 cups per person per day®'®2. In contrast,
according to Greenberg et al.'" "The Canadian Govern-
ment's recommendations through its guidelines for healthy
eating is to limit the intake of caffeine between 400 to 450
mg day' which translates into approximately three 8-ounce
cups of coffee per day" for adults. At the same time, for chil-
dren and adolescents, the recommended doses are 2.5 mg
per kg of live weight'".

Although caffeine is not considered an essential nu-
trient in the human diet, it is still used in formulating various
products. Table 2 shows a series of popular drinks with their
respective caffeine contents expressed as average values
and ranges.

FRT64 & FRTO05. Geno-
types of C. arabica Ca-
turra variety: CCCA12,
CCCA02 & CCCA18.
Stages of grain develo-
pment: SG, small grain;
LG, large grain; YG, ye-
llow grain and RG, red
grain. Adapted from Pe-
rrois et al.*®.

Caffeine determination

Caffeine is detected in food samples with trigonelli-
ne and nicotinic acid depending on the analytical method
used.50 Its determination in food samples is carried out
through different analytical methods that allow its identifica-
tion and quantification in complex matrices.

Among the commonly used analytical methods, we can
mention gas chromatography'®, thin-layer chromatogra-
phy', the Kjeldahl method based on the quantification of
nitrogen (N,) present in the caffeine molecule,63 high-per-
formance liquid chromatography (HPLC), ultraviolet light
spectrophotometry which is performed at a wavelength of
280 nm'217.2283 near red light spectroscopy (NIR), capillary
electrophoresis'’?, mass spectroscopy'” among others.

Unfortunately, implementing these analytical methods
requires very sophisticated and expensive equipment ope-
rated by highly qualified technicians, which increases labo-
ratory analysis costs. On the other hand, these analytical
methods (except for HPLC) require a series of previous pro-
cedures (aka sample preparation) to remove, as much as
possible, unwanted analytes that interfere with the analysis,
turning the caffeine determination into a laborious, expensi-
ve and impractical task for repetitive purposes.

To remove unwanted analytes, Molecular exclusion
chromatography, also known as Size Exclusion Chromato-
graphy (SEC), Solid Phase Extraction (SPE) or a combina-
tion of both, is usually applied as part of the same protocol,
which in turn increases the cost and time required for the
elimination of interfering compounds.

The SEC also known as gel filtration chromatography,
is based on a mechanically resistant stationary phase (e.g.,
agarose, Sephadex, silicone gel, polyacrylamide), which
because of its homogeneous porosity, acts as a filter or
sieve. On the other hand, SEC also has a mobile or liquid
phase (e.g., acetone, EtOAc, acetonitrile, EtOAc-n-hexane,
MeOH, n-hexane), which facilitates its movement through
the gel.

SEC allows compounds separation based on their
molecular weight, depending on their size. When moving
through the stationary phase, the eluted molecules can be
temporarily retained in the gel pores when they are very
small, thus separated from the other compounds in a he-
terogeneous matrix. In contrast, intermediate weight mole-
cules are partially retained, which slows their displacement
through the stationary phase, thus separating them from
larger molecules that, due to their size, aren't retained and
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Caffeine Sources Heckman ef al °, Homan et al ® Sereshti ef al > McLellan ef al ©
mg Range (mg) ng ml?! mg
1oz 8 oz 12 oz 8oz 235 ml 350 ml
Coffee
Decaffeinated coffee. - 3-5 - 3al2 - - -
Instant decaffeinated coffee. - 3 - - - - -
Instant coffee. 12 75-93 140 27-173 - - -
Conventional coffee. 17 85-133 200 102-200 - - -
Express coffee. 40 320 480 240-720 - - -
Tea
Black tea. 6.0 40-47 72 25-110 149.5 - -
Green tea. 5.0 40-45 68 30-50 120.5 - -
Decaffeinated black tea. - 4 - - - - -
Iced tea. - 30 - - - - 22-36
Soda drinks
Coca Cola® (regular). 2.9 23 34-35 - 94.1 - 35
Diet Coca Cola*. 39 31 45-47 - 83.1 - 47
Pepsi® (regular). 3.1 25 37-38 - 55.5 - 38
Diet Pepsi. - - 36 - 513 - 36
Mountain Dew?. 4.6 37 55 - - - 55
Energy drinks
Red Bull® (8.5 o0z). 9.5 76-80 114 - 297.9 80 -
Dr. Pepper®. - - - - - - 40
Barq's® Root Beer. - - - - - - 23
Amp®. 8.9 72 107 - - 71 -
Cocaine®, - - - - - 280 -
Monster®, 10.0 80 120 - - 80 -
Rockstar®. 10.0 80 120 - - 80 -

Table 2. Caffeine Concentration in Selected Common Drinks.

move more rapidly (Figure 3).

The speed of molecules displacement through the gel
affects the results of the chromatographic elution profile sin-
ce, graphically speaking, the first peaks correspond to the
larger molecules, followed by those of intermediate size and
finally, the peaks corresponding to the minor compounds
appear.

Finally, because the mobile phase is usually an organic
solvent, the first compounds to pass through the stationary
phase are the high molecular weight lipids in the matrix.

In contrast, SPE is the most common cleaning techni-
que and is similar to SEC because it also has a mobile and
stationary phase that can be manufactured based on acti-
vated silica, polymers, activated carbon or alumina. Howe-
ver, the SPE is generally used to purify and concentrate the
analytes of interest by removing impurities that act as inter-
fering compounds in chromatographic analyses.

This technique is based on the fractionation of the cons-
tituents of a heterogeneous matrix based on their affinity for
the stationary phase. First, the heterogeneous matrix is dis-

solved in the mobile phase (e.g., MeOH, acetonitrile, tetra-
hydrofuran, etc.) and then filtered or centrifuged to remove
any unwanted particles. Then, the recovered liquid is cir-
culated through the separation column (stationary phase).

If the compounds of interest lack affinity for the statio-
nary phase (ie, equal charges), then they circulate freely
through it, leaving behind unwanted impurities, thus allowing
the purification and concentration of the analytes of interest.
For example, octadecyl, more commonly known as C18 is
generally used as a constituent of the separation column for
the retention of non-polar compounds and lipids, which are
adhered to thereto through hydrophobic interactions.

In contrast, if the compounds of interest show an affinity
for the stationary phase (ie, opposite charges), then they're
retained therein, allowing the free circulation of later discar-
ded impurities. In the process, it is possible to clean and
concentrate the analytes of interest recovered from the sta-
tionary phase when flushed out with another solvent (Figure
4).

However, when both parties exhibit affinity for the sta-



tionary phase, a solvent strong enough to remove the inter-
fering compounds should be used during the rinse but not
too strong to remove the analytes of interest. Generally, this
is achieved with the same eluent used in the preparation of
the mobile phase but attenuated, that is, at a lower concen-
tration.

After sample preparation, identifying the compounds
present in the heterogeneous matrix results from a correla-
tion or comparison between the retention time (Rt) of unk-
nown molecules with the Rt of known references.

According to Pizzariello et al."’, a simple and rapid te-
chnique to clean aqueous coffee samples before caffeine's
determination consists of the flocculation of the interfering
compounds. By adding a coagulating agent, aggregates
can be formed, which are separated from the aqueous pha-
se via precipitation, filtration or decantation, thus eliminating
from the matrix all the compounds bound to the coagula-
ting agent which would affect the chromatograph resolution.
Otherwise, the interfering analytes are plotted in the chro-
matograph as peaks of unknown nature (artifacts).

Decaffeinated coffees

At present, the only caffeine-free coffee options availa-
ble on the market are those that have been decaffeinated
through industrial processes. In 1905 Ludwig Roselius re-
gistered the first patent for decaffeination??’, and the first
commercial decaffeination plant owned by Kaffee HAG be-
gan operations in Germany in 1906. But it was until 1908
that the first successful decaffeination process was paten-
ted on behalf of Meier, Roselius, and Wimmer*.

Nowadays, the production of decaffeinated coffees
represents between 10 to 15% of coffee sales in the
world'8196466 \ith the USA being the largest consumer; and
more specifically, it is consumed by people who due to a
health condition (eg, cardiovascular disease, insomnia, etc.)

Mobile phase

Stationary phase
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have to avoid consuming drinks that contain caffeine*4065¢7,

However, caffeine is not the only metabolite blamed
for the discomforts experienced by such consumers. Other
compounds in the coffee drink that can cause irritation to
the digestive tract (stomach mucosa) are pyrogallol, cate-
chol, N-alkanoylhydroxytryptamide, N-methylpyridinium, &
chlorogenic acids®.

It should be noted that decaffeinated powdered coffee
is not completely free of the alkaloid because on average,
it contains 0.05% of caffeine?%®; However, in North America
(ie, the USA and Canada) for a coffee to be considered de-
caffeinated, 97% of the alkaloid must be removed*??> which,
for a 5 oz cup, is equivalent to a concentration not higher at
5 mg®'. In contrast, according to European legislation, solu-
ble decaffeinated coffees should not exceed 0.3% caffeine
content*2270,

The decaffeination process is performed before roas-
ting'®, it is expensive and affects the product's organoleptic
properties™ due to a greater or lesser degree of leaching of
secondary metabolites depending on the applied decaffei-
nation method*. In addition, changes in the structure, size,
and appearance of the grain, loss of mass and residual ac-
cumulation of organic solvents are also recorded*.

For example, there is evidence that raw decaffeinated
coffee beans contain approximately 1.2 times more chlo-
ro-genic acids (eg, monocaffeoyl-quinic, mono-feruoylqui-
nic, and dicaffeoylquinic acids) than non-decaffeinated raw
beans®. The increase in the concentration of chlorogenic
acids can be attributed to the removal of other secondary
metabolites such as caffeine.

There are several methods for decaffeination of coffee,
such as the Swiss water-based process, solvents, and su-
percritical fluid extraction.

solid phase (impurities)

~<———Molecules lacking affinity for the solid phase

Figure 4. Schematic description of solid phase extraction (SPE).
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The Swiss water-based process

One of the first decaffeination patents associated with
this method was registered in favor of Francis R. Eden in
1917%. In general, the process takes approximately 8h*,
and it proceeds as follows:

a) Fresh coffee beans are immersed in hot water (93-
104 °C) to solubilize the caffeine. Then, the extract, rich in
caffeine and other substances, is passed through an acti-
vated carbon filter whose porosity retains caffeine molecu-
les but allows the free passage of other smaller molecules*
whose removal affects the organoleptic properties of the
grain of coffee.

In this way, the caffeine content of the beans is redu-
ced, but also an essential amount of substances that affect
their flavor and aroma (e.g., sugars, lipids and phenolic
compounds)*.

b) The recovered caffeine-free aqueous extract is used
to repeat the operation with a new batch of grain‘. Since
the operation is repeated using the aqueous extract rich in
solubilized substances, then, in theory, the grains lose only
the caffeine, which is removed via filtration.

c) A variation to this process involves the reincorpora-
tion of the recovered aqueous concentrate (caffeine-free)
into the decaffeinated grain batch before drying it (Figure
5)*. In theory, the metabolites that shouldn't be extracted
during the decaffeination process are reincorporated into
the decaffeinated grains.

However, despite the effort to reinstate secondary me-
tabolites solubilized by water, there are reports of chloroge-
nic acid losses (~ 20%) due to the decaffeination process
with water?®.

The use of solvents

One of the first patents associated with this decaffei-
nation method was registered in favor of Friedrich Meyer
et al. in 1908, but benzene was used in his method as an
organic solvent which eventually ceased to be used due to
its toxicity®’.

Presently, decaffeination through organic solvents is
the most common and cost-efficient process used by indus-
try. Coffee beans are incubated in a steam bath to open
their pores and increase their moisture by 12 to 40%*227°,

Hot water
(93-104°C)

Hot water
(93-104°C)

Caffeine Rich
Extract

Figure 5. Water-based caffeine extraction scheme.

increase the solubility of caffeine and dissolve caffeine-ba-
sed complexes with other molecules. Then, they are spra-
yed with dichloromethane, dichloroethylene, hexane, me-
thylene chloride, diisopropyl ether or ethyl acetate (EtOAc)
to solubilize and remove caffeine molecules* 8226770 The
process takes approximately 10 h to remove the organic
solvent from the coffee beans.

Subsequently, the grains are dried up between 10 to
12% of humidity4, the solvent mixed with the caffeine is
processed to separate them and recover a pure extract of
caffeine which is used in other industrial applications such
as the production of medicines and carbonated drinks*7°.
In general, the solvent is separated from caffeine via dis-
tillation, thus recovering a heterogeneous solid commonly
called "coffee wax" composed of 60% caffeine and 40% of
other substances, mainly lipids (triglycerides) (Figure 6)*. In
the end, caffeine levels in the beans are reduced between
0.02 to 0.3% on a dried weight basis®®.

Trichloroethylene was used as a solvent until 1977,
when it was removed from the process because it was
considered a carcinogen. Nowadays, methylene chloride is
used as this is a more specific organic solvent than water,
but still, the process removes other compounds (eg, chlo-
rogenic acids), thus affecting the coffee's organoleptic pro-
perties. Farah et al.”? reported the analysis of decaffeinated
and roasted coffee samples of C. arabica showed a 10%
loss of chlorogenic acids compared to non-decaffeinated
and roasted samples under the same conditions.

On the other hand, the Food and Drug Administration
(FDA) and the European Union allow, in roasted coffee
beans, a maximum dichloromethane concentration of 10,47°
and 3 mg kg, respectively; However, the levels reported
by industry are 100 times lower because its boiling point is
40 °C (104 °F) and during roasting the grain is exposed to
much higher temperatures (210-240 °C) with that any resi-
due thereof that could have been left in the grain after deca-
ffeination is volatilized"®.

Additionally, the FDA allows a maximum of 10 ppm
as a residual effect of methylene chloride in decaffeinated
coffee samples. However, EtOAc is a non-chlorinated but
flammable solvent that was introduced as an alternative to
chlorinated compounds because it is considered a natural

Caffeine free
extract

Decaffeinated
beans

Activated
carbon filter

Caffeine
Extract



compound since it is present in small quantities and in cer-
tain ripe fruits*.

Currently, there are no maximum permissible limits
established for EtOAc in decaffeinated coffee*; However,
EtOAc has certain disadvantages, such as a 5 to 6% solid
leaching.

Supercritical fluid extraction (SFE)

The process is based on the patent registered in 1970
by Studiengesellschaft Kohle of Mulheim, Germany, which
demonstrated that supercritical carbon dioxide (CO,) is a
more selective solvent for caffeine. The SFE is the most
expensive process used by industry. However, it helps to re-
move metabolites from the endosperm through supercritical
fluids using different solvents that act selectively and has
the advantage of a shallow residual effect, thus eliminating
the problem associated with other decaffeination methods.

In addition, since the process is applied to raw grains,
the compounds responsible for the characteristic smell and
taste of roasted coffee are not removed, so the sensory
qualities of roasted and ground coffee, as well as those of
the beverage, are not affected.

CO, is the solvent of choice for the extraction of caffei-
ne from coffee beans because, however, it doesn't dissolve
it as efficiently as other solvents*: it is inert, it isn't corrosi-
ve, it isn't combustible, it isn't explosive, it is abundant and
cheap, it isn't toxic, it is a harmless ingredient in drinks and
food, it is easily separated from the metabolite of interest
after extraction, it has a low molecular weight, a low surface
tension and quickly diffuses into the sample. In addition, it
presents a low critical temperature (Tc: 31-31.8 °C) and cri-
tical pressure (Pc: 7.39 MPa)*73.74,

SFE can be used in industrial processes such as de-
caffeination of caffeine-containing products (eg, coffee, tea,
cocoa, mate grass, etc.) or for the recovery of specific se-
condary metabolites such as caffeine, lipids, and N-alkano-
yl-5-hydroxytryptamides (C5HTSs)®"75.

Caffeine solubility increases with increasing pressure
and temperature, which is why the process is conducted at
temperatures greater than 31 °C (87.8 °F) and pressures
above 1000 Ib per square inch™.

Raw coffee beans are soaked in water until they reach

Water +
Water steem

Organic
solvent

Coffee wax
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a 45% humidity to then be placed in a sealed container.
Then CO, is injected into it at a pressure of approximately
200 atm. CO, is specific for caffeine, so it is removed, lea-
ving behind all other secondary metabolites, thus increasing
their relative concentration.

Subsequently, the mixture of CO, and caffeine is trans-
ferred to another chamber where the pressure is released,
and the CO, returns to its gaseous state, while the caffei-
ne and precipitated lipids are passed through an activated
carbon filter. While the CO, is reused in the decaffeination
of a new batch of grain; the isolated caffeine is used in the
manufacture of carbonated beverages and medications (Fi-
gure 7)4.

Decaffeinated coffee beans have a drastic reduction in
caffeine levels (~ 0.02%), are more susceptible to fungal at-
tack™ and display a brown or yellowish color extending from
the surface across its entire transverse section*’”. Such
pigmentation is attributed to high molecular weight mela-
noidins produced by high temperatures during the Maillard
reaction”.

Melanoidins are brown water-soluble polymers that
occur when the carbonyl groups (C=0) of reducing sugars
condense with the amino groups of polypeptides (e.g., en-
zymes and proteins)”’.

Breeding of coffee varieties

A cheaper and simpler alternative that doesn't involve
the use of organic solvents, which leach other secondary
metabolites, thus altering the organoleptic properties of
coffee beans, whose residuality is not well seen by con-
sumers, is the development of caffeine-deficient varieties
through plant breeding.

Caffeine content is a highly heritable polygenic and
quantitative characteristic (strict inheritance = 0.80) in the
case of intra or inter-specific crosses*?’8, so the develop-
ment of varieties with low levels of caffeine is feasible throu-
gh crosses and selections. Selection alternatives include,
but are not limited to:

a) The development of caffeine-deficient isogenic lines
through controlled introgression between the most producti-
ve varieties of C. arabica and C. pseudozanguebariae or C.
charreriana, which don't synthesize caffeine'®. The absence

i Decaffeinated
beans

Figure 6. Scheme of caffeine extraction based on organic solvents.
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Figure 7. Scheme of caffeine extraction through supercritical fluids.

of caffeine in some germplasms is caused by the expres-
sion of a recessive gene (caf1) when it is present in a ho-
mozygous state*?.

b) Germplasm improvement based on spontaneous
mutations. The cross between highly productive varieties of
C. arabica and the Ethiopian AC1 mutant displays an avera-
ge caffeine accumulation of 0.76 mg g'*¢. The low caffeine
accumulation is attributed to a reduction in the methyltrans-
ferase activity responsible for theobromine methylation, a
caffeine's precursor, causing a systematic theobromine ac-
cumulation in plant tissues (Figure 1)%.

¢) Induced-mutation breeding. One case that exempli-
fies this alternative is the chemically induced mutant called
Decaffito which originated when a Red Catuai seed sample
was exposed to sodium azide for 48 h resulting in the inte-
rruption of theobromine methylation, which causes the latter
one to be systematically accumulated, thus interrupting the
caffeine biosynthesis®®.

This mutation follows a Mendelian segregation pattern
(3:1), which means that its expression is recessive and is
characterized by presenting smaller flowers with the capa-
city to produce viable pollen, early anthesis and a clear ten-
dency for cross-pollination®.

Metabolism

Caffeine is rapidly absorbed after ingestion?>%57°, and
due to its hydrophobic nature, it crosses the stomach and
small intestine cell membranes through passive diffusion;
Once absorbed, it passes into the plasma blood where it is

detected approximately five minutes after intake® and then
is distributed to all body tissues?5281,

It should be noted that when caffeine is ingested in iso-
lation, through drinks that contain it, its rapid absorption and
circulation in the bloodstream can be observed; however,
when its intake is produced together with food, its absorp-
tion slows down, so the concentration of the alkaloid in the
blood plasma is reduced®°.

Although the caffeine's half-life (T%2), in adults is
approximately 5-6 hours?'8 it can be extended due to a
slower metabolism, as in the case of pregnant women (T2 =
11.5-18 h)?>"525% whose caffeine metabolism slows from the
fourth month until delivery for reasons still unknown?285370,

In addition, the simultaneous consumption of nicotine
and caffeine causes an increase in T'2 of the latter due to a
slowdown in its metabolism attributed to the effect of nicoti-
ne on the metabolic functions of the CYP1A2 enzyme®. Si-
milarly, certain antidepressants such as Fluvoxamine have
the ability to inhibit CYP1A2 enzyme functions, thereby al-
tering the metabolism of caffeine and indirectly increasing
its TV5%2.

On the other hand, although there is no evidence to
show beyond any doubt that excessive caffeine consump-
tion interferes with fertilization, there are records that sug-
gest an excessive intake has been correlated with sponta-
neous abortions®8# and the consumption of more than 600
mg/day during pregnancy is capable of inducing stunted
growth and weight gain of the fetus concerning its expected
chronological development during pregnancy!:83-85,
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In addition, it isn't possible to rule out the possibility that
caffeine consumption during pregnancy impacts the fetus's
neural development with subsequent repercussions on the
individual's behavior during his life®. For all the above, the
daily consumption of caffeine for pregnant, lactating women
and for those who think about becoming pregnant shouldn't
exceed between 200 to 300 mg"56-:83.86.87,

Women who take birth control pills, children (infants T'%
=80 h & 6 months of age T'2 = 2.6 h), smokers and people
with liver disease also metabolize caffeine slowly (T2 = 50-
160 h) 2,28,52,60,84,86 which makes them more suscepti-
ble to its effects. For this reason, it is recommended that the
daily caffeine consumption for children shouldn't exceed 2.5
mg kg-1 of live weight.83

Caffeine reaches its maximum concentration (Tmax), in
blood plasma and breast milk, one hour after ingestion?1":2281
and then it is inefficiently eliminated through the kidneys as
it is rapidly reabsorbed in the kidney's tubules'7®.

Ingested caffeine is 95% metabolized in the liver by the
enzyme cytochrome P450 oxidase (Isoforms: CYP1A1 &
CYP1A2 AA)?>%3818687 jn three dimethylxanthines with phar-
macological action: (a) through a 3-N-demethylation ~ 70%
is converted to paraxanthine (1,7-dimethylxanthine), (b)
25% is transformed into a mixture of theophylline (1,3-di-
methylxanthine) and theobromine (3,7-dimethylxanthine)
through of a 1-N-demethylation and a 7-N-demethylation
respectively and finally (c) about 5% is oxidized without
demethylation to form uracil and uric acid compounds

(1,3,7-trimethyluric acid) (Figure 8)?7°81,

Subsequently, these metabolic derivatives are deme-
thylated again by turning them into the corresponding mo-
nomethylxanthines before being oxidized in uric methyl
acids and other derivatives. However, although most of the
ingested caffeine is metabolized, a small percentage (3-6%)
is excreted through the urine without changes' 32?2 toge-
ther with its metabolic derivatives??.

In addition, caffeine influences hepatic lipid metabo-
lism and has a proven antioxidant activity®° which is si-
milar to that of glutathione and more significant than that of
ascorbic acid”. In addition, caffeine’s antioxidant capacity
was evaluated in a study in which oxidative stress was indu-
ced, in rodent liver cells, through the exogenous application
of hydroxide radicals (OH-), peroxide radicals and oxygen
molecules (O,).

The results indicated that caffeine, at low concentra-
tions, could avoid lipid peroxidation caused by free radicals;
However, its antioxidant effect was more significant when
O, molecules were applied and lower when hydroxides
were used”.

Physiological effects

Caffeine exerts a psychoactive action that stimulates
the central nervous system (CNS)'®°"% because its mole-
cular structure is very similar to that of adenosine; an en-
dogenous neurotransmitter with an inhibitory effect capable
of regulating sleep and arousal”® and therefore acts as an
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antagonist of the latter one'2%2% that is to say that it com-
petes with adenosine by coupling with its receptors (ie, A,,
A Ay &A,).

The activation of the A, and A,, receptors specifically
affects the CNS because type A, receptors are distributed
throughout the brain mass with a greater concentration in
the hippocampus and hypothalamus as well as in the ce-
rebral cortex and cerebellum?'%; while type A,, receptors
are concentrated in brain regions rich in dopamine such as
the striatum, the globus pallidus and the subthalamic nu-
cleus2589% where, when activated, they promote its synthe-
sis™.

However, type A, receptors can also be found in tis-
sues not associated with the CNS (e.g., the cardiovascular
system), where when activated, they promote tissue repair,
wound healing, collagen production as well as reducing
inflammation and protecting the liver from acute inflam-
mations?®7°,

Adenosine inhibits the spontaneous release of ace-
tylcholine, norepinephrine (the hypothalamus' main neu-
rotransmitter), dopamine, serotonin, and y-aminobutyric
acid”. However, when competing with adenosine for the
same receptors (A,,), caffeine causes the opposite effect,
an increase in dopamine levels which in turn causes sti-
mulation of the CNS"8, Similarly, caffeine also increases
the blood plasma concentration of serotonin, acetylcholine,
y-aminobutyric acid and glutamate®’.

Caffeine effects aren't limited to the CNS because it
also affects the sympathetic nervous system when it inte-
racts with its primary neurotransmitters (i.e., adrenaline and
norepinephrine)?8198,

Unfortunately, the evidence indicates that caffeine at
low concentrations (10 and 20 mg kg') worsens cases of
acute liver inflammation; Conversely, at high concentrations
(100 mg kg') completely blocks inflammatory responses
through another mechanism non-related to the A,, recep-
tors’®.

The action of adenosine in both receptors has the oppo-
site physiological effects. When adenosine is coupled to the
A, receptors, it induces vasoconstriction that affects the re-
nal arterioles, which in turn translates into a reduction in
blood flow and a decrease in the filtration rate®’. In contrast,
when coupled to A,, receptors, it causes vasodilation of the
renal arterioles; However, the effect of the first cancels the
effect of the second, so the result is vasoconstriction.

However, when caffeine successfully competes with
adenosine for A, receptors, the result is vasodilation that
causes a greater rate of filtration, urine output, increased
blood flow and reduced blood pressure®'. This result is to be
expected since one property that characterizes xanthines
is their vasodilator effect, which is why they are used as
bronchodilators®26:85,

In contrast, evidence indicates that caffeine acts as a
vasoconstrictor at a brain mass level thus, it causes a de-
crease in blood flow in the brain®. If we consider that many
headaches are associated with increased blood circulation
in the brain mass, then it can be understood why several
medications formulated for migraines contain caffeine?®2,
Caffeine also can improve attention (the ability to concen-
trate on one task while ignoring less relevant ones), sur-
veillance (the ability to maintain performance in a task for
extended periods), reflexes and information processing
speed®'® at a dose < 100 mg?® within the parameters es-
tablished by the law of Yerkes-Dodson®. According to Yer-
kes-Dodson law, there is a relationship between the degree

2A7

of stimulation and the performance of an individual in such
a way that an adequately stimulated person will have a high
degree of performance and vice versa.

For example, administering caffeine to a fatigued per-
son will cause performance improvement. However, when a
state of hyperstimulation is reached, performance decrea-
ses. In such a way that when administering caffeine to a
previously stimulated individual, the obtained effect is con-
trary to the expected.

In addition, caffeine also improves long-term memory
and symptoms associated with Parkinson's disease (e.g.,
tremors) through dopamine secretion?. On the other hand,
the evidence suggests that caffeine confers a certain de-
gree of protection against the development of skin cancers
induced by ultraviolet light®?.

Finally, there is a significant correlation between the
antioxidant capacity of coffee and caffeine, which sug-
gests that the latter is an antioxidant in itself, contributing
to reducing the concentration of free radicals (eg, NO*, NO-,
ONOO, H,0,, O,, NO, & OH') in the body*.

272

Caffeine and physical fatigue

Caffeine has an ergogenic effect that reduces the fe-
eling of fatigue when performing exercises or physical
work'219 which is why athletes from multiple disciplines con-
sume it legally as a supplement®2. In addition, the ergoge-
nic effect didn't go unnoticed by many American companies
which, during World War I, offered to their workers coffee
for free since an increase in productivity was demonstrated
and by the end of 1952 80% of the companies had instituted
what is now known as the coffee break®.

However, the evidence indicates that caffeine metabo-
lism varies significantly between people in such a way that
the time required to reach the maximum blood concentra-
tion (Tmax) can range between 0.5 to 3 h®. Curiously, the
evidence suggests that the alkaloid ergogenic effects are
not linked to its Tmax, that is, that such effects are observed
under a wide range of concentrations in different individuals
as long as the concentration in the blood plasma doesn't
plummet below 15 to 20 uM®°.

Due to its proven ergogenic effect and rapid absorp-
tion through the oral mucosa, the Department of Defense
of the United States of America provides its members with
chewing gum whose formulation contains caffeine and adds
it to specific military rations®®. Consequently, it could be spe-
culated that workers who perform jobs that require high phy-
sical performance could benefit from its stimulating effects,
as in the case of athletes or those who need to remain alert
for extended periods, as in the case of drivers with nighttime
shifts, aviation pilots, hospitals' medical staff among others.

Unfortunately, due to its ergogenic effect, the Internatio-
nal Olympic Committee introduced an anti-doping program
in 1984 through which an athlete can be disqualified if their
caffeine levels reach 12 ug ml* of blood plasma which is
tantamount to consuming 9 mg of caffeine per kilogram of
live weight one hour before the test" €.

However, in 2004 the World Anti-Doping Agency remo-
ved caffeine from the list of prohibited substances due to the
difficulty of determining whether the such concentration is
due to differences in people's metabolic efficiency or to social
or intentional consumption before a sports competition €.

Caffeine and gastric acidity

Multiple reports confirm a connection between coffee
consumption and an increase in gastric acidity caused by



an increase in gastric acid (HCI) secretion'®%71% which in
some susceptible individuals or those who suffer from a
Helicobacter pylori infection can cause acute stomach acid
and gastroesophageal reflux after drinking coffee®’.

However, experiences reported by Pehl et al.'”" sug-
gest the intake of decaffeinated coffees is a viable option for
patients suffering from gastric acid and gastroesophageal
reflux. A study conducted to evaluate the effect of caffeine
on gastric acid secretion was attended by 10 healthy vo-
lunteers who were supplied with 50 ml of a control solution
(10 g of glucose in 100 ml of water), coffee drink (240 mg of
caffeine in 100 ml) and decaffeinated coffee drink (0.1 mg
of caffeine in 100 ml).

The results indicate that standard coffee increased gas-
trin secretion 2.3 three times more compared to the secre-
tion observed in controls, while decaffeinated coffee increa-
sed gastrin secretion only 1.7 times®. Gastrin is a linear
peptide secreted by the stomach parietal cells (G cells) and
has a hormonal function because it regulates the secretion
of HCI in addition to stimulating the growth of the stomach
mucosa in regions responsible for the secretion of HCI.

The evidence shows a significant reduction in the de-
gree of esophageal acidity and a reduction in the amount
of gastroesophageal reflux due to the ingestion of deca-
ffeinated coffee produced through CO," based supercritical
extraction".

Caffeine and osteoporosis

The claims that caffeine is positively correlated with
osteoporosis, in men and especially in postmenopausal
women, expressed by a reduction in bone density and an
increase in the number of fractures, are based on inconclu-
sive experiences, so the subject continues to be a scientific
debate.

Osteoporosis is a condition in which the apatite crystals
break off with the subsequent degradation of bone, and al-
though the process is also called decalcification, the truth is
that more than simply calcium is lost in the process.

In general, the data suggest that an increase in caffeine
intake reduces the efficiency of calcium absorption in the
digestive tract>%3, reduces bone density thereby increasing
the risk of fractures® while calcium and magnesium excre-
tion increases through the urine''8%? especially when the
intake exceeds 750 mg day' %; However, this can be com-
pensated through vitamin D and calcium ingestion at the
recommended dose (800 mg day)"® or through the intake
of a glass of milk per day?®.

Caffeine and alterations to the genetic code

Finally, although caffeine has a demonstrated in vitro
mutagenic capacity"'® the evidence suggests that the alka-
loid lacks mutagenic effects in humans. Caffeine lacks car-
cinogenic potential because it doesn't build complexes with
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DNA (adducts) since it doesn't covalently engage with it,
is not metabolically activated and lacks the typical structu-
ral characteristics of purine-type carcinogens. In addition,
in 1983, the Scientific Committee on Food concluded that
based on evidence, caffeine doesn't exert mutagenic, car-
cinogenic or teratogenic effects in humans at current levels
of consump-tion®®.

Despite this, there are reports that caffeine can exacer-
bate the teratogenic capacity of tobacco and alcohol.

Toxicity

Reports of fatalities caused by caffeine overdose are
uncommon, and the registered cases aren't associated
with the consumption of food or beverages rich in it but be-
cause of the ingestion of medications that contain it (Ta-
ble 3)>'28%° However, there are currently many recorded
cases of acute toxicity due to the intake of energy drinks
which, although they do not describe their caffeine content,
may contain between 70 to 180 mg of the alkaloid per can of
8 to 16 ounces or 500 mg in 24-ounce bottles®.

That is why the current US legislation limits caffeine
content to 150 to 200 mg L' in all beverages unrelated to
coffee or tea'>?2. In addition, to protect the consumer, the
law mandates that all beverages unrelated to coffee or tea
that exceed this limit should add the following note: War-
ning: Contains high amounts of caffeine?.

On the other side, caffeine's mean lethal dose (LD50)
varies according to the individual susceptibility; however it
is estimated to be ~ 200 mg kg™ of live weight, which is
tantamount to 3.5 g for an adult human being®; The LD50 is
a standard measure of the level of acute toxicity that is ex-
pressed in mg of substance per kg of live weight. The LD50
also represents the individual dose required to kill 50% of a
population of test animals.

Generally speaking, the accepted LD50 oral is 10 g of
caffeine*'2'3, in other words, 170 mg kg™ live weight'>'3,
which is equivalent to drinking between 75 to 100 cups of
coffee with the concomitant elevation of caffeine in blood
plasma between 0.5 to 1 mM; However, there are recorded
cases of deaths due to ingesting 6.5 g'2 or even 2 g of
caffeine?.

Interestingly, taking advantage of its toxicity, there are
records of the combined use of methylxanthines (i.e., caffei-
ne and theobromine) in lethal doses for the demographic
control of wild canine populations (e.g., coyotes)®.

Toxicity manifests itself in sensitive adults in various
ways such as nervousness, irritability, cardiovascular di-
sorders (ie, cardiac arrhythmia [tachycardia] or cardiac
arrest)®™'% insomnia, accelerated breathing, gastrointesti-
nal disorders (e.g., nausea, vomiting, and diarrhea)"19:102.103,
diuresis®®70.100.104 " gastric acid secretion®, seizures'®, eleva-
ted blood levels of free fatty acids and glucose'®, hyperten-
sion®691051% gnd hypotension', resistance to the peripheral

Medication mg/tablet Medication mg/tablet Medication mg/tablet
For colds: For headaches: To stay awake:

Bromoquinine. 15 Cope. 32 No-Doz. 100 a 200
For allergies: Excedrin. 32-65 Vivarin.

Sinarest. 30 Anacin. 32

Dristan.

Table 3. Over the Counter Medications that Contain Caffeine.
Reproduced with permission of Graham™ & McLellan et al.®®.
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circulation’, fever, hallucinations' and in the case of sen-
sitive adults the consumption of 100 mg of caffeine (~ 1.4
mg kg body weight) may reduce the duration of the sleep
period""%5% but the latter one can be mitigated by admi-
nistering melatonin which is a natural hormone capable of
regulating the sleep cycle™.

Although caffeine above mentioned disorders in human
physiology depends on the speed with which it is absorbed,
distributed, metabolized and excreted (through the urine),
there is also evidence that certain disorders such as social
anxiety disorder and panic disorder can exacerbate those
conditions®.

Even though regular coffee consumption leads to develo-
ping some tolerance to several of these disorders (e.g., anxiety
and increased heart rate)>"28818 the demand for decaffeina-
ted coffees has gained terrain in the international market.

On the other hand, caffeine withdrawal can cause, in
some individuals, a series of disorders that manifest approxi-
mately 20 to 40 h after the last consumption' 2682 among
which we can mention: headaches, trouble concentrating,
irritability, insomnia, weakness, anxiety, increased muscle
tension, tremor, dizziness, nausea, and vomiting?%:2:59.100,
fatigue and depression''-26.28,

Since disorders caused by caffeine withdrawal are re-
lieved by consuming it again, some researchers propose
that the beneficial physiological effects typically associated
with caffeine (eg, ergogenic effect, improved attention, con-
centration, reflexes, and processing speed, improvement of
long-term memory, etc.) are really due to the normalization
of cognitive functions in individuals who have developed a
dependence®®® who in turn develop a tolerance to caffeine
reason why with time its dose tends to be gradually increa-
sed®’,

However, regardless of regular consumption, there is
evidence that the consumer's ability to develop caffeine to-
lerance is only partial or incomplete® in part due to their ge-
nomic constitution. For example, individuals with the allelic
form CYP1A2*1F or CYP1A2 AA, both cytochrome P450,
display a rapid caffeine metabolism>3%7:1°7; Meanwhile, in-
dividuals with other allelic variations such as CYP1A2 CC
or CYP1A2*1K alleles display a slower alkaloid metabo-
|iSm85’87'107.

Curiously, although caffeine was incorporated into the
Manual of Diagnostics and Statistics of Mental Disorders
(5th edition) of the American Psychiatric Association (APA),
it has not yet been recognized as an addiction despite the
apparent disorders associated with withdrawal in those indi-
viduals who have developed a dependence . This may be
because the APA doesn't consider it a dangerous addiction
for those who develop it?, in addition to the fact that it has
been referred to as a safe substance by the United States
Department of Health and Human Services*.

Caffeine industrial applications

Annually, about 120 000 tm of caffeine are consumed™?,
usually as an additive in cosmetics, cola drinks, and energy
drinks'?27% and in the particular case of cola soft drinks,
caffeine is added to improve their flavor. In addition, caffei-
ne is also used in the formulation of certain medications
to relieve pain?®%%#2 jn combination with anti-inflammatory
analgesic formulas or with ergotamine for the treatment of
migraine'213,

There are also reports of its use together with ephedri-
ne or synephrine in weight reduction treatments®®'%3, Caffei-
ne is also used as an additive in creams for the treatment of

cellulitis due to its vasoconstrictor effect?” which also redu-
ces blood flow to the brain, which is why it is also used in the
formulation of medications for the treatment of migraines or
headaches.

|
Conclusions

When talking about caffeine, it is impossible not to talk
about tea or coffee since both are plant sources that contain
it in significant quantities and are the most consumed be-
verages worldwide. On the other hand, the fact that coffee
appears as the second export item after oil and its derivati-
ves renders the artificial synthesis of caffeine an eco-nomi-
cally irrelevant task.

Curiously, coffee occupies the second place in world
consumption after tea®®°"'% since the latter is consumed in
many countries. According to Grigg®, "for every three cups
of tea that are drunk in the world, one of coffee is consu-
med"; However, the cup of tea is cheaper than that of coffee
because 1 kg of tea produces 4 to 5 times more cups than
1 kg of coffee®.

In addition, coffee's popularity is not based on its nu-
tritional value or potential health benefits but on its plea-
sant taste and the stimulating properties of caffeine. This
seems to be supported by the latest statistics published by
the International Coffee Organization, according to which
approximately 1.4 billion cups of coffee are consumed dai-
ly%%; Furthermore, the global consumption rate has doubled
in the last 50 years because of the opening of new mar-
kets™.

Finally, the ever-increasing production is the primary re-
ason for the current low prices of this commodity in the inter-
national market, independently of the species involved (C.
arabica vs. C. canephora); As a consequence, large quan-
tities of coffee and caffeine are available to the final consu-
mers at very affordable prices. Thus, it can be concluded
that coffee and, consequently, caffeine have managed to
maintain their status to such an extent that no one considers
a significant reduction in worldwide consumption despite re-
ligious restrictions such as the fact that since roasted coffee
beans are similar in appearance to coal, its consumption is
rohibited by the Koran'".
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