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ABSTRACT: The purine alkaloid caffeine is the most widely
consumed psychostimulant drug in the world and has multiple
beneficial pharmacological activities, for example, in neurodegener-
ative diseases. However, despite being an extensively studied bioactive
natural product, the mechanistic understanding of caffeine’s
pharmacological effects is incomplete. While several molecular targets
of caffeine such as adenosine receptors and phosphodiesterases have
been known for decades and inspired numerous medicinal chemistry
programs, new protein interactions of the xanthine are continuously
discovered providing potentially improved pharmacological under-
standing and a molecular basis for future medicinal chemistry. In this
Perspective, we gather knowledge on the confirmed protein
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interactions, structure activity relationship, and chemical biology of caffeine on well-known and upcoming targets. The diversity
of caffeine’s molecular activities on receptors and enzymes, many of which are abundant in the CNS, indicates a complex interplay of
several mechanisms contributing to neuroprotective effects and highlights new targets as attractive subjects for drug discovery.

1. INTRODUCTION

The purine alkaloid 1,3,7-trimethylxanthine, better known as
caffeine (1, also termed theine, guaranine), is the most widely
consumed psychostimulant drug in the world." It acts as a
central stimulant via some well-characterized mechanisms and
also has several beneficial therapeutic effects some of which are
not yet fully understood on a mechanistic level. Caffeine is
naturally contained in seeds, nuts, and leaves of various plants
and hence found not only in coffee beans but also, for example,
in tea leaves, guarana berries, cocoa beans, and kola beans.

Caffeine consumption in the form of tea potentially dates
back to 3000 BC in China, whereas evidence for cocoa bean
use in ancient Mayan cultures as early as around 600 BC has
been found.”’ Coffee consumption goes back to the 15th
century in southern Arabia and northern Africa from where it
came to Europe.4 In 1819, caffeine was first isolated and
termed “Kaffebase” by Friedlieb Ferdinand Runge, while the
name caffeine was first used by Pierre-Joseph Pelletier.
Caffeine was later extracted also from tea under the name
theine before it was proven to be the same molecule.”’
Hermann Emil Fischer was the first to synthesize caffeine in
1895 (Scheme 1) and to elucidate its molecular structure,
which was part of his work awarded with the Nobel Prize in
1902.”

Despite many potential pathways to caffeine in plants, only
one common caffeine biosynthesis route has been discovered
but was found to be catalyzed by differentially specialized
enzymes in different species (Scheme 2).'" Caffeine biosyn-
thesis originates from xanthosine which undergoes enzymatic
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N7-methylation and concomitant deribosylation to 7-methyl-
xanthine. Another methylation step at N3 then produces
theobromine (2) before enzymatic N1-methylation affords
caffeine (1).'” The natural occurrence of caffeine is known in
several plant species where it serves as a defense mechanism to
kill insects feeding on the plant through inhibition of insect
phosphodiesterases, resulting in intracellular accumulation of
cyclic adenosine monophosphate.'*™"?

For its stimulant activity, coffee had once been banned in
various regions throughout history, for example, in Prussia,
Sweden, and Mekka between the 16th and 18th century.
Between 1984 and 2004, caffeine was a banned substance in
sport competition for (well-documented) performance-en-
hancing effects but was removed from the World Anti-Doping
Agency list in 2004.">'* Today, the caffeine content of
beverages is restricted in some regions (e.g., to max. 0.02% or
200 ppm by the FDA), while caffeine as a powder is not
regulated.

2. MEDICINAL CHEMISTRY OF CAFFEINE

Structurally, caffeine is closely related to the other natural
xanthines theobromine (2), theophylline (3), and paraxanthine
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Scheme 1. First Synthesis of Caffeine (1895) According to Fischer®’
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Scheme 2. Common Pathway of Caffeine Biosynthesis in Plants'’
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(4) and to many highly important endogenous (purine)
molecules such as the purine bases adenine (5) and guanine
(6) and the purine metabolite uric acid (7) (Scheme 3).

Scheme 3. Chemical Structures of Caffeine (1), Related
Natural Xanthines 2—4, Purines 5 and 6, and Uric Acid (7)
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The natural product (and approved drug) caffeine (1) is a
very druglike molecule (Figure 1). It complies with the rule of
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Figure 1. Properties, structure, and numbering of caffeine.

five," is moderately hgo hilic (experimental logP —0.01, other
sources logP —0.07),"°™"® and can pass biological membranes/
barriers. Caffeine (1) is well soluble in water (21.7 g/L) with
pronounced temperature-dependent solubility (66 g/L in
boiling water). All atoms of the two-ring skeleton are sp®
hybridized, rendering the xanthine structure a flat scaffold
(Figure 1).
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Caffeine also has several roles as a drug. It is found (as
caffeine citrate) on the WHO list of essential medicines for its
respiratory stimulant action to be used in neonates.'””
Additionally, caffeine as a weak bronchodilator has been
evaluated for asthma treatment, and a modest improvement of
airway function in asthma patients has been observed for oral
caffeine administration in a number of small clinical trials.”"**
As an analgesic adjuvant, caffeine has considerable pharmaco-
logical relevance in multiple coformulations with nonsteroidal
anti-inflammatory drugs (NSAIDs) for pain treatment. This
use of caffeine in combination with mostly ibuprofen or
paracetamol achieves a small but statistically significant
improvement in pain relief.”>** It has been speculated that
this effect is due to caffeine-mediated changes in bioavailability
or pharmacokinetics of NSAIDs, but current evidence indicates
that the analgesic adjuvant activity is mainly mediated through
adenosine receptor (A,,) antagonism.zs_29 In addition, several
highly attractive effects of caffeine have been observed for
example in the prevention of neurodegeneratlve diseases®* ™
and cancer immunotherapy,”** many of which seem to be
mainly mediated through effects on adenosinergic signaling
(see chapter 3).

2.1. ADMET. The pharmacokinetics of caffeine were found
to be affected by many factors, such as age, sex, hormone
levels, liver health, obesity, smoking, and diets. The half-life,
metabolism, and distribution of caffeine can hence vary
significantly between individuals (Table 1). Owing to its
moderate lipophilicity, caffeine can pass biological barriers
well. After ingestion, it is rapidly and completely absorbed by
the gastrointestinal tract reaching a bioavailability of up to
100%.* After intake of a high 5—8 mg/kg caffeine dose, peak
plasma concentrations of up to 8—10 mg/L are reached after
0.5 to 2 h. Caffeine is an effective brain penetrant, and its
stimulant effect arises after 45—60 min. The half-life of caffeine
varies remarkably in healthy adults between 2.5 to a maximum
of 12 h.*>*” Caffeine is mainly metabolized in the liver by the
cytochrome P450 (CYP) enzyme CYP1A2,* to paraxanthine
(4, ~85%) and small amounts of theobromine (2, ~10%) and
theophylline (3, < 5%).>**° In addition to the main CYP1A2-
mediated pathway, caffeine can also be metabolized by
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Table 1. Pharmacokinetic Properties of Caffeine (in Adults)

absorption

oral up to 100%
bioavailability

fome 05-2h

Cmax up to 8—10 mg/L

distribution

volume of 0.6 L/kg; brain penetrant

distribution
plasma protein  10%—36% (in vitro)

binding
half-life

metabolism

~$ h (varying)

metabolizing CYP1A2, xanthine oxidase, N-acetyltransferase 2 (NAT2)

enzymes

main paraxanthine, (theobromine), (theophylline),
metabolites 1-methylxanthine, 3,7-dimethyluric acid

elimination

excretion renal (metabolites), caffeine is reabsorbed in the tubulus

clearance ~0.078 L/kg/h (varying)

xanthine oxidase and N-acetyltransferase 2 (NAT2).*> The
main caffeine metabolite paraxanthine has similar pharmacody-
namic activity on adenosine receptors as cafteine. Theophylline
is slightly more active, while theobromine is markedly less
active on adenosine receptors (K; or IC, > 100 uM) and,
hence, has no stimulant activity.”**' The metabolites of
caffeine are renally excreted, while caffeine itself is strongly
reabsorbed in the renal tubulus.*”

Large interindividual variability in CYP1A2 enzyme activity
is the main reason for the remarkable variation in caffeine
metabolism and pharmacokinetics.”> CYP1A2 activity can be
affected by endogenous factors such as genetic polymorphisms
and hormone levels as well as exogenous contributions such as
smoking, drug intake, and diet, resulting in the high variability
of its enzyme activity.*”*> Through polycyclic aromatic
hydrocarbons which enhance liver enzyme activity, smoking
causes CYP1A2 induction, which increases its metabolic rate
by about 2-fold compared with nonsmokers.***” A study with
former smokers discovered that 3 weeks after smoking
cessation, caffeine concentration reached a maximum value
of 203% compared with caffeine consumers."® Unlike smoking,
the use of oral contraceptives (such as lynestrenol, norgestrel,
ethynodioldiac, levonorgestrel) may cause almost a doubling of
caffeine concentration as hormone levels impact on liver
enzyme activity.*>*’ Accordingly, caffeine metabolism is also
reduced in pregnancy because of the decreased activity of
CYP1A2, xanthine oxidase, and NAT2, and the half-life of
caffeine can extend to as long as 12—18 h.>”>" The slowed
caffeine metabolism during pregnancy can also affect the
unborn child.”> Moreover, daily caffeine intake leads to caffeine
accumulation in the placenta which may affect the fetus that
cannot metabolize caffeine. After caffeine ingestion, caffeine
enters the fetal circulation through the blood-placental barrier
and neither the blood-placental barrier nor the fetus possess
enzymes to break down caffeine leading to accumulation.
Epidemiological studies have shown that caffeine consumption
during pregnancy may be associated with intrauterine growth
retardation, subfertility, and spontaneous abortion.>>>° Intake
of less than 300 mg of caffeine (g)er day) were considered safe
for pregnant women’s health,”®*° but other results suggest that
less than 300 mg caffeine per day can increase the risk for
pregnancy failure.>>*’ ™" Even intake of 100—200 mg of
caffeine per day was found to increase the risk of miscarriage,
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fetal growth retardation, and low birth weight in some
studies.””"®* Moreover, treatment of pregnant rats with
caffeine in drinking water (0.1, 0.3, and 1.0 g/L) to mimic
coffee consumption decreased birth weight and affected fetal
brain development with changes in neuronal gene expression
leading to an increased number of neuronal cells. Hence,
caffeine consumption in pregnancy has also effects on
embryonal brain development in rodents, although the
relevance of these findings in humans remains to be
confirmed.®®

Apart from these effects during pregnancy, caffeine has low
toxicity and is generally considered safe.”® An LDy, value of
192 mg/kg has been reported for rats, and 10—14 g
(corresponding to about 150—200 mg/kg) is considered a
lethal dose in humans.””*® Mild drug dependence to caffeine
with withdrawal symptoms may develop with repeated
consumption.”” In the presence of certain pre-existing diseases
such as epilepsy, the central stimulant caffeine may have severe
adverse effects.””*%7°

As a substrate and inductor of CYP1A2,”""* caffeine can
interfere with various drugs that are partially or entirely
metabolized by this enzyme such as antidepressants,
antipsychotics, and cardiovascular drugs. Although relevant
interactions with caffeine are rare and restriction of caffeine
consumption is not necessary in most cases,73 there are also
reports of pharmacologically relevant interference with
caffeine.”””> For example, episodes of acute mental symptom
exacerbations (such as anxiety, agitation, abdominal pain, a
feeling of weakness, generalized stiffness, headaches, insomnia,
intense paranoid ideation) were observed in a patient with
heavy daily caffeine consumption (5—10 cups of coffee per
day) under clozapine therapy. Upon discontinuing coffee
consumption, these adverse events ceased.”> A small study with
seven schizophrenia patients demonstrated that clozapine
concentrations decreased significantly after caffeine with-
drawal. The greatest effect was observed in patients who
were heavy smokers (40 cigarettes per day).”” Concomitant
caffeine and theophylline ingestion also reduced the elimi-
nation of both compounds.””

2.2. Molecular Activities of Caffeine. Owing to its
profound and very attractive pharmacological activities (see
chapter 3) caffeine (1) has been extensively studied in multiple
biological and biochemical assays with sometimes contra-
dictory results. More than 300 pharmacological characteristics
of caffeine are annotated in ChEMBL’® (Table 2), some of
which describe modulation of protein targets at millimolar
concentrations that are not pharmacologically relevant,
however. Moreover, caffeine has an aqueous solubility of
approximately 100 mM and is very likely to aggregate and
precipitate at concentrations above this threshold because of its
planar architecture (Figure 1).

The best characterized molecular activity of caffeine is
adenosine receptor antagonism of all subtypes with ICs, values
in the range of 10 uM**"”** (A|R: 10.7 uM; Ay,R: 9.6 uM;
A,pR: 10.4 uM; AjR: 13.3 uM; values from ref 34). Adenosine
receptor antagonism is considered to mediate a majority of
caffeine’s known biological effects in human including the
analgesic adjuvant activity and neuroprotective properties.”*” >’
In addition, recent observations indicate the therapeutic
potential of adenosine receptor antagonism in cancer
immunotherapy.”** Extensive studies have been conducted
to elucidate the SAR of caffeine and derivatives on adenosine
receptors and led to the development of highly potent

https://doi.org/10.1021/acs.jmedchem.1c00261
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Table 2. Molecular Targets Tested for Caffeine as Annotated in ChEMBL or Reported in the Literature

molecular targets of caffeine (pECs, pICs, pK;)

confirmed targets
acetylcholinesterase (pICs, S.1)
adenosine Al receptor (pK; 4.3—5.0)
adenosine A2a receptor (pK; 4.3—5.6)
adenosine A2b receptor (pK; 4.5—5.0)
adenosine A3 receptor (pK; 4.9)
glycogen phosporylase (pK; ~ 4)
Notum (pICyy 4-5)
phosphodiesterases (pICs, < 4)
ryanodine receptor (pECs, < 4)

targets with controversial results or pending confirmation
bile salt export protein (pICs, < 4)
butyrylcholinesterase (pICsy < 4)

CYPs 2C19, 3A4 (n.d.)

GABA, receptors (pK; < 4)

guanine deaminase (pK; 5.0)

HERG (pICy, < 4)

nicotinic acetylcholine receptors (n.d.)
PI3-kinase (pICy, < 4.1)

organic anion transporters 1B1, 1B3 (nd.)
tailless homologue receptor (pICs, S.1)

targets where caffeine was found to be inactive

aldehyde dehydrogenase

adrenergic receptors Alpha-2a, Alpha-2b, Beta-1, Beta-2, Beta-3
angiotensin II type 2 (AT-2) receptor
bradykinin B2 receptor

cannabinoid CBI receptor

carbonic anhydrase II

caspase-1

cathepsin G

C—C chemokine receptors type 2, type 4, type S
cholecystokinin A receptor

COX-1, COX-2

cysteinyl leukotriene receptor 1

CYPs 1A2, 2A6, 2B6, 2C19, 2C8, 2C9, 2D6,2E1
dopamine receptors D1, D2, D4

dopamine transporter

endothelin receptor ET-A

estrogen receptors alpha, beta

glucocorticoid receptor

histamine H1 receptor

HMG-CoA reductase

interleukin-8 receptor A, B

leukocyte common antigen

leukocyte elastase

MAP kinases ERK1, ERK2, p38 alpha

matrix metalloproteinases 1, 9

melanocortin receptor 3, 4, 5

monoamine oxidase A

muscarinic acetylcholine receptors M1, M2, M3, M4, MS
neurokinin 2 receptor

neuropeptide Y receptor type 1

norepinephrine transporter

opioid receptors delta, kappa

phosphodiesterase SA

receptor protein-tyrosine kinase erbB-2

retinal dehydrogenase 2

serine/threonine protein phosphatase 2B catalytic subunit, alpha
serotonin 6 (S-HTj) receptor

sigma opioid receptor

sodium channel alpha subunits; brain (types I, II, IIT)
thromboxane-A synthase

tyrosine-protein kinases FYN, LCK

vasoactive intestinal polypeptide receptor 1

vasopressin Vla receptor

adenosine receptor ligands (see chapter 2.2.2). Weak
inhibition of phosphodiesterases (PDE) is another long
known activity of caffeine which has initiated elaborate
medicinal chemistry with xanthines as a natural template for
the development of potent PDE inhibitors®' ~** (see chapter
2.2.3). In addition, caffeine was found to modulate GABA,
receptors through the benzodiazepine binding site®>™*” and to
inhibit acetylcholinesterase®*™"" with intermediate to high
micromolar potencies which may be involved in CNS effects of
caffeine, as well. Inhibition of butyrylcholinesterase by caffeine
has been speculated, too, but is controversial.”’ A recent study
has also reported modulation of nicotinic acetylcholine
receptors by caffeine in an allosteric fashion.*® Reports
suggesting involvement of phosphatidylinositol 3-kinase
(PI3K) inhibition by caffeine in its biological/pharmacological
activities require further attention and validation.”””"* Caffeine
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also is an activating ligand of ryanodine receptors (RyR) which
are intracellular Ca®-release channels and essentially impor-
tant for muscle and neuronal function.””® While this activity
of caffeine has been described decades ago and was only
observed at very high concentrations (max. efficacy at >10
mM), three recent studies” ~** have succeeded in providing a
structural basis for RyR modulation by caffeine and confirmed
binding sites for caffeine in the pore region, through which it
modulates the channel open probability (see chapter 2.2.4).
Caffeine has also been speculated as weak inhibitor of the
transmembrane transporters bile salt export protein, organic
anion transporter 1B1 and organic anion transporter 1B3, as
well as the cytochrome P450 enzymes 2C19 and 3A4.'%°~'%?
While these weak activities likely have few pharmacodynamic
consequences per se, they can affect the pharmacokinetics of
other drugs. Another metabolic enzyme for which an

https://doi.org/10.1021/acs.jmedchem.1c00261
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Scheme 4. Selected Xanthine-Derived A; Antagonists
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interaction with caffeine was reported is guanine deaminase
which was inhibited in vitro by caffeine at intermediate
micromolar concentrations.'”” In vitro studies have addition-
ally observed a direct inhibition of the human Ether-a-go-go-
Related Gene (hERG) potassium channel by caffeine through
stabilization of an open state,'** but the tested concentrations
were extremely high (S and 20 mM); however, no effect was
observed at relevant concentrations.

An allosteric inhibitory activity of caffeine has also been
discovered on glycogen phosphorylase, the rate-limiting
enzyme in glucose release from (hepatic) glycogen sto-
rages. "% Glycogen phosphorylase has received considerable
attention as a potential target for antidiabetic therapy, but
interest has faded.'”” Biochemical and biophysical (SPR)
studies have determined a potency/affinity of approximately
100 uM for caffeine in inhibiting glycogen phosphorylase, and
cocrystal structures have confirmed and characterized caffeine
binding to the enzyme (see chapter 2.2.5)."%%'°® Recent
findings characterize caffeine as inhibitor of the Wnt deacylase
Notum which acts as negative feedback regulator of Wnt
signaling (see chapter 2.2.6)."%”"'° Among a number of
activities reported so far, Notum appears to be involved in
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cancer and in neuronal function.""' ™""* Very recently, we have
discovered modulation of the brain nuclear receptor tailless
homologue (TLX) by caffeine and derivatives which may
emerge as another protein target involved in the neuro-
protective properties of caffeine.

In addition to these proteins for which a direct modulation
by caffeine has been demonstrated or at least suggested,
caffeine was profiled on multiple further molecular targets and
found to be inactive (Table 2).

2.2.1. Macromolecular Complex Structures with Bound
Caffeine. As of today, the protein data bank contains 27
macromolecular structures of human proteins with caffeine as
ligand. Among them, two structures are stabilized adenosine
AR receptors complexed with caffeine (pdb IDs 3RFM,
SMPZ), 19 entries (pdb IDs ST1S, ST9S, ST9R, ST9 V,
ST9M, STON, STA3, STAZ, STAS, STB4, 6]J10, 6]1I, 6]I8,
6JIU, 6JIY, 6JRS, 6JRR, 6]JV2, 6JHN) refer to ryanodine
receptors with bound caffeine, one structure (pdb ID 6TV4)
presents the Notum complex with caffeine bound to the
catalytic pocket, and five entries (pdb IDs 3DDS, 3DDW,
3DD1, 1L7X, 1LSQ) refer to glycogen phosphorylase with
caffeine bound to an allosteric inhibitory site.

https://doi.org/10.1021/acs.jmedchem.1c00261
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2.2.2. Caffeine as Adenosine Receptor Ligand. Adenosine
receptor (ADOR) antagonism—from a medicinal chemistry
point of view—is the most intensively studied biochemical
activity of caffeine (1). The SAR of the natural product has
been evaluated on all ADOR subtypes and caffeine has served
as a lead compound for multiple potent and selective ADOR
antagonists, some of which have high relevance as tool
compounds and as drugs. The SAR and in vitro character-
ization data of caffeine and descendants as ADOR antagonists
are complex and in some cases contradictory, which is partly
due to the use of diverse in vitro test system types (radioligand
binding, cellular assay, etc.), species differences (human,
mouse, guinea pig, rat, etc.),'" and the belated discovery of
further adenosine receptors leading to a retrospective
reevaluation of potency and selectivity profiles. Medicinal
chemistry efforts on ADOR antagonist development and
optimization have been immense and have also created several
chemotypes with little structural relation to xanthines
remaining. The comprehensive SAR and developmental
history of ADOR antagonists has been summarized in several
reviews> ™' '®7*! and will not be the topic of this Perspective.
However, in the following paragraphs, we provide an overview
of the SAR of xanthines as ADOR antagonists and highlight
milestone compounds without comprehensively describing the
SAR in detail.

Shimizu et al."** reported the first evidence that caffeine
affects cAMP generation in guinea pig cerebral cortex, which
may occur through the modulation of ADORs. As G-protein
coupled receptors (GPCRs), the ADORs consist typically of
seven transmembrane helices which recognize small molecules
on the extracellular surfaces and translate the ligand signal via
G-protein mediated coupling into intracellular effects such as
the regulation of intracellular cAMP levels via adenylate
cyclase.'>"** Four subtypes of ADORs have been identified to
date, namely, A; (uniprot: P30542), A,, (uniprot: P29274),
A, (uniprot: P29275), and A, (uniprot: P33765).'° A, and
A; are coupled to Gy, and therefore inhibit adenylate cyclase,
leading to low cAMP levels, low protein kinase A (PKA)
activity, and decreased subsequent phosphorylation of the
transcriptional activator cyclic AMP response element binding
protein (CREBP). A,, and A, are coupled to G, promoting
adenylate cyclase activity, resulting in elevated cAMP levels
and higher PKA activity and also to G leading to activation of
phospholipase C (PLC) with a subsequent enhancement of
protein kinase C (PKC) activity and elevated intracellular Ca**
levels.'>0~"2¢

Extensive medicinal chemistry efforts have been made over
the last decades to elucidate the SAR of caffeine and analogues
on ADORs involving variations on almost all positions of
caffeine. Early stages have focused predominantly on the easily
accessible positions 1, 3, 7, and 8 by varying the alkylation
patterns at position 1, 3, and 7 and by introducing 8-aryl- and
cycloalkyl residues. Early studies on modifications in 7 position
indicated that no polar substituents were tolerated, and only
minor improvements in potency were achieved bgr extending
the 7-methyl to propyl, allyl or propargyl motifs.'”” Therefore,
SAR elucidation mainly focused on the remaining 1- and 3-
positions followed by extensive evaluation of the favored 8-
phenyl moiety before further/alternative expansion of caffeine
at position 8 was studied. Considerable work has also focused
on improving aqueous solubility of the compound class.

2.2.2.1. A; Receptor. Early studies report caffeine and
theophylline as nonselective (A;/A,) antagonists with affinities
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in the 5—200 uM range depending on species and tissues."*’
First, remarkable improvements toward low micromolar
affinity were achieved by introduction of a phenyl residue at
the 8-position of theophylline resulting in 8-phenyltheophyl-
line (8, ICs, 0.5 uM, Scheme 4) and 1,3-diethyl-8-phenyl-
xanthine (9, ICy, 1 uM)."*° Only three years later, Bruns et al.
reported PACPX (10, 1,3-dipropyl-8-(2-amino-4-
chlorophenyl)xanthine) with a K; value as low as 22 pM
corresponding to a factor of 70.000 improvement in
potency.””’ In a functionalized congener approach of 1,3-
dipropyl-8-phenylxanthine, Jacobson et al. discovered further
highly active xanthine derivatives with nanomolar affinities for
A, and for A, including XAC (11,N-(2-aminoethyl)-2-[4-
(2,3,6,7-tetrahydro-2,6-dioxo-1,3-dipropyl- 1 H-purin-8-yl)-
phenoxy]-acetamide), which was also used as an A;-selective
radioligand in subsequent studies because of its high affinity
(0.17—3 nM depending on species).”*”'** The early SAR
results demonstrated that larger linear N-propyl substituents at
positions 1 and 3 as well as introduction of an 8-phenyl moiety
were favored for A, receptor affinity and further potent ligands
complying with this pattern were developed (12—14, 16). The
8-phenyl substituent was soon successfully replaced with
cycloalkyl moieties (15, 17—19) leading to potent and
selective A; receptor antagonists with DPCPX (15,8-cyclo-
pentyl-1,3-dipropylxanthine, K; 0.46 nM, A,/A; 740-fold
selectivity),"”* KW-3902 (17,1,3-dipropyl-8-(3-noradamantyl)-
xanthine, K; 1.3 nM, A,/A; 290-fold selectivity),*> and ENX
(18,1,3-dipropyl-8 [2-(5,6-epoxy)norbornyl]xanthine, K; 0.95
nM, A,/A; 400-fold selectivity)136 as most notable examples.
Simultaneously, the limited aqueous solubility of xanthine-
based ADOR antagonists was addressed as a prerequisite for
further consideration of the compound class in therapeutic
applications. The first potent caffeine derived ADOR
antagonist 8 comprised a low aqueous solubility <10 uM.
Early improvements were achieved by introducing polar,
ionizable groups such as p-sulfophenyl (13, aqueous solubility
>20 mM, K, 4.5 uM, nonselective) and p-carboxyphenyl (14,
aqueous solubility 90 uM, K; 3.0 uM, nonselective), which also
caused a significant loss in potency on ADORs, however."*” A
quantitative structure activity relationship (QSAR) approach
succeeded in retaining high ADOR affinity and enhanced
aqueous solubility with further 1,3-dialkyl-8-p-sulfonamide-
theophyllines such as 12 (K; 6.5 nM, aqueous solubility 19.9
mg/mL = 43 mM)."** Similarly, Daly et al. extended the para
substituent of the 8-phenyl residue to obtain 1,3-dipropyl-2-
hydroxy-4-[ (carbamoylmethyl) oxy]phenylxanthine (16, K; 6.5
nM, aqueous solubility 5.6 mM, A,/A; 190-fold selective).'*”
Kiesman et al. prepared a set of 1,3-substituted 8-cyclohexyl-
and 8-bicyclo-[2.2.2]octylxanthines and discovered BG9928
(19,3-[4-(2,6-dioxo-1,3-dipropyl-2,3,6,7-tetrahydro-1H-purin-
8-yl)-bicyclo[2.2.2]oct-1-yl]-propionic acid, K; 7.4 nM, aque-
ous solubility 59 mM, A,,/A; 915-fold selective, A,z/A; 12-
fold selective) as a potent and selective A, antagonist with
preferable bioavailability profile."*’

2.2.2.2. Ay, Receptor. A first tendency toward A, selective
xanthine derivatives has been reported by Ukena et al. with
DMPX (20, 3,7-dimethyl-1-propargylxanthine) and 7-propyl-
1,3-dimethylxanthine (21) as A, receptor antagonists with an
A,/A, selectivity ratio of 10—20 (Scheme 5)."*" DMPX also
demonstrated improved in vivo efficacy against 5'-N-ethyl-
carboxamidoadenosine (NECA)-induced hyperthermia com-
pared with caffeine.'** Further improvement in A, selectivity
resulted from 8-cycloalkyl (cyclopentyl and cyclohexyl)
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Scheme S. Selected Xanthine-Derived A,, Antagonists
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caffeine derivatives, which seemed contradictory at a first
glance since 8-cycloalkyltheophyllines were predominantly
found as A;-selective.'” Alternatively, an (E)-3,4-dimethox-
ystyryl group at position 8 of 1,3-dialkyl-7-methylxanthines
(22) produced high potency and selectivity toward A,, but
aqueous solubility was poor (<10 ug/mL)."**'*> Further SAR
elucidation of 8-styryl-1,3,7-alkylxanthines by Jacobson et al.
revealed meta substitution on the styryl ring as crucial for
potency and selectivity.'*® CSC (23, 8-chlorostyrylcaffeine, K;
54 nM, A,/A, 520-fold selectivity) emerged as a first potent
tool compound for A,.'*” Despite having concomitant
monoamine oxidase B (MAO-B) inhibitory potency (~100
nM),'** CSC served as lead structure for the development of
KW-6002 (24, Istradefylline, (E)-1,3-diethyl-8-(3,4-dimethox-
ystyryl)-7-methylxanthine), which has received considerable
attention for its high potency and selectivity toward A,,. It is
approved in Japan'*’ and the United States (trade name
Nourianz)'*" to treat “off time” in Parkinson’s Disease. Very
recent studies have reported novel pyrimido[2,1-f Jpurinedione
based A, antagonists as exemplified by 25 (K; 264 nM), which
also act as monoamine oxidase B (MAO-B) inhibitors.'>"'**
2.2.2.3. A,z Receptor. Enprofylline (26, 3-propylxanthine,
Scheme 6) was reported in 1982 as the first xanthine
comprising preference for A,;">”"** but it took until 2000
before the potent caffeine-based A, antagonists MRS 1706
(27, K; 1.39 nM), MRS 1754 (28, K; 1.97 nM),">* and PSB-
1115 (29, K; 53.4 nM) derived from XAC (11) were
described. The latter example lacks the common 3-propyl
substituent and displays favorable aqueous solubility because of
its 8-p-sulfophenyl moiety.'*® Furthermore, bioisosteric
replacement of the amide linker of XAC (11) with an 1,2,4-
oxadiazole yielded the potent and highly A,z selective
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antagonist CVT-5540 (31, K; SO nM, A;/Ayz > 200, A,,/Az
> 200 and As/A,y > 167-fold selectivity).””’ Concomitantly,
Baraldi et al. reported a large series of xanthines comprising a
heterocycle in 8-position thereby introducing the N-methyl-
pyrazole as structural feature that was later incorporated in
several other ADOR antagonists. MRE2029F20 (30, K; 5.5
nM) was the most active compound of the series.>® Later
examples of 8-pyrazolo-1,3-dialkylxanthines include 32-
35597192 34 (K, 4 nM, A, /A,y 183 fold selectivity, Ayy,As/
Ay > 250 fold selectivity) and 35 (K; 9.4 nM, A;/A,5 269 fold
selectivity, Ays,A3/Ayp > 106 fold selectivity) were obtained by
using a comparative molecular field analysis approach
(CoMFA) based on 52 8-pyrazoyl xanthines with known
biological activity to predict several potent and selective
derivatives.'®” Recent progress in xanthine based A,y
antagonists has been made in the linker region of the 8-
substituent by replacing the previous amide linkers with a
linear 1-prop-2-ynyl moiety (36, K, 13 nM)'® or with
heterocyclic groups (e.g, pyrrolidinone and piperazine, 37,
K; 4.5 nM). The latter heterocyclic modifications also provided
advantages regarding gharmacokinetics with a bioavailability of
65% for 37 in mice.'**

Another notable series of caffeine inspired A,y antagonists is
based on a 9-deazaxanthine scaffold commonly equipped with
an 8-phenyl residue that is further extended with a piperazine
or piperidine linked aromatic tail. Several highly potent and
selective A,y antagonists of this chemotype have been
developed such as 38 (K; 1 nM, A;/A,; 183-fold selectivity,
As/Ayp 12660-fold selectivity) and 39 (K; 2 nM, A;/A,; 44-
fold selectivitzf, Ayp/Asp 159-fold selectivity, A;/A,z 180-fold
selectivity).' %1%

2.2.2.4. A; Receptor. Compared to A, and A, receptors, less
SAR knowledge is available on xanthines as A; receptor
antagonists (Scheme 7). I-ABOPX (40, 3-(3-iodo-4-amino-
benzyl)-8-(4-oxyacetate)phenyl-1-propylxanthine, K; 18
nM)'” was one of the first potent A; antagonist tool
compounds, and N7-ribosylated 1,3-dibutylxanthine was
another early reported but rather weak ADOR antagonist (6
uM) with a slight A; preference.'®® Its subsequent structural
optimization produced the more potent and selective analogue
41 (K; 229 nM, A,/A; 160-fold selective and A,,/A; > 400-
fold selective) comprising a S-N-carboxamidoriboside at
position 7./ Later xanthine inspired A; antagonist gen-
erations are based on tricyclic scaffolds such as pyrido[2,1-
f]purine-2,4-diones and imidazo[2,1-f ]purine-2,4-diones in-
corporating the former xanthine moiety. 42 (K; 4.0 nM) 179 and
45 (K; 0.8 nM, selectivity over A, and A, > 1250)""" are
highly optimized selective A; antagonists of these series.
Imidazo[2,1-i]purin-S-ones are another noteworthy class of
xanthine-derived A; antagonists. Because of an additional basic
nitrogen, potent A; antagonist examples of this series such as
PSB-11 (43, K, 2.3 nM, A, /A, 190-fold selective, A,/A, > 900-
fold selective)'’* and PSB-10 (44, K, 0.433 nM, selectivity over
A; and A, > 800)'” provide improved aqueous solubility.
Important progress in A; antagonist development has lately
been achieved with the pyrido[2,1-f]purine-2,4-dione skeleton
of 42 by studying the residence time (RT) to elucidate
structure—kinetics relationships (SKR). 46 (K; 0.38 nM, RT =
376 min)'"* emerged as a valuable lead compound with a long
RT which is considered as an important feature for in vivo
efficacy. Moreover, 47 (K; 27 nM)'”® comprising a
fluorosulfonyl warhead attached to the xanthine N-3 via a
flexible linker, has recently been reported as a covalent A,
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Scheme 6. Selected Xanthine-Derived A,z Antagonists. Inset Shows 9-Deazaxanthines
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antagonist. It was designed to form a covalent bond with
Tyr265 of the A; receptor through a nucleophilic substitution
at the sulfonyl group which was confirmed by site directed
mutagenesis.

2.2.2.5. Xanthine Bound Adenosine Receptor Structures.
From the structural biology point of view, A,, is the most
elucidated adenosine receptor subtype with more than 50
solved cocrystal structures, five of which comprise a bound
caffeine derivative as ligand (pdb IDs 3REY, 3RFM, SMZ],
SMZP, SN2R). In addition, a cocrystal structure of A,
complexed with a caffeine derivative has been solved (pdb
ID SN2S). The xanthine derivative PSB36 has been cocrystal-
lized with both the A; and A,, subtypes and hence provides a
valuable basis for comparative evaluation of the ligand—
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: L 176177 T
receptor interactions. Overall, the caffeine binding sites

of A; and A,, receptors are very similar. In the A, receptor
binding site, the xanthine scaffold participates in a hydrophobic
contact with Leu250 and in z-stacking with Phel71. In
addition, the 6-carbonyl oxygen and the 7-nitrogen of the
xanthine core form hydrogen bonds to the Asn254 side chain
(Figure 2). This binding mode of the basic xanthine scaffold is
conserved in other xanthine bound ADOR cocrystal structures.
Interestingly, despite forming one hydrogen bond less to
Asn254 due to the N7 methyl substituent, caffeine has
comparable adenosine receptor affinity as theophylline.'”
Compared with A}, the A,, receptor binding site is narrow,
which affects the accommodation of bulky alkyl substituents on
N1 and N3. Therefore, PSB36 is shifted deeper into the

https://doi.org/10.1021/acs.jmedchem.1c00261
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Scheme 7. Selected Xanthine-Derived A; Antagonists
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binding cavity in A, than in A, ,. Steric hindrance by Met270 in
A,, toward the 8-noradamantyl substituent provides further
structural explanation for the accommodation of bulkier
ligands by A, bearing Thr270 at this position (Figure 3).
Mutagenesis studies have confirmed this assumption.'’®
2.2.3. Caffeine as Phosphodiesterase Inhibitor. Inhibition
of cyclic nucleotide phosphodiesterases (PDE) also was one of
the first biological activities of caffeine to be discovered.'”*'””
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Figure 2. PSB36 bound to the A, receptor (pdb ID SN2S).
Interacting amino acids are highlighted.

Figure 3. Superimposed structures of A; (green, pdb ID SN2S) and
Ay, (gray, pdb ID SN2R) receptor in complex with PSB36. The
bulkier Met270 in A,, affects binding of bulky 8-substituents, while
Thr270 of A, provides more space to ligands.

It has inspired vast efforts of medicinal chemistry in PDE
inhibitor design, leading to the development of potent and
selective inhibitors of the 11 PDE isoenzymes in humans. The
majority of PDE inhibitors comprises a two-ring scaffold to
mimic the purine respectively xanthine structure of PDE
substrates and early inhibitors. Caffeine and theophylline were
found to inhibit most human PDEs with weak potency in the
high micromolar range. After the discovery of caffeine and the
related xanthines theophylline and theobromine inhibiting
PDEs, multiple alkylxanthines were developed to optimize
potency and selectivity.'’® 3-Isobutyl-1-methylxanthine
(IBMX, 48) was the first widely used nonspecific PDE
inhibitor that blocks all PDEs except PDES, PDE9, and PDE11
at low micromolar potency.'*” Particularly (bulky) substituents
in positions 2 and 9 of the underlying purine scaffold were
characterized as major switches to tune potency and selectivity
toward some PDEs (PDE1, PDE2, PDE4, and PDES), while
among other PDEs, scaffolds have evolved that markedly differ
from caffeine/xanthines.”®'8%182 Notable PDE inhibitors
comprising structural elements of caffeine are (Scheme 8),
for example, pentoxyfylline (49) as a weak nonselective PDE
inhibitor, the selective PDE2 inhibitor BAY607550'%* (50,
IC;, (PDE2) 4.7 nM), and the PDES selective dru§s
sildenafil'** (51, ICy, (PDES) ~ 10 nM) and vardenafil'*®
(52, ICy, (PDES) < 1 nM).

Caffeine has not been cocrystallized with a PDE but
structural insight can be obtained from IBMX-bound complex
structures of PDE3, PDE4, PDES, and PDE9 (Figure 4). The
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Scheme 8. PDE Inhibitors with Structural Relationship to
Caffeine (Examples)
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Figure 4. IBMX (48) bound to PDES (pdb 1RKP).

xanthine binds close to the catalytic site of PDEs which in
PDES is composed of His617, His653, Asp654, and Asp764
that complex Mn?* and Zn®" as the catalytic center. IBMX
binds to the same hydrophobic region of the pocket as the
adenine or guanine motif of the PDE substrate and forms a z-
stacking contact with Phe820. In addition, the carbonyl groups
of IBMX participate in three H-bonds involving the side chain
of GIn817 and two bound water molecules, which is a rare
feature among the characterized xanthine binding sites since 7-
stacking and hydrophobic contacts usually dominate xanthine
binding (see following chapters). Binding modes of IBMX in
PDE3, PDE4, and PDE9 are very similar (not shown).

2.2.4. Caffeine as Ryanodine Receptor Modulator.
Ryanodine receptors are exceptionally large (~500 kDa per
subunit), tetrameric intracellular Ca?* channels located at the
endoplasmic or sarcoplasmic reticulum membrane and

essential for intracellular Ca®* mobilization. Three RyR
isoforms have been identified of which the RyR1 is mainly
found in skeletal muscle, RyR2 in myocardium, and RyR3 is
ubiquitously expressed with high abundance in the CNS. Their
activity is particularly important for muscle function in skeletal
(RyR1) and cardiac (RyR2) muscles as well as for neuronal
activity (RyR1, RyR2, and RyR3) by involving in excitation-
contraction coupling and in neurotransmitter release.”’**'%®
RyR are sensitive to activation by cytosolic Ca** and thus
mediate Ca**-induced Ca®* release.'”® Additionally, several
cellular signaling molecules are known to modulate RyR such
as ATP and adenosine.'®® Early studies”’® have detected
enhanced ryanodine binding to RyR and increased mean open
time of RyR in the presence of caffeine, providing a
mechanistic basis for previous observations that caffeine can
induce muscle contraction'®” and intracellular Ca®*-release
from endoplasmic reticulum.'**'®” Therein, caffeine enhanced
RyR Ca?* affinity and revealed synergistic activity with adenine
nucleotides, suggesting different binding sites.'”®  Several
studies have demonstrated that caffeine also activates RyR in
neuronal cells."”'™'?* These effects were, however, only
demonstrated in vitro and observed at supraphysiological
concentrations (1—20 mM) so far. Despite the hypothesis that
sensitization of RyR by adenosine or other endogenous
molecules increases potency of caffeine on RyR,'”* a
physiological/pharmacological role of RyR modulation by
caffeine remains to be confirmed.

Several cryo-EM structures have recently revealed the
binding site of caffeine on RyR1 and RyR2 and elucidated
activation and gating mechanisms.”’~”” Caffeine binds to four
sites at the cytosolic side of tetrameric RyR (Figure S) on the
C-terminal domain which directly interacts with the pore helix.
Both Ca®* and ATP were discovered at different binding sites
but in close proximity to caffeine. Binding of Ca®" induces
contraction of the central domain serving as a prerequisite for
opening of the channel pore in a long-range allosteric
mechanism. Caffeine binding leads to a constitutive contrac-
tion of the central domain which is further strengthened by
ATP binding thereby explaining the synergistic activity of
caffeine and adenine nucleotides. The caffeine binding site
(one of four as example) is mostly defined by lipophilic amino
acids (Phe371S, Trp4646, 1le4927, Tyr494S, Trp4646,
Trp4942). Caffeine is sandwiched between Trp4646 and
Ile4927 involving m-stacking with Trp4646 as a likely major
contribution to binding. The caffeine binding site on RyR

Figure S. Binding of caffeine to ryanodine receptor (pdb 6JRS). One binding site is shown.
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Figure 6. Glycogen phosphorylase with bound caffeine (pdb 1LSQ). Caffeine is shown in magenta, and N-acetyl-f-p-glucopyranosylamine is

yellow.

Figure 7. Notum in complex with caffeine (pdb 7TV4). Caffeine is shown in magenta, and the catalytic triad of Notum (Ser232, Asp340, and

His389) is yellow.

provides several opportunities for structural extension and
optimization.

For their crucial involvement in regulating intracellular Ca**
homeostasis and excitation coupling, RyR arise as potential
therapeutic targets in multiple diseases such as neuro-
degeneration, myopathies, malignant hyperthermia, and
cardiovascular diseases.'”>™'*® For several such conditions,
an association with mutations in RyR has been ob-
served.'”>™""® Apart from the RyR antagonist dantro-
lene,"””** tool compounds to pharmacologically validate
RyR as therapeutic targets are lacking, however. The recent
mechanistic findings on RyR modulation by caffeine and the
pharmacological potential of RyR modulation may elicit
stronger efforts to develop optimized RyR activators. Recent
studies have reported high throughput compatible screening
systems to characterize small molecule RyR modulators and
discovered novel RyR ligands with higher potency than
caffeine.”' ~**” This progress provides a very valuable basis
for medicinal chemistry toward potent RyR modulators which
may also profit from structure-based design using the recently
reported macromolecular RyR—caffeine complexes.

2.2.5. Caffeine as Ligand of Glycogen Phosphorylase.
Glycogen phosphorylase catalyzes the rate-determining step of
glycogenolysis and mediates the cleavage of glucose-1-
phosphate from glycogen, thereby controlling the release of
glucose from (hepatic) stores."”>' It is hence considered as a
potential drug target to treat type 2 diabetes and related
diseases. The enzyme has the special ability to switch between
active and inactive states depending on an allosteric re§ulatory
mechanism with several allosteric binding sites.'>**® While
AMP activates glycogen phosphorylase, glucose acts as an
allosteric inhibitor by stabilizing the enzyme’s inactive state as
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a negative feedback to block glycogen cleavage.'*>'%%%%21°

Caffeine was discovered as an allosteric modulator of glycogen
phosPhor lase and has synergistic activity with glu-
cose. ">1%*1% 1t inhibited the enzyme alone and in the
presence of the activator AMP.>'® An ICj, of 92 uM has been
determined for caffeine alone, while addition of 0.2 mM AMP
elevated the ICs, to 360 uM.”'" The combination of glucose
and caffeine has been reported to increase potency by 2- to 3-
fold in the presence and absence of AMP.”'* In accordance
with the ICyo, SPR measurements have revealed an affinity of
approximately 100 uM for caffeine binding to the purine
binding site of apo glycogen phosphorylase.'”'*® The related
xanthines 2 and 3 have slightly lower affinities. Medicinal
chemistry efforts have yielded potent optimized ligands of both
the catalytic site and the allosteric purine binding site but the
compounds share little structural similarity with caffeine.'*”*"!

Caffeine has been cocrystallized bound to the allosteric
binding site of glycogen phosphorylase with a variety of
synthetic inhibitors bound to the catalytic site. Caffeine binds
between two aromatic residues (Phe285 and Tyr613) to
engage 7-stacking interactions (Figure 6). Both carbonyl
oxygen atoms participate in water-mediated H-bonds to the
protein backbone. Caffeine does not fully occupy its ample
binding pocket which particularly offers additional space in the
1-, 3-, and 8-positions, and was found to accommodate also
markedly larger molecules such as riboflavin.'”> The glucose
binding site is located close to caffeine, rationalizing their
synergy in modulating glycogen phosphorylase and a cross-talk
between both binding sites.

2.2.6. Caffeine as Notum Inhibitor. Notum is a hydrolase
enzyme found in humans and other metazoans, and was long
considered as a secreted phospholipase cleaving, for example,

https://doi.org/10.1021/acs.jmedchem.1c00261
J. Med. Chem. 2021, 64, 7156—7178


https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00261?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00261?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00261?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00261?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00261?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00261?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00261?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00261?fig=fig7&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c00261?rel=cite-as&ref=PDF&jav=VoR

Journal of Medicinal Chemistry

pubs.acs.org/jmc

heparan sulfate proteoglycans from cell surfaces, before it was
identified as important feedback suppressor of Wnt signal-
ing.'"”” Therein, Notum also acts as a carboxylesterase,
removin$ palmitoleate moieties from Ser187 on Wnt
proteins.'”” Through this deacylation of Wnt proteins,
Notum was found to inhibit Wnt signaling since the
palmitoleate modification is required for formation of the
Wnt-Frizzled complex and subsequent signal transduc-
tion.'””*'* Caffeine was discovered as an inhibitor of Notum
with a binding affinity of 85 uM according to SPR
measurements.''© Moreover, caffeine blocked the activity of
purified Notum with an ICg, value of 19 #M and restored Wnt
signaling in a cellular reporter assay with an ECy, value of 46
uM."" Related xanthines were reported as markedly less active
(theophylline, K3 7 mM) or inactive (theobromine, para-
xanthine)."'’ Co-crystal structure elucidation of Notum in
complex with caffeine revealed binding of caffeine at the active
site close to the catalytic triad (Ser232, Asp340, and His389,
Figure 7)."'" The alkaloid is bound in a very hydrophobic
environment, which accommodates the lipophilic tail of the
substrate palmitoleate, and engages a n-stacking interaction
with Phe268. The free 8-position of caffeine points toward the
catalytic triad. Considerable unoccupied space, and optimiza-
tion potential seems to be available for development of caffeine
derived high potency inhibitors of Notum. Since dysregulation
of Wnt signaling has been implicated in various diseases
including neurodegeneration and cancer, Notum inhibitors
might hold great therapeutic potential. In the field of
Alzheimer’s Disease and other neurodegenerative pathologies,
brain-penetrant Notum inhibitors need to be developed for
which the discovery of caffeine binding to Notum and the
associated structural information will be very valuable. In
addition, Notum inhibition presents as another potential part
of the complex puzzle of pharmacodynamic actions of caffeine,
especially regarding its neuroprotective properties.

3. PHARMACOLOGICAL EFFECTS OF CAFFEINE

3.1. Pain and Headache. As an analgesic adjuvant,
caffeine is found in many OTC formulations usually in
combinations with acetaminophen, acetylsalicylic acid, or
ibuprofen to treat headache and mild pain. Analgesic adjuvants
do not have an analgesic effect on their own but enhance the
effect of other analgesic agents.”'” It has been suggested that
the analgesic adjuvant effect of caffeine may arise from its
ability to promote absorption of analgesics by rapidly lowering
gastric pH, thus affecting the pharmacokinetics of coadminis-
tered drugs.24 Current evidence, however, rather points to
adenosine-receptor-mediated activity involving the vasocon-
strictor effects of A,, blockade as a mechanistic basis of
analgesic adjuvant properties.27’34’214 A meta-analysis of 30
clinical trials with 10000 patients with postpartum uterine
cramping, episiotomy pain, postsurgical pain or headache
receiving acetaminophen or acetylsalicylic acid with or without
caffeine, found that an approximately 40% higher dose of the
analgesic was needed without caffeine to achieve the same
effect as the combined treatment.”"® In addition to the
analgesic adjuvant use, a number of studies also point to
moderate analgesic effects of caffeine monotherapy. A dose of
300 mg (oral) or S00 mg (intravenous) caffeine was shown to
provide relief for patients with postdural puncture headache
compared with placebo.”'**'” A moderate analgesic effect was
also observed with 100 mg of caffeine in patients with tension-
type headache or migraine.
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3.2. Apnea of Prematurity. Caffeine and theophylline are
important drugs to treat neonatal apnea. Caffeine is preferred
for its longer half-life and greater therapeutic index. A} and Ay,
antagonism is considered as the main mode-of-action of
xanthines in this indication.”'” A 2001 Cochrane Review of five
clinical trials with a total of 192 preterm infants demonstrated
that infants with apnea during the first 2—7 days benefited
from treatment with a methylxanthine.””” In a large study
involving 2006 infants with birth weights between 500 and
1250 g, the therapeutic use of caffeine (20 mg/kg initial dose, 5
mg/kg maintenance dose) resulted in a lower risk of death or
clinical disability and reduced the incidence of cerebral palsy
and cognitive delay.”'

3.3. Cardiovascular Health. Effects of caffeine on
cardiovascular disease (CVD) have been studied for many
years with contradictory results. Depending on the study,
caffeine consumption was found to increase, have no effect, or
decrease CVD risk. Linking, comparing, and evaluating these
multiple studies is difficult, however, because the consumed
amount of caffeine differed and was reported in different ways
ranging between precise milligram amounts of caffeine to
undefined cups of coffee. Another issue of several studies is the
lack of placebo control which was in some cases defined as
decaffeinated coffee, while other studies compared coffee
drinkers and noncoffee drinkers. Potential cardiovascular
effects reported for caffeine must hence be evaluated with care.

Nineteen observational cohort studies examined the
association of caffeine consumption with CVD risk. The
number of participants ranged between approximately 1000
and 100000 with varying levels of coffee consumption.
Caffeine was not taken in pure form but ingested through a
beverage. Other ingredients of the drinks might hence be
involved in the observed effect. Nonconsumers were analyzed
as the control group. One study showed an increase in CVD
risk as a function of age in adults who drank one or more cups
of coffee compared to participants who consumed less than
one cup. The correlation was weak, however, as also noted by
the authors.””” Four large cohort studies with participant
numbers ranging from 3837 to 82 369 showed a statistically
significant reduction of CVD risk in participants who
consumed coffee or tea with up to a caffeine intake of >665
mg caffeine/day compared with nonusers or the lowest intake
group.”>***° Five other studies with participant numbers
ranging from 6954 to 402 260 showed a protective effect for a
caffeine consumption of up to 400 mg/day against CVD in a
long follow-up period (8—28 years). No statistically significant
change in CVD risk was observed in the group with high
caffeine consumption between 400 and 600 mg/day compared
with the group with lower consumption and the non-
consumers.””’ ' Nine further studies detected no statistically
significant changes in CVD risk with caffeine consump-
tion.””7** A 2013 meta-analysis pooled 36 studies with
1279 804 participants and 36 352 cardiovascular disease cases
and found a nonlinear association between coffee consumption
and cardiovascular disease risk. The lowest risk of cardiovas-
cular disease occurred with 3—5 cups per day, and no
increasing risk was found with heavy coffee consumption.”*!
Overall, moderate caffeine consumption with an intake of
100—400 mg per day might have some CVD protective effect,
while evidence for beneficial effects of higher caffeine intake is
weak.

3.4. Energy Drinks. Reports on potentially severe adverse
cardiovascular effects of energy drink (ED) consumption draw
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a different picture. In addition to coffee and tea, they have
become a major source of caffeine intake and are particularly
popular among adolescents and young adults also mixed with
alcoholic beverages. The caffeine content of EDs varies
between 32 and 134 mg of caffeine per 100 mL,”** and
additionally, EDs usually contain taurine, glucuronolactones,
guarana, and vitamins.*** Although some EDs do not exceed
the caffeine content of coffee, caffeine uptake is enhanced since
hot coffee is consumed slower and the caffeine is absorbed
over a longer period of time.”** Health risks associated with
EDs are primarily attributed to the contained caffeine. Caffeine
overdoses can cause arrhythmias, tachycardia, hypertension,
palpitations, nausea, vomiting, stimulation of the nervous
system, metabolic acidosis, convulsions, and in rare cases
death.”* Special care must also be taken when (excessive)
caffeine intake is combined with physical exercise since it has
been associated with diminished coronary artery flow reserve
and enhanced myocardial oxygen demand.*** A systematic
review”"” has identified 17 cases of severe adverse events
including two sudden deaths after ED consumption between
2001 and 2013. Even more alarming, 18 sudden deaths related
to the consumption of EDs from various manufacturers were
reported to the FDA between January 2004 and October 2012.
The reported cases include healthy teenagers who died from
cardiac arrhythmias and cardiac arrest but also have various
confounding variables such as concomitant drug abuse, genetic
predisposition, and heavy exercise.”*® Some recent case
reports**>*° provide further evidence for cardiomyopathy
and acute kidney injury upon excessive ED consumption (up
to 650 mg/d caffeine).

3.5. Neurodegenerative Diseases. Several lines of
evidence point to a role of caffeine and coffee consumption
in neurodegenerative diseases such as Alzheimer’s Disease
(AD), and Parkinson’s Disease (PD). Epidemiological studies
suggest especially a protective role of caffeine against these
pathologies. In a transgenic mouse model of AD, caffeine
administration (~1.5 mg/day) in young adulthood (4 months
of age) led to improved memory performance and lower brain
amyloid-ff protein levels in later life of the mice (9 1/2
months). In addition, transgenic mice (18—19 months of age)
that already showed cognitive impairment revealed restored
memory function and brain amyloid-f levels after 2—3 months
of treatment with caffeine in drinking water (0.3 mg/mL). The
result was seen after 1-2 months of treatment with
caffeine.””"*** An inverse correlation between moderate
caffeine/coffee consumption and risk of developing AD has
also been discovered in several longitudinal studies in
humans.”?>**%*>* A case-control study’® examining the
caffeine intake of 54 patients with probable AD (73.9 + 97.9
mg per day) versus 54 cognitively healthy patients (198.7 +
135.7 mg per day) of matched age and sex over a 20-year
period found a significant inverse association of caffeine
consumption with AD. In a 10-year prospective cohort
study”™* of 676 participants born between 1900 and 1920,
men who drank coffee daily showed less cognitive decline than
men who did not drink coffee. The least cognitive decline was
seen with three cups of coffee per day. Similar results were
obtained in a 21-year cardiovascular risk factors, aging and
dementia study”' with 1409 participants which also detected
the lowest risk of developing AD with a daily coffee
consumption of 3—5 cups.

A connection between caffeine/coffee consumption and
lower PD risk is best documented. Multiple studies have shown
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that moderate consumption of caffeine can reduce the risk of
developing PD without significant side effects on the
cardiovascular system, bone status, or incidence of can-

er, 09812557268 One of the first studies in this context
involving 8004 participants showed a reduction in the PD risk
by S-fold in participants who drank coffee (>421 mg caffeine
per day) compared with noncoffee drinkers. In this study, the
PD risk decreased with increasing coffee consumption.””® A
meta-analysis of 13 studies with a total of 901 764 participants
also found an association between coffee intake and the risk of
developing PD. With each 200 mg/day increase in caffeine
consumption, the risk of PD decreased by 17%. The maximum
protective effect was found for 3 cups of coffee per day,’ and it
was found that the effect of coffee on reduced risk of PD is
largely due to the contained caffeine.””

The PD risk is not evenly distributed among the sexes and is
lower in women than in men.”®® In postmenopausal women,
an association was found between coffee consumption,
hormone intake, and PD risk. Women with low caffeine intake
(68 mg/day) had a lower risk of PD when they received
hormone replacement therapy than without hormone intake.
Only high caffeine intake (six or more cups of coffee, >688
mg/day caffeine) increased the PD risk in women with
hormone replacement therapy compared with women who
never drank coffee.”*®

Although some studies failed to detect beneficial effects of
sk,”972%% protective effects of caffeine
regarding PD risk are well documented, but the promising
neuroprotective effects of caffeine require improved mecha-
nistic understanding of the underlying molecular targets and
signaling pathways.

Several mechanisms have been proposed to be involved in
the beneficial effects including antagonism of adenosine
receptors, regulation of cerebral blood flow, increase of oxygen
consumption, and increase of cerebrospinal fluid produc-
tion.”*”">’® Recent studies indicate that interference with
adenosinergic signaling, particularly A,, blockade, is a key
mechanism of the neuroprotective effects of caffeine.”>”’
Blockade of A,, receptors, which are most abundant in the
hippocampus, was found to prevent amyloid-f induced toxicity
in the brain.””**”” Accordingly, deletion of A,, receptors in a
mouse model of AD related tauopathy (THY-Tau22 mice)
prevented memory deficits, impairment of hippocampal
plasticity, and tau hyperphosphorylation. Similarly, A,,
antagonist treatment reduced tau hyperphosphorylation and
ameliorated disease symptoms.””’

Additionally, decreased cerebral perfusion resulting in
hypoxia is a risk factor in AD*”® and two preliminary studies
in men showed that administration of caffeine (100 mg)
increased blood oxygen levels in certain regions of the
brain.””"*”* Production and turnover of cerebrospinal fluid
(CSF) were also found to be important in neurodegenerative
diseases as high CSF turnover helps to transport toxic
substances such as amyloid-f# from the brain into the
blood.”’® Caffeine was found to enhance the expression or
activity of Na-K-ATPase, thereby providing another neuro-
protective mechanism®’’ since Na-K-ATPase plays a crucial
role in the production and turnover of CSF.*”> Moreover,
recently discovered molecular activities of caffeine such as
modulation of the transcriptional regulator TLX, which is

caffeine on AD ri

mainly found in neural stem cells as well as Notum inhibition
resulting potentially in enhanced Wnt signaling, might
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contribute to protective effects of caffeine against neuro-
degeneration.

4. SUMMARY AND PERSPECTIVE

The purine alkaloid caffeine is widely consumed in beverages
for its stimulant properties which have been known for
millennia. Caffeine was isolated and identified as the major
stimulant constituent of coffee and tea two centuries ago, and
its medicinal chemistry and pharmacology have been studied
extensively for several decades. While its stimulant activity is
well characterized and has been linked to a molecular
mechanism in the 1980s when adenosine receptor blockade
by caffeine was demonstrated, several other biological effects of
caffeine remain at least partly elusive. Caffeine has been tested
on multiple protein targets in vitro but part of the reported
activities was observed at very high, supra-physiological
concentrations. It is, therefore, likely that some reported
effects of caffeine are nonspecific artifacts. However, a direct
interaction of caffeine has been confirmed, for example, by
cocrystal structures, also for proteins where the xanthine
exhibits very low potency. Additionally, caffeine was found to
synergize with endogenous molecules on some of its molecular
targets suggesting potentially higher potency in vivo. It can
hence be speculated that many biological effects of caffeine
arise from the sum of several weak activities.

Medicinal chemistry research on caffeine has widely focused
on its adenosine receptor antagonism which has yielded highly
potent caffeine descendants as important tools to study the
pharmacology of these receptors. The caffeine derivative
istradefylline also acting as adenosine receptor antagonist has
recently been introduced to the drug market. In addition, the
phosphodiesterase inhibitory properties of caffeine have
inspired extensive efforts to develop potent and selective
PDE inhibitors, some of which have reached drug approval.
For other confirmed protein targets, caffeine has not yet been
extensively exploited as a lead compound by medicinal
chemistry and further potential for drug discovery might rest
in caffeine derived ligands for example of glycogen
phosphorylase or the ryanodine receptor. Co-crystal structures
and mechanistic insights in the modulation by caffeine are
available for both proteins to guide medicinal chemistry efforts.
The macromolecular data for both proteins provide insights
into the caffeine binding sites and enable structure-based
design of caffeine analogues with improved potency.

A vparticularly attractive pharmacological effect of caffeine
was observed in the protective activity against neuro-
degenerative diseases that was found in several cohort studies.
Despite some controversy regarding reduced AD risk with
caffeine intake, the protective potential of caffeine con-
sumption against PD is well documented. Several lines of
evidence present adenosine receptor antagonism as a key
mechanism underlying neuroprotective effects of caffeine, and
accordingly, the caffeine-derived adenosine receptor antagonist
istradefylline has recently been approved for PD treatment.
Still, further molecular activities of caffeine are likely involved
in the alkaloid’s and its derivatives’ neuroprotective properties
as part of a complex picture of multiple caffeine actions in the
CNS. Improved understanding of the neuroprotective
mechanisms and their interplay might open new avenues for
drug discovery, for example, in targeting the Wnt deacylase
Notum or the ryanodine receptors.

Despite being one of the most widely consumed
pharmacologically active molecules in the world, under-
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standing of several aspects in the molecular and biological
activities of caffeine is incomplete. While adenosine receptor
antagonism has been linked with many of the attractive
pharmacological effects of caffeine, additional molecular targets
of caffeine are continuously discovered. Hence, several
mechanisms likely contribute to pharmacological activities of
caffeine, for example, in neurodegeneration. Given the lack of
efficient therapeutics for severe health burdens as AD and PD,
the macromolecular targets and mechanisms mediating the
effects of caffeine appear as very promising avenues toward
novel therapeutics especially in the field of neuroprotection.
Although it has been in the focus of life-sciences for many
decades, caffeine still presents as a very interesting molecule for
pharmacological and medicinal chemistry research.
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