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Abstract. When Louis Pasteur observed para tartaric acid crystals under the microscope, he noted
right- and left-handed tiny crystals, which when manually separated resulted in the same optical ac-
tivity but of opposite sign. This seminal observation was correctly interpreted indicating that para tar-
taric acid was the mixture of two different molecules: a finding that was later recognised as an es-
sential code of molecular pharmacology based on the 3D spatial configuration of molecules. An im-
mediate application of this concept refers to natural products such as morphine or ephedrine, both
of which have the precise stereochemistry to fit and selectively activate the µ-opiate receptor or α-
adrenoceptor mechanisms, respectively, and their associated intracellular signalling mechanisms. In
this essay, we review the past, present and future of stereochemistry notions and its significance for
adrenergic pharmacology, highlighting the relevance of optical isomers of sympathomimetics or β-
adrenoceptor antagonists. The principle of optical activity revealed by Pasteur challenges the phar-
maceutical industry to identify biologically active chemicals identifying the relevant stereochemical
isomer responsible for drug efficacy and safety. It is no overstatement that pain is alleviated world-
wide by a single stereochemical morphine isomer, that is synthesised by the poppy plant, which inter-
acts stereospecifically with the relevant opioid receptor(s) highlighting Pasteur’s brilliant discovery to
the principles of molecular pharmacology.
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1. The historical emergence of the stereo-
chemistry concept

For centuries humans have used botanical extracts
as a medical source. Only during the past century,
with the consolidation of a vigorous pharmaceutical
industry, the development of drugs by industrial
synthesis prevailed over natural product discoveries.
Notwithstanding, up to our days, the proper stere-
oselective synthesis of morphine, the golden stan-
dard opioid analgesic, is too laborious and expen-
sive, so it is obtained from poppies; vast plantations
are cultivated in eastern Asia to produce opium, from
where morphine is extracted and crystallised. This
opiate has five chiral centres; but the poppy plant
synthesises only one of the possible stereochemical
isomers, that with high affinity for the opiate recep-
tors. Knowing the spatial configuration of a drug mol-
ecule is an essential step to understand drug inter-
actions with biological receptors. Pasteur, through
his brilliant and laborious investigation on tartaric
acids over 170 years ago, paved the road to reveal
the 3D spatial configuration of molecules: an essen-
tial code of the architecture of living molecules. This
principle is a crucial concept critical for drug de-
sign. It is no overstatement that pain-relieving, hy-
pertension, asthma, mental diseases and infectious
diseases, to name some clinical conditions, are mas-
sively treated with optically active drugs, highlighting
the influence of Pasteur’s contributions to modern
pharmacodynamics.

1.1. Pasteur, a pioneer biochemist and a modern
biotechnologist

Pasteur was born in Dole (Jura, France) in 1822. He
began his scientific formation as a physicist and a
chemist; along his career he succeeded in studying
numerous topics in all of which he demonstrated cre-
ativity, innovation and provided scientific answers as
a prototype of a modern biotechnologist. Early in his
career he played an essential role in the understand-
ing of molecular asymmetry providing the scaffold
for the understanding of life’s spatial molecular struc-
tures [1–3]. Years later, Pasteur became interested in
the fermentation of spirits and wines and discov-
ered the involvement of yeast and microorganisms
in the fermentation process [4,5]. These observations
questioned the dominant theory of spontaneous

generation, a concept passionately defended by L.
Spallanzani (1729–1799), which prevailed to his days.
He meticulously demonstrated that killing environ-
mental germs, which he latter associated with wine
fermentation, stopped food spoilage [4]. A variant al-
lows to preserve milk from acidification, inventing a
heating process that keeps his name; this procedure
is known worldwide as milk pasteurisation, a proce-
dure currently used by the dairy industry to prolong
the half-life of milk and its derivatives. Moreover, and
based on his increasing interest on microorganisms
and human disease, Pasteur succeeded in creating
vaccines for cholera, rabies and anthrax [6–8], high-
lighting contributions to microbiology and modern
biotechnology.

Notwithstanding the multiple contributions of
Pasteur to modern medicine, this essay will focus on
his influence on the understanding of the spatial ar-
chitecture of living molecules and his decisive inspi-
ration to the fundamentals of molecular pharmacol-
ogy development. This essay reviews the develop-
ment of optically active adrenergic agonists and an-
tagonists as a heritage to modern therapeutics.

1.2. From crystals to the 3D spatial configura-
tion, Pasteur investigated the optical activity
of molecules, laying the foundations of stere-
ochemistry and chirality

Light polarisation is an essential concept to under-
stand the bases of optically active isomers. Quartz
was first observed to deviate light; by 1809, a French
physicist Malus (1775–1812) discovered the light po-
larisation principle [9]. An exciting debate ensued
about the nature of this effect as applied to the
study of chemicals in solution. Biot (1774–1862), a
French physicist, affirmed that the optical activity of
a chemical can be neutralised by an opposed activ-
ity [10], inferring correctly that the optical activity of
a compound in solution depends on its crystalline
structure [11,12]. Decades thereafter, Mitscherlich
described crystal isomorphisms while investigating
why salt solutions of tartaric and para tartaric acids
(C4H6O6) differ in optical activity. As a mineralogist,
he compared the crystal forms of the corresponding
salts and noted differences in their morphologies, a
finding that was not further investigated. The acid so-
lutions of these chemicals, although apparently iden-
tical based on the same and equal proportion of

C. R. Chimie, 2020, 23, n 1, 3-16



Morgane Bas et al. 5

atomic composition, differed in optical activity since
only tartaric acid was optically active while para tar-
taric was not [13].

This unexplained observation set a paradox that
attracted young Pasteur’s imagination. He wanted
to understand why two apparently identical com-
pounds, tartaric and para tartaric acids, differed
in optical activity. Based on Mitscherlich’s observa-
tions [13], plus the notion that optical activity de-
pends on crystalline structure, he reasoned that para
tartaric acid crystals must be a mixture of com-
pounds which annulled each other’s optical activity.
To prove his thesis, Pasteur used a microscope to ob-
serve the crystals of para tartaric and tartaric acid; he
noted two different crystal morphologies [1–3] as re-
ported previously by Mitscherlich. Manually, he un-
dertook the painstaking job of separating these crys-
tals (Figure 1) and analysed the optical activity of
each crystal type distinctly. He observed that the two
types of para tartaric acid crystals had the same op-
tical activity but of opposite signs; he concluded that
para tartaric acid solutions were optically inactive be-
cause the activity of one type of molecules cancelled
the activity of the other. In contrast, tartaric acid was
optically active and was composed of a single crys-
tal population. This observation explained and ac-
counted for the observation that para tartaric acid
was optically inactive, resolving the inconsistency.
This result allowed to further infer that the optical ac-
tivity of asymmetric molecules is due to their spatial
atomic arrangements, as summarised by [11,12]. Fur-
thermore, this critical observation illumined a pre-
pared mind to predict the relevance of optical activity
for living molecules. In his dissertation memoire [1],
he wrote: “la dissymétrie paraît être une nécessité de
la constitution des molécules qui se sont édifiées sous
l’influence de la vie”, which in English reads, dissym-
metry seems to be a necessity of the constitution of
the molecules which were built under the influence
of life.

Although Pasteur’s discovery solved the para
tartaric paradox, a complete understanding of
Pasteur’s discovery in terms of spatial molecular
configurations required a deeper grounding in spa-
tial molecular geometry, a proposal that evolved
only 25 years later. In 1874, two independent pub-
lications by Van’t Hoff [14] and Le Bel [15] raised
the theory of stereoisomerism which explained the
spatial configuration of the C atom, raising the no-

tion of optical isomers based on different C atom
substituents. This proposal vigorously boosted the
modern view that the 3D geometry of asymmetric
carbon atoms, as in tartaric acids, is represented
as a tetrahedron, with four different radical sub-
stituents [16]. Some decades later, Thomson, also
known as Lord Kelvin [17], coined the term chiral
centres (from the Greek, chiral for hand) referring to
asymmetric atoms which have different atomic sub-
stitutes, deciphering that stereoisomers cannot be
superposed, mimicking mirror images. The notion of
optical asymmetry known to Pasteur has been sub-
stituted by chirality, a notion that gave a powerful 3D
structural support to stereochemistry, a view which
prevails nowadays.

The notion of chiral centres expanded over the
years from the C atom to include atoms such as S
or N or even those in metal complexes. Werner re-
alised early during the XX century that optical activ-
ity also occurred among inorganic complexes [18]. In
fact, the octahedral conformation of transition metal
coordinates was demonstrated to be optically active.
These findings originated octahedral molecular ge-
ometry giving rise to the theory of metal coordina-
tion, for which Werner was awarded the Nobel Prize
in Chemistry in 1913. Cr(III), Co(III) or even Pt(IV)
under special conditions, form optically active chiral
complexes [19]. Based on these fundamentals, it is no
surprise that drugs based on S or N chiral centres are
currently used, such as omeprazole and its active iso-
mer, esomeprazole, which is the prototype of mod-
ern “prazoles” successfully used for ulcers treatment
based on selective H+/K+ pump inhibition. Similarly,
N-based synthetic opiates with chiral centres give
rise to clinical relevant optimal isomers [16].

2. Principles of stereochemistry and its appli-
cation to adrenergic pharmacology: the case
of natural and synthetic drugs

2.1. Definition

Stereochemistry (from the Greek stereos, space)
deals with the spatial conformation of compounds
with the same molecular formula but differing in
spatial structure; these compounds are referred as
stereoisomers (from the Greek isos, equal and meros,
part). Stereoisomers contain the same number and
types of atoms, but the atoms are spatially oriented
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Figure 1. Pasteur manually separated tartaric acid crystals. Left panel shows an etching portrait of
Pasteur observing under the microscope tartaric acid salt crystals obtained during the wine fermentation
process. Right panel shows the tartaric acid stereoisomers: dextrorotatory (from the latin dexter, right)
and levorotatory (from latin laevus, left), referring to the polarised light rotation. Pasteur demonstrated
that para tartaric acid was the racemic mixture of both dextro- and levorotatory crystals, in equal
quantities, explaining why para tartaric acid was optically inactive.

in differing ways. Two types of stereoisomers are
known: conformation isomers—the same molecule
but in different spatial arrangements; these isomers
have identical chemical and physical properties;
they are difficult to separate from each other except
for interactions with another stereochemical isomer;
and configuration isomers—distinct molecules with
different physical and chemical properties, despite
having identical atomic composition.

2.2. Differentiating enantiomers from
diastereoisomers; the art of chirality

Enantiomers (from the Greek enantio, meaning op-
posite and meros, parts) are configuration stereoiso-
mers, which cannot be superposed in the mirror;
therefore, these compounds are mirror images of
each other. This property is called chirality (from the
Greek hand). A molecule with a chiral centre does not
have a symmetry plane. As an example of a promi-
nent psychoactive drug with a chiral centre, am-
phetamine (a family member of potent brain stim-
ulants) and its enantiomers are shown in Figure 2.
The dextro isomer is a central nervous system stimu-
lant widely used as a recreational drug nowadays, but
in the past, it was used by soldiers to endure physi-
cal strength, while its enantiomer is markedly less ac-
tive. Enantiomers have identical chemical and physi-
cal properties, apart from the power of rotating po-
larised light in opposite directions: one is positive
while the other is a negative polarised light rotator.
The isomer that rotates polarised light to the right
side is also known as dextrorotatory D (+), whereas

the other, which turns polarised light to the left side,
is known as levorotatory L (-), a notation created by
Fischer, based on Le Bel and Van’t Hoff proposal of
stereoisomerism. Fisher was awarded the Nobel Prize
in Chemistry (1902) for discovering, among other
issues, the absolute configuration of D (+)-glucose,
a main carbohydrate energy source for most cells
from bacteria to humans. Moreover, based on spa-
tial chemical configurations and on sugars’ interac-
tion with proteins, he proposed the “lock and key”
principle [20], which prevailed for over 70 years. This
theory was later modified by Koshland [21], who re-
viewed the salient features of the lock and key versus
the induced fit theory, stressing that in the interac-
tion of ligands with proteins, each induces a recipro-
cal conformational change to allow meaningful bio-
logical responses.

Later studies concluded that the power of po-
larised light rotation depends on chiral carbon sub-
stitutes. Amino acids, the building blocks of pro-
teins (from bacteria to humans), belong to the L (-)
series, with only minor exceptions; racemases con-
vert L-amino acids to their D (+) stereoisomer in
those very exceptional cases. Since proteins are con-
structed with L-amino acids, these macromolecules
are asymmetric in nature, allowing stereoselective
ligand binding—a principal pillar of life [22]. Enan-
tiomers may have one or more than one chiral centre
allowing differentiation between two absolute con-
formations: R for rectus, or S for the sinister confor-
mation. This absolute conformation depends on the
priority order of the substituents of the chiral centre,
a nomenclature established by Cahn et al. [23].

C. R. Chimie, 2020, 23, n 1, 3-16



Morgane Bas et al. 7

Figure 2. Spatial configuration of amphetamine and methamphetamine, two potent psycho stimu-
lants. Amphetamine enantiomers: on the left is its levorotatory form, corresponding to (S)-amphetamine
configuration; on the right the dextrorotatory form, corresponding to (R)-amphetamine. The tetrahedral
representation of each molecule is shown in the middle figure panel. The major stimulant amphetamine
effect is due to the R-isomer which is 4–10 times more potent than the L-enantiomer. Bottom part shows
methamphetamine, using Cahn and Ingold’s rules: the priority group is the secondary amine group, fol-
lowed by the aromatic-C7H7 and finally the methyl group. According to the disposition of each sub-
stituent, the rotation is not the same. To the left, the rotation is clockwise, (S) conformation, to the right,
anticlockwise rotation (R) conformation.

Racemic mixtures have equal proportions of the
(+) and (-) optical isomers; racemic solutions lack
optical activity as with Pasteur’s para tartaric crys-
tals [16]. Racemic mixtures are relevant to medicine
since many chiral drugs are commercialised as race-
mates; with few exceptions stereoisomers are formu-
lated separately as will be discussed. Usually, only
one of the enantiomers carries the pharmacological
activity, while the other is inactive, or even may cause
non-specific side effects [22].

Diastereomers (from the Greek dia, through or
apart, stereos, space and meros, parts) are isomers
that have more than one stereocentre and can be
chemically separated. Ephedrine (drug used as a

mild bronchodilator, component of several decon-
gestant mixtures) has two chiral centres and there-
fore four isomers, only one of which has therapeu-
tic activity. Ephedrine’s enantiomers and diastere-
omers are shown in Figure 3. A pair of diastere-
omers, as opposite to enantiomers, have distinct
physical properties and similar, but not identical,
chemical properties. Compounds with a carbon-
carbon double bond are famous for their cis (latin
on this side) and trans (latin for across) configura-
tions which are geometric diastereomers; an interest-
ing example for biology is the process of vision which
depends on light-governed cis-trans retinaldehyde
transitions [24].

C. R. Chimie, 2020, 23, n 1, 3-16
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Figure 3. Representation of enantiomers and diastereoisomers of the natural product ephedrine, the
popular Chinese Ma Huang plant. Only one of the isomers is synthetised by the plant and used as
a medicinal component of decongestants used to alleviate common cold. The configuration of enan-
tiomers and diastereoisomers are shown diagrammatically.

3. Stereochemistry and autonomic pharma-
cology

3.1. Applications of stereochemistry to auto-
nomic pharmacology

It took over half a century before optical activ-
ity enlightened drug action principles, or in other
words, before the Pasteur principles found a solid
pharmacological application. In 1904, Cushny, a
British chemist and pharmacist, published a series
of seven papers describing the pharmacology of
levo-hyoscyamine (levo-atropine) or levo-hyoscine
(scopolamine) compared to racemic hyoscyamine
(atropine) [25,26]. These drugs evidenced different
potencies as antimuscarinic agents in the frog heart
but differed in central stimulant potencies, evidenc-
ing for the first time that optical isomers differed in
pharmacological potencies, although a sound ex-
planation was lacking [27,28]. Years later, Ahlquist

(1948) proposed that the actions of natural nora-
drenaline and adrenaline are mediated by adreno-
ceptors, the classic α- and β-receptors [29]. Natu-
ral noradrenaline and adrenaline are levorotatory,
100–300 times more potent than the correspond-
ing dextrorotatory isomers as α- or β-adrenoceptor
agonists, respectively. These seminal observations,
published about 100 years after Pasteur’s proposal,
led the way to the molecular aspects of autonomic
pharmacology and optical activity in particular [28].

Almost simultaneously biochemical evidence
showed the relevance of stereoisomer substrates
for enzymatic reactions and protein constitution.
Proteins, including enzymes, transporters, biological
receptors and other relevant biomolecules, are asym-
metric because of chiral amino acids. The interac-
tion between any ligand molecule, endogenous or
exogenous, and proteins is therefore stereoselective.
For example, D (+) glucose is the preferred substrate
of glucokinase or glucose transporters (GLUTs),

C. R. Chimie, 2020, 23, n 1, 3-16
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Table 1. Dissociation constants (Kd), an indication of relative receptor affinities, for human β1- and β2-
adrenoceptors

Drug Active form Dissociation constant (β1) Dissociation constant (β2)

Noradrenaline (R)-adrenaline −5.74 ± 0.03 −5.41 ± 0.07

Adrenaline (R)-adrenaline −5.15 ± 0.06 −6.13 ± 0.05

Isoproterenol −6.06 ± 0.08 −6.64 ± 0.09

Salbutamol (R)-salbutamol −4.68 ± 0.03 −6.01 ± 0.03

Propranolol (R)-propranolol −8.167 ± 0.08 −9.09 ± 0.06

Nebivolol −9.06 ± 0 003 −7.92 ± 0.04

Binding energy data were obtained from the literature from Baker [30].

among many enzymes used in carbohydrate metab-
olism [24].

3.2. α- and β-Adrenoceptor ligands launched
optical isomers into therapeutics

Noradrenaline, the sympathetic neurotransmitter, is
synthesised in sympathetic nerve endings by an
enzymatic sequence that starts with L-tyrosine, an
essential amino acid and ends with aβ-hydroxylation
that introduces a chiral centre. L or (-) noradrenaline
or structural analogues are used as vasoconstric-
tors or as a component in the formulation of lo-
cal anaesthetics. Noradrenaline binds to α- and β-
adrenoceptors stereoselectively with slightly higher
potency to β1- than β2-adrenoceptors; (see Table 1;
for additional data consult [30]).

(-) Adrenaline has lower affinity for β2-
adrenoceptors as compared to the β1-adrenoceptor
(Table 1) and adjusts the body to exercise and stress,
redistributing blood flow and eliciting metabolic
adjustments for the “fight or flight” reaction, in re-
sponse to unexpected, stressful situations. The hor-
mone adrenaline is synthetised by a further enzy-
matic step through noradrenaline N-methylation.
Adrenaline is used clinically in rare occasions as in
anaphylactic or septic shock or other severe col-
lapsing vasodilatations caused by life-threatening
conditions. In further support of β-adrenoceptors,
the isopropyl substitution of noradrenaline origi-
nated isoproterenol, a higher-affinity, non-selective
β-adrenoceptor agonist (Table 1).

Prior to decoding the structural elements of the
purported adrenergic receptors, Easson and Sted-
man [31] advanced a thought-provoking proposal to

account for the biological activity of optical isomers;
the proposal advocated at least a three-point attach-
ment of ligands to the putative biological receptors.
This hypothesis intended to explain the potency of
drug stereoisomers by arguing that only one of the
isomers met the correct receptor conformation of
a C chiral centre requirement, based on the main
bonds between ligands and the receptor; with at least
3 of the 4 tetrahedron bonds of the chiral centre
conferring higher receptor-complex stability. In ad-
dition, this proposal provided a graphical repre-
sentation of the “key and lock” principle articu-
lated by Fischer almost 40 years earlier [20]. In this
model (Figure 4), the dextrorotatory bioamine has
only two dock points (phenol aromatic ring and the
charged amino function) whereas its levorotatory
isomer displays three binding points (aromatic ring,
the charged amino function plus an H bond). The ex-
tra hydrogen bond accounts for the larger affinity of
the levo isomer over the dextro isomer (Figure 4).

The concept of catecholamines adrenergic re-
ceptors took shape fifteen years later; the seminal
classification of adrenergic receptors into α and β

based on excitatory or inhibitory adrenaline actions
in smooth muscles was published in the Ameri-
can J. Physiol [29] since the editors of the Phar-
macology Journal found no major pharmacolog-
ical relevance of this research. Ahlquist 1976 and
Baker 2010 reviewed this topic [30,32]. Years later,
both the α- and β-adrenergic receptors were fur-
ther sub-classified as α1- and α2- and β1- and β2-
adrenoceptors [33], allowing a more precise adren-
ergic responses classification, nurturing clinical sig-
nificance. These developments paved the develop-
ment of the renowned β-adrenoceptor antagonists
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Figure 4. The three-point attachment theory
applied to adrenaline isomers explains the dif-
ference in β2-adrenoceptor binding affinity for
(R)- and (S)-adrenaline, based on the chiral
β hydroxyl substituent (A and B). Simplified
schematic conceptualisation of the three-point
attachment model proposed for the binding
of adrenaline enantiomers (A), while C repre-
sents, as a graphical abstract, the interaction of
adrenaline with the β2-adrenoceptor illustrat-
ing the three-point attachment at the adreno-
ceptor binding pocket identifying main inter-
actions based on π-π interactions, ionic and
an H bonds. Docking to the crystallised β2-
adrenoceptor receptor with adrenaline posi-
tioned in its binding pocket, modified from
reference [17] (D).

as the massive first-choice worldwide antihyperten-
sive treatment. Nowadays, other medications have
been launched as useful alternatives; nonetheless,
β-adrenergic antagonists are still widely used to treat
arrythmia, ischemic heart disease, glaucoma, car-
diac failure, first stages of hyperthyroidism, perfor-
mance anxiety, migraine prophylaxis, and so forth.
At the time of the β-adrenergic classification [33],
no notion was available related to the chemical na-
ture of receptors, which started to mature 20 years
later, linking adrenoceptors with the trimeric G pro-
teins. Within the past 10 years, the β-adrenoceptor
was crystallised with its corresponding G proteins,
providing topological conformation details prior
to and upon receptor occupation by agonists and
antagonists [34].

4. Optically active sympathomimetic amines:
synthetic and natural products

4.1. Amphetamines, a family of potent psychos-
timulants

In the early 30s at the School of Pharmacy of the Uni-
versity of California Medical Centre in San Francisco,
Alles and co-workers (1928) synthetised a series of
alpha methyl phenylethyl amine derivatives (chem-
ical acronym shown in bold for amphetamine and
congeners), which caused potent brain stimulation
and classified as psychostimulants [35–37]. Due to
structural similarity with catecholamines (Figure 4),
these chemicals were thought to produce brain stim-
ulation due to catecholamine mimicry in brain cir-
cuits. The clinical potential of amphetamines was
immediately recognised, and its central stimulant
action was used clinically in narcolepsy patients [38].
Decades later, these compounds, well-known for
antifatigue effects, were used during World War II
as military warfare and much later, during the 60s,
these chemicals became popular as recreational
agents. These compounds cross the blood– brain
barrier better than catecholamines or derivatives.
Although first used as racemates, soon the psychos-
timulant activity was shown to reside in the dextro
(+)-isomer, a finding confirmed in many behavioural
and pharmacological studies. Amphetamines also
elicit a spectrum of peripheral sympathomimetic

C. R. Chimie, 2020, 23, n 1, 3-16
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effects including metabolic adaptations. A thor-
ough analysis of amphetamine mechanisms of ac-
tions shows that not all family members act via a
unique mechanism. In addition to the presynaptic
release mechanism, some members interfere with
dopamine and noradrenaline transport while oth-
ers combine a complex reuptake blockade with a
release mechanism and even some, direct stimu-
lation of adrenoceptors [39]. The discovery of re-
ceptors for phenylethylamine [40] as a novel am-
phetamine target is an emerging actively pursued
topic.

Methamphetamine, the N-methylated amphet-
amine derivative, crosses the blood–brain barrier
more extensively and has an even stronger psy-
chostimulant effect and causes more dependence
than amphetamine itself. Methamphetamine causes
a considerably long-lasting loss of sympathetic nerve
endings, explaining its cytotoxic potential far be-
yond amphetamine. Only dextro methamphetamine
is used as a recreational drug; its optical isomer is
considerably less active as a stimulant.

Methylphenidate, an amphetamine variant widely
used worldwide to treat children with attentional
deficits or hyperactive disorder as the parent drug
causes considerable addiction and is heavily abused
as reviewed by Kollins et al., [41]. Methylphenidate
essentially blocks dopamine transporter rather than
increasing bioamine release as compared with am-
phetamine. Methylphenidate has two chiral centres;
however, it is the (1R, 2R)-methylphenidate which is
biologically active [41]. The psychostimulant action
is of central origin; amphetamine crosses the blood–
brain barrier to reach bioamine brain circuits. Most
of the psychostimulant effect is exerted at dopamin-
ergic or noradrenergic synapses; serotoninergic tar-
gets cannot be discarded.

4.2. Ephedrine, the Ma Huang alkaloid

Ephedrine is an alkaloid extracted from the popu-
lar Chinese Ma Huang plant, (Ephedra Sinica), used
medicinally for over 5000 years in oriental traditional
medicine. A main constituent of the plant extract
was isolated in 1887; this natural product has central
stimulant activity, plus peripheral sympathomimetic
effects early recognised. Pharmacodynamically, the
ephedrine mechanism differs from those of the am-
phetamines. The prevailing view is that ephedrine is

a mixed adrenergic agonist combining an indirect ac-
tion mediated by sympathetic nerve terminal release
together with a direct, although lower affinity inter-
action with α- and β-adrenoceptors. The ephedrine
structure was soon revealed; it has two chiral centres
and all the isomers have been characterised phar-
macologically (Figure 3). The natural ephedrine alka-
loid is the (1R, 2S)-(-)-ephedrine, also known as pseu-
doephedrine, a compound endowed with deconges-
tant effect in addition to bronchodilator β2-agonism
(Figure 3), two useful clinical properties that call for
pseudoephedrine as a common component of cold
decongestant mixtures. From a synthetic point of
view, it is considered as a precursor in the illicit syn-
thesis of methamphetamine, a condition that is lim-
iting its medical use. Its four ephedrine isomers are:
(1R, 2S)-ephedrine (levorotatory) is the isomer with
the most pharmacological activity.
(1R, 2R)-(-)-ephedrine is an inactive alkaloid.
(1S, 2R)-ephedrine (dextrorotatory) is an inactive
stereoisomer.
(1S, 2S)-pseudoephedrine (dextrorotatory) is an
enantiomer with slight sympathomimetic activity;
not used to treat asthma, but currently used as a
mixture component of antiviral, cold decongestants.

4.3. Phenylpropanolamine, the dual acting de-
congestant

Phenylpropanolamine, or norephedrine, is a syn-
thetic phenylethylamine congener. Based on its
structural similarity with amphetamines and
ephedrine, it causes indirect and direct sympa-
thomimetic activity, much like amphetamine or
ephedrine. This drug is generally used combined
with other remedies to treat nasal and bronchial
decongestion during severe cold. It is also used as
an appetite suppressant. Like ephedrine, phenyl-
propanolamine has two chiral centres; four dis-
tinct isomers are involved in the racemic prepara-
tions: dextrorotatory (+)-norephedrine, levorota-
tory (-)-norephedrine, dextrorotatory (+)-pseudo-
norephedrine and levorotatory (-)-pseudo-
norephedrine. The therapeutic properties are:
(1R, 2S)-norephedrine (levorotatory). The commer-
cialised form of norephedrine is the racemic mixture;
levorotatory form is the only isomer with pharmaco-
logical activity.
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(1S, 2R)-norephedrine (dextrorotatory). Lacks
pharmacological effect, but it is not toxic, (1S,
2S)-pseudonorephedrine (dextrorotatory). (+)-
Pseudonorephedrine, called cathine, belongs to the
amphetamine family with central stimulant activity.
It is a natural product of Catha edulis plant; less
potent compared to amphetamine.
(1R, 2R)-pseudonorephedrine (levorotatory). (-)-
Pseudonorephedrine is also considered an am-
phetamine; it elicits dopamine and noradrenaline
release.

4.4. Miraculous (L-DOPA), a stereoisomer used
for Parkinson’s disease treatment

L-Dopa, corresponds to the levorotatory enan-
tiomer of DOPA, an endogenous dopamine precursor
currently still used for Parkinson’s disease treatment.
This chiral molecule needs to be transported to the
brain substantia nigra where the dopaminergic pop-
ulation is progressively and markedly reduced dur-
ing disease progression. The rationale to introduce
this precursor in the treatment of this neurodegen-
erative disorder relates to the fact that L-DOPA is a
substrate of the aromatic amino acid transporter al-
lowing levo-DOPA passage through the blood–brain
barrier to increase dopamine synthesis in this brain
region. A serious limitation to the sole use of L-DOPA
is its large liver metabolism. To bypass this caveat,
treatment with L-DOPA is generally combined with
a peripheral DOPA decarboxylase inhibitor, a mol-
ecule that will largely reduce its liver metabolism,
increasing L-DOPA brain transport to the nigros-
triatal circuitry. In view of the progressive disease
nature, patients are also treated with dopamine re-
ceptor agonists or other agents to block dopamine
metabolism.

4.5. Dobutamine, a semi-selective
β1-adrenoceptor agonist with cardiac appli-
cations

This synthetic chiral adrenaline congener with a
bulkier aromatic amino substituent has significant
β1-adrenoceptors selectivity; it was introduced in
clinical use for the treatment of cardiac insuffi-
ciency because of its direct interaction with heart
β1-adrenergic receptors, causing positive ino- and

Figure 5. Graphical abstract illustrating the
salbutamol stereochemical interaction with
the β2-adrenoceptor. Representation of the
two salbutamol stereoisomers, one of which
is a preferred β2-adrenoceptor agonist, am-
ply used as a bronchodilator because of its
high affinity for bronchial β2-adrenoceptors.
β2-Adrenoceptors are coupled to an intracel-
lular signalling cascade including activation of
G proteins to elicit cAMP formation which acts
as a second messenger, which as an end re-
sult, causes bronchodilatation. Note that the
secondary N group is substituted by a tert-
butyl group, represented as a cross. Only the
(-) salbutamol is therapeutically relevant as a
bronchodilator.

chronotropism. In contrast to dopamine, dobu-
tamine acts selectively on adrenergic receptors.
Although commercialised as a racemic mixture,
only (+)-dobutamine is a relative selective β1-
adrenoceptor agonist, with residual β2-adrenoceptor
activity. In contrast, the (-)-dobutamine enantiomer
has low affinity as an α-adrenergic agonist.

4.6. Salbutamol and structurally related deriva-
tives, semi- selective β2-adrenoceptor ago-
nists used for respiratory distress syndromes

A series of synthetic catechol and non-catechol
adrenaline congeners were elaborated searching
for potent bronchodilators. Salbutamol, also known
as albuterol, became after years of clinical experi-
ence, the top bronchodilator used for acute antiasth-
matic use. It is a non-catecholamine rather selective
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β2-adrenoceptor (Table 1) agonist bearing a chiral β
hydroxyl centre and a tert-butyl amino substituent
(Figure 5). This drug is effective in asthma treat-
ments, and related respiratory syndromes, because it
relaxes the bronchial tree independent of the nature
of the bronchoconstrictor agent. Salbutamol is com-
mercialised as a racemic mixture. While the (R)-levo-
salbutamol bears high affinity β2-adrenoceptor ac-
tivity, (S)-salbutamol, is pharmacologically inactive.
The racemic mixture formulation permits to reduce
the metabolisation’s velocity of the active enan-
tiomer, tightening metabolic pathways of elimina-
tion. Salbutamol and derivatives proved relatively se-
lective β2-adrenoceptor agonists; however, in larger
doses, tachycardia, a sign of β1-adrenoceptor activity
is evidenced.

5. Adrenergic antagonists

Parallel to the development of stereoisomers with ag-
onist properties, Pasteur’s principle was extended to
receptor antagonists. Although α-adrenergic antago-
nists, based on ergots preparations, were known by
Dale [42] in the early last century, the classic “rever-
sal of adrenaline pressor effect” response was popu-
lar in medical teaching to exemplify the dual effects
of adrenaline in the vascular system. No systematic
development of adrenergic blockers emerged until
the mid-50s. The clinical use of phentolamine and
congeners was dampened due to lack of selectivity
and affinity for α-adrenoceptors. Almost simultane-
ous with the sub-classification of β-adrenoceptors
into β1- and β2- adrenoceptors [33], the discovery of
dichloroisoproterenol first, and propranolol next, as
a prototype β-adrenergic antagonist became a land-
mark. Two major improvements were rapidly recog-
nised. Propranolol proved efficient to control cer-
tain cardiac arrhythmias, but most relevant, it paved
the way for the pharmacological management of hy-
pertension avoiding the severe reserpine side effects.
Second, propranolol displayed a remarkable high
affinity for β-adrenoceptors (Table 1), allowing the
daily use of 10–20 mg doses, a true innovative high
standard medication for the time. Propranolol has a
β hydroxyl chiral centre; at the light of Pasteur find-
ings only one of the stereoisomers is active, fulfilling
the promise of optical isomers for clinical use with
worldwide consequences.

Four generations of β-blocking agents

Propranolol belongs to the first-generation of chi-
ral β-adrenergic blockers. This drug, as most of
the group members, is used as a racemate; propra-
nolol was followed by structurally related optical
isomers with higher affinity for the β1- than the β2-
adrenoreceptor subtype, compounds known as the
cardio-selective β1-blockers. Some of the first- and
second-generation β-adrenoceptor blocking agents
have a novel and compounded pharmacological
property described as intrinsic sympathomimetic
activity (ISA), the nature of which has not been clari-
fied as yet in molecular terms. A third-generation of
this family of drugs combined competitive β- and
α-adrenergic blocking properties. More recently, a
fourth generation of structurally related chiral com-
pounds that in addition release nitric oxide, such
as carvedilol, or nebivolol (Table 1) and congeners,
provide novel properties allowing heart failure treat-
ment with β-adrenergic antagonists, a condition
contraindicated for propranolol. All β-adrenoceptor
antagonists developed are optical isomers but are
clinically used as racemic mixtures. Note the more
than 10-fold higher affinity of nebivolol for β1- over
β2-adrenoceptors, the inverse of propranolol (Ta-
ble 1).

5.1. (±) Propranolol

This drug replaced the catechol moiety of isopro-
terenol with a naphthoxy ring while keeping alkyl
side chain conserving the β-hydroxyl chiral centre.
(-) Propranolol, as with adrenaline, is more potent
and active than its (+) enantiomer, although both iso-
mers bind to plasma proteins and elicit local anaes-
thetic activity in about equal proportions. Its affinity
for the β2-adrenoceptor is 10-fold larger than for the
β1-adrenoceptor (Table 1).

5.2. Labetalol, combines α- and β- antagonist
properties

This drug has two chiral centres, two of its diastere-
omers have different pharmacological properties. La-
betalol reduces systemic blood pressure via a com-
pounded heart and vascular component due to α-
and β-adrenergic blockade. Its affinity for human
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β1-adrenoceptor is 31 and 9.7 nM for β1- and β2-
adrenoceptors, respectively [30]; see Table 1. The
pharmacological properties of each diastereomers
are:
(1S, 2R)-labetalol: is a potent α1-antagonist.
(1R, 2R)-labetalol: also known as dilevalol, is a non-
selective β1- and β2-adrenoceptor antagonist and a
weak α1-antagonist.
(1R, 2S)-labetalol and (1S, 2S)-labetalol: are inactive,
with no major toxicity.

5.3. Tamsulosin, an α1-selective adrenoceptor
antagonist prototype

The clinically relevant isomer is (R)-tamsulosin,
which has a preferential α1A/D-adrenoceptor affinity;
it is commercialised as the racemic compound. It was
introduced for benign prostatic hyperplasia treat-
ment, due to the predominant α1A-adrenoceptor
subtype population in the human prostate. Block-
ade of this receptor subtype causes augmented uri-
nary flow due to blockade of α1A-adrenoceptor and
reduced urine flow resistance.

6. Application of optical activity to fields other
than autonomic pharmacology

6.1. Thalidomide lessons

The role of inactive isomers was not well docu-
mented and frequently disregarded as an irrelevant
compound. This negligence caused a severe pub-
lic health problem with (±) thalidomide used as
sedative agent and against pregnancy-associated
morning sickness. Years later, it was identified that
the (R)-enantiomer caused severe teratogenesis due
to embryonic limb malformation, known as pho-
comelia, while (S)-thalidomide was associated with
sedation [43]. Nowadays, racemic thalidomide or its
structurally related chiral analogue, lenalidomide,
is safely and efficaciously used against multiple
myeloma cancer patients, an unforeseen medical
application.

6.2. Antibiotics

The first worldwide highly successful antibacterial
agents were the β-lactam antibiotics. This family

of drugs which encompass at least five groups, are
produced until now by semi- synthesis based on
the 6-aminopenicillanic acid, the 7-aminocephalo-
sporanic acid, 3-amino-4-methylmonobactamic acid
or the 3-hydroxyethylcarbapenemic acids used as
precursors. Since the stereochemistry of these com-
pounds is complex with three or more chiral cen-
tres, depending on the antibiotic, the pharmaceuti-
cal industry relies on genetically engineered penicil-
lium industrial cultures to produce these acids which
are then purified and used as the building blocks
for the synthesis of the corresponding commercial
derivatives of β-lactams. Likewise, some macrolides,
aminoglycosides or fluoroquinolones are chiral com-
pounds, only one of which has the desired antimicro-
bial activity, nevertheless commercialised as the cor-
responding racemic mixtures.

6.3. Psychoactive and other drugs

Newer generation of benzodiazepine-like congeners
or antidepressants contain chiral centres which in
some cases are commercialised as the correspond-
ing active isomer, rather than racemates. Such is the
case for zopiclone, which is commercialised as es-
zopiclone, the active enantiomer. In the field of gas-
trointestinal pharmacology, esomeprazole, the active
isomer of omeprazole, is commercialised and has
gained popularity for gastrointestinal ulcer manage-
ment. Similarly, many other fields of pharmacology
have benefitted from Pasteur’s ideas on spatial chem-
istry and chirality developing and commercialising
the biologically relevant isomer, providing safer and
more efficacious medicines.

7. Conclusions

Pasteur’s contribution to the architecture of
molecules has endured the test of time and pro-
vided multiple applications to medicine through
molecular pharmacology developments. The bril-
liance of Pasteur’s separation of crystals with oppos-
ing optical activity propelled the way to understand
the 3D spatial geometry of molecule conformation,
a fundamental code of chemistry with deep roots in
pharmacology (see graphical abstract in Figure 5).
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Receptor proteins recognise spatial molecular con-
formations with nanomolar affinities to form stereo-
chemical ligand–receptor complexes which are ther-
apeutically relevant. Understanding this basic chem-
ical code has resulted in safe and efficacious drugs
with applications from antibiotics to psychotropic
drugs, highlighting the relevance of Pasteur’s findings
to pharmaceutical chemistry and modern lifestyle.
As a proof of concept, pain control through mor-
phine, an alkaloid with three chiral centres, only
one of which is synthetised by poppies, is the clinical
golden standard for pain management. Likewise, chi-
ral antihypertensive agents are still the first-choice
drug treatments. It is no exaggeration that pain, hy-
pertension as well as many infectious diseases, to
mention common pathologies, are currently treated
with chiral molecules, honouring Pasteur’s creativity.
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