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ARTICLE INFO ABSTRACT

Keywords: The rationale for using thalidomide (THD) as a treatment for nausea and vomiting during pregnancy in the late
Chemotherapy 1950s appears to have been based on its sedative or hypnotic properties. In contrast to contemporaneous studies
GDF15 . @ on the anti-emetic activity of phenothiazines, we were unable to identify publications reporting preclinical or
EZE:;:"‘ESIS gravidarum clinical evaluation of THD as an anti-emetic. Our survey of the literature revealed a clinical study in 1965 showing
Thalidomide THD reduced vomiting in cancer chemotherapy which was substantiated by similar studies from 2000, particu-
Vomiting larly showing efficacy in the delayed phase of chemotherapy-induced nausea and vomiting. To identify the

mechanism(s) potentially involved in thalidomide's anti-emetic activity we reviewed its pharmacology in the light
of nausea and vomiting mechanisms and their pharmacology with a particular emphasis on chemotherapy and
pregnancy. The process identified the following potential mechanisms: reduced secretion of Growth Differenti-
ation Factor 15, suppression of inflammation/prostaglandin production, downregulation of cytotoxic drug
induced upregulation of iNOS, and modulation of BK (K¢,1.1) channels and GABAa/glutamate transmission at
critical points in the emetic pathways (nucleus tractus solitarius, area postrema). We propose ways to investigate
these hypothesized mechanisms and discuss the associated challenges (e.g., objective quantification of nausea) in
addition to some of the more general aspects of developing novel drugs to treat nausea and vomiting.

hypothesis that reduced nausea and vomiting would result from a
decreased anxiety effect (sedation) following drug treatment.

In the last 5 years there has been an increasing body of evidence
showing efficacy of THD against anti-cancer chemotherapy-induced
nausea and vomiting (CINV) (Zhang et al., 2017; Alhifany et al., 2020;
Wang et al., 2020; Xie et al., 2022). Due to this resurgence of interest, we
reviewed the historical literature on THD's use to control nausea and
vomiting, together with current knowledge of the pharmacology of THD.
Our analysis identified varying levels of evidence that THD has actions
against nausea and vomiting in three different clinical settings but that
the mechanism of this activity remains unknown.

Describing drugs by their therapeutic orientation (e.g., anti-emetic,
anti-hypertensive, parasympatholytic, diuretic) rather than by activity
at their predominant molecular target has recently been challenged
(Seifert and Alexander, 2022). In the area of drugs with potential
‘anti-emetic’ actions this terminology does not differentiate between
clinically important differences in drug action against nausea and vom-
iting so in this review, where possible, the use of the term ‘anti-emetic’
has been avoided except when used historically (Sanger and Andrews,

1. Introduction

The teratogenic effects of thalidomide (THD) administration during
early pregnancy in humans are unfortunately well known, particularly in
giving rise to limb deformation (Lenz, 1962; McBride, 1961). The mo-
lecular mechanism responsible is now known to be due to THD binding to
cereblon, inhibiting CRL4“*®N E3 ubiquitin ligase activity (Ito et al.,
2010; Chang and Stewart, 2011; Peach et al., 2020; Yamamoto et al.,
2022). THD was used clinically as a “non-toxic” sedative, beginning in
late 1956 and continuing until its withdrawal in 1961 (Franks et al.,
2004; Rehman et al., 2011). In particular, THD was used to clinically
manage women experiencing nausea and vomiting during the first
trimester of pregnancy, more popularly called “morning sickness”,
although it can occur at any time of day (Whitehead et al., 1992; Flaxman
and Sherman, 2000; Liu et al., 2022). Surprisingly, THDs ability to
directly alleviate “morning sickness” does not appear to have been based
on preclinical studies or controlled clinical trials. In addition, no mech-
anism was proposed at the time for this action of THD, beyond a
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Abbreviations

AMPA  a-amino-3-hydroxy = 5-methyl-4-isoxazoleproprionic acid
receptor

AP area postrema

AVP arginine vasopressin

BBB blood brain barrier

BK the K¢, 1.1 potassium activated calcium channel

cAMP cyclic adenosine mono-phosphate

CB; cannabinoid receptor;

CINV chemotherapy-induced nausea and vomiting

Cmax maximum concentration achieved

5-HT3 RA 5-hydroxytryptamine 3 receptor antagonist

iNOS inducible nitric oxide synthase

IL Interleukin

Kca 1.1 potassium activated calcium channel

M muscarinic acetylcholine receptor

mRNA  messenger ribonucleic acid

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
NF-xB nuclear factor-xB

NLRP3  NOD-like receptor, pyrin domain containing-3
NMDA  N-methyl -D-aspartate receptor

nNOS neuronal nitric oxide synthase

NTS nucleus tract solitarius

COVID-19 Coronavirus disease 2019 PDE4 phosphodiesterase 4 enzyme
COX cyclooxygenase enzyme PONV  post-operative nausea and vomiting
CRBN  cereblon PTZ pentylenetetrazole
CRR complete response rate (see text for definition in relation to REM rapid eye movement (sleep)
specific parameters) RYR ryanodine receptor
CRL4 cullin-RING ligase 4 SARS-CoV-2 Severe Acute Respiratory Syndrome coronavirus 2
D dopamine receptor SP substance P
EC enterochromaffin cells tmax time at which maximum concentration was achieved
FOLFOX 5-fluorouracil, leucovorin, and oxaliplatin T3 thyroxine
GABA  gamma-aminobutyric acid T4 triiodothyronine
GDF15 growth differentiation factor 15 THD thalidomide
GDNF  glial derived neurotrophic factor TRPV; transient receptor potential channel V,
GFRAL  GDNF family receptor alpha like proto-oncogene tyrosine TGF-p transforming growth factor f§
protein kinase receptor TNFa tumour necrosis factor-o
H histamine receptor
2022). poorly-met clinical need in many patient groups (Sanger and Andrews,

We discuss the most likely pharmacological mechanisms of action(s)
of THD against nausea and vomiting, suggest how they can be tested and
discuss the implications for the treatment of nausea in particular, often a

Key dates in the development
of THD and its clinical use as

First publications on birth
defects; withdrawn W. German

2018).

Meta analysis of
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efficacy as an anti-
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Fig. 1. Timeline showing the key dates in the development of thalidomide and its clinical use as an ‘anti-emetic’ (upper row; see text for references and details) and
examples of key contemporaneous developments in the use of ‘anti-emetics’ to treat anti-cancer chemotherapy -induced nausea and vomiting (CINV). Sources are:
Domperidone, Huys, 1978; Dexamethasone, Baker et al., 1979; Metoclopramide (high dose), Gralla et al. (1981); Granisetron, Cassidy et al., 1988; Aprepitant, Navari
et al., 1999 (see References for details).
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2. What is thalidomide?

Thalidomide (a-(N-phthalimido)glutarimide; C13H19N2O4) (Fig. 1) is
a glutamic acid derivative and an analog of glutethimide (Sneader,
2005). The reported date of synthesis by the pharmaceutical company
Chemie Griinenthal is inconsistent, with Theoret (1962) stating 1953 but
others giving 1954 (Stephens and Brynner, 2001; Rehman et al., 2011).
THD is a racemic mixture of two optical isomers, S-and R-enantiomers
which rapidly interconvert in physiological solutions (https://www.
guidetopharmacology.org/GRAC/LigandDisplayForward?liga
ndId=732) and undergo spontaneous hydrolysis at physiological pH
(Schumacher et al., 1965a). Enantiomeric specificity of effects has been
identified for THD's teratogenic (S-, Vargesson, 2015) and sedative ac-
tivity (R+: Hoglund et al., 1998; Reist et al., 1998; Eriksson et al., 2001),
and ability to reduce tumour necrosis factor a (TNFa) release from
mononuclear blood cells (S-, Wnendt et al., 1996).

One complication in understanding the pharmacology of THD is that
it is degraded into multiple metabolites, with at least 12 identified in the
rat (Fabro et al., 1965; Schumacher et al., 1965b). Absorption of THD
occurs within the digestive tract with plasma tp,y values of 2-4 h
following oral dosing in humans (Eriksson et al., 2001) and a Cpax of ~2
pg/ml (~10 pM) following a dose of 200 mg (Teo et al., 1999; Bai et al.,
2013). THD is blood-brain barrier (BBB) permeant, with a brain/plasma
ratio of 0.89 in rodents (Huang et al., 2005). It should be noted that the
BBB is relatively permeable in areas implicated in emetic mechanisms
(area postrema [AP] and the immediate subjacent part of the nucleus
tractus solitarius [NTS]; Stern et al., 2011), so these brain regions may be
exposed to the more polar metabolites present in plasma.

Since the identification of the anti-angiogenic and immunomodula-
tory effects of THD there has been continuing interest in developing
analogues with increased therapeutic potency and reduced toxicity
(Peach et al., 2020); for example, lenalidomide is widely used in
anti-cancer chemotherapy (Sherbet, 2015). Research into “thalido-
mide-like” drugs has also been undertaken to identify compounds lacking
cereblon binding due to the glutarimide ring (Fig. 1) but which preserve
the immunomodulatory activity, such as N-Adamantyl Phthalimidine
(Hsueh et al., 2021). We do not discuss THD analogues or THD-like drugs
further as they have not been tested directly for anti-emetic effects.

3. Thalidomide's sedative and hypnotic activity

The sedative activity of THD was first identified through a 50%
reduction in spontaneous motor activity in mice, but without loss of the
righting reflex, and without overt symptoms of central nervous system
depression or toxicity in doses up to 4 g/kg (Kunz, 1956). These obser-
vations were subsequently confirmed and extended to show that, in mice,
THD increased barbiturate-induced sleeping time and potentiated the
catatonia produced by chlorpromazine or reserpine (Osterloh, 1959;
Somers, 1960). THD-mediated sedation was later shown in dogs (Kuhn
and Van Maanen, 1961), rats (Fabro et al., 1965), rabbits (Kimura, 1973)
and cats (Kaitin, 1985) but not in monkeys (Kuhn and Van Maanen,
1961). In humans, early reports indicated sedation and improved sleep at
the dose of 25-200 mg three times daily (Jung, 1956; Salter et al., 1959;
Lasagna, 1960). These findings are supported by more recent clinical
trials (e.g., a double-blind study by Hoglund et al., 1998) including a
small study in healthy males using polysomnography, showing an in-
crease in both rapid-eye movement (REM) and stage 3—4 sleep at a dose
of 100mg/night (Kanbayashi et al., 1999). The dose of THD used in the
sleep studies is comparable to that used in recent clinical trials of
anti-emetic efficacy (100-200 mg; see below). It is notable that in the
Discussion of their 1965 publication Fabro et al. (1965, p.359) com-
mented “Man, however, appears to be a species uniquely sensitive to the
sedative and embryotoxic effects of the drug, since the dose used clinically is
relatively low (100 to 200 mg)”.

Importantly, THD was shown to have a wide safety margin in dogs
and this was supported by subsequent clinical findings of recovery
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following ingestion of 16-160 times the sedative dose (see Mann, 1984,
for detailed analysis of original publications in German). This safety
margin was interpreted as an indication that THD was “safe” to use; at the
time only limited preclinical safety tests were undertaken and were not
mandatory either in Germany or the United Kingdom (see Ferner and
Aronson, 2022 for history of medicines regulation in the UK), the two
initial markets for THD. Thus, THD was brought into wide-spread use,
since in humans it was orally active, did not cause gastric irritation or
vomiting, had no serious dependence issues (Mann, 1984), and appeared
to induce deep, natural sleep without a “morning hang-over” (a point
made in a letter to the Lancet in 1960 reporting 4 cases of peripheral
neurological effects of long term THD treatment; Florence, 1960). It was
marketed initially in Germany (January 1957) as a day-time sedative
(Contergan™, 25-50 mg, given twice or four times daily) to reduce stress
and anxiety and as a night-time hypnotic to facilitate sleeping (Contergan
forte™, 50-100 mg) (Daemmrich, 2015).

4. Origins of thalidomide's use as an anti-emetic in pregnancy

Academic accounts of the history of THD focus on its use as a drug
with sedative or hypnotic (“tranquilizer”) properties (e.g., Mann, 1984;
Stephens and Brynner, 2001; Botting, 2016; Appelbe, 2005; Sneader,
2005). Employing sedatives for the treatment of women in pregnancy
was not unusual in the 1950s so it is perhaps unsurprising that THD was
used in this role, and according to Daemmrich (2015) “Taking thalidomide
to treat nausea during pregnancy appears to have spread among physicians
and pregnant women in West Germany during the first half of 1959”.

As far as we can ascertain there are no published (peer review)
clinical studies on the efficacy of THD in treating either ‘morning sick-
ness’ or the intense nausea and vomiting occurring during later stages of
pregnancy (hyperemesis gravidarum). However, the UK Sunday Times
newsapaper investigation into THD initially published in 1979 provides
some important insights regarding anti-emetic effects. The quotations
and page number references in the following sections are from the 1980
paperback edition of the book “Suffer the Children: The story of
Thalidomide” (Sunday Times Insight Team, 1980).

Smith, Kline and French were offered the American licence for THD
by Chemie Griinenthal (Sunday Times Insight Team, 1980, p.31) and so
investigated its properties in 1956 reporting that “thalidomide had no
capacity to block a conditioned-escape reflex(suggesting it had no tranquil-
lizing potential), no antiemetic activity (our underline), no anti-histamine
activity, and only slight to moderate anti-spasmodic activity” (Sunday
Times Insight Team, 1980, p.32-33). There are no details of the anti-
emetic test, but it is likely to have used the dog and investigated the effect
of THD against systemic apomorphine or intragastric copper
sulphate-induced vomiting as this was the model commonly in use at the
time (Borison and Wang, 1953). In 1960 in Australia, the New South
Wales representative of Distillers Company Biochemicals (Australia) Ltd.
provided samples of Distaval (THD) to the pharmacy of the Women's
Hospital, Sydney via Dr J. Newlinds. One of the clinicians at this hospital,
Dr W. McBride, subsequently treated as an emergency admission a
pregnant woman unresponsive to anti-emetic therapy who had been
vomiting for several days and in danger of miscarrying; after two doses
(100 mg each) of THD the vomiting stopped, and the patient gave birth to
a healthy child in 1961. The Sunday Times Insight Team (1980, p.16)
reported “McBride was very impressed and began to prescribe Distaval for
pregnant women who complained of morning sickness, nervousness, or
inability to sleep. The drug appeared both effective and without side effects”. It
is interesting to note that it was Dr McBride who was amongst the first
clinicians to recognise and publish the link between thalidomide
administration in early pregnancy and congenital abnormalities
(McBride, 1961, but see also Lenz, 1962). A further coincidence is that Dr
Newlinds (see above) was not particularly interested in “another seda-
tive”, as they were undertaking a trial of thiethylperazine (Torecan™; a
phenothiazine), then marketed by Sandoz as an anti-nauseant and
therefore of potential utility in treating morning sickness (see Sunday
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Times Insight Team, 1980, p.15). The results of the trial on the effects of
thiethylperazine on nausea and vomiting in pregnancy were published in
1964 (Newlinds, 1964).

At around the same time (1959), Chemie Griinenthal licenced THD to
Richardson-Merrell in the USA (Sunday Times Insight Team, 1980,
p-95-96). Amongst a long list of possible therapeutic indications, THD
was proposed as a treatment for anxiety and apprehension associated
with a number of conditions including nausea and vomiting (Sunday
Times Insight Team, 1980, p.95). It is also of relevance that Dr R. Pogge,
the medical director of Richardson-Merrell, asked Dr R.O. Nulsen, an
obstetrician and gynaecologist to “try out a new drug that might well take
the place of barbiturates” (Sunday Times Insight Team, 1980, p.112-113).
These studies began in 1959 and then in 1960 Dr Pogge asked Dr Nulsen
“if he would try thalidomide in the next six to eight patients who were suffering
from nausea in pregnancy” (Sunday Times Insight Team, 1980, p.116). We
are unable to locate a publication on the outcome of this study.

From these reports, two important points emerge: i) using a drug to
manage the anxiety associated with nausea and vomiting in early preg-
nancy, was not considered unreasonable; ii) although THD may initially
have been prescribed as a sedative or hypnotic there is evidence to
suggest that by 1960 there was interest in its potential to specifically treat
nausea or vomiting during pregnancy. This view is supported by
McBride's original Letter to the Lancet in 1961 reporting initial obser-
vations about THD and birth defects in which he comments, women
“were given the drug thalidomide (‘Distaval’) during pregnancy as an anti-
emetic (our underlining) or as a sedative” (McBride, 1961). Apart from
this quotation and the comment by McBride quoted above (Sunday Times
Insight Team, 1980, p.16) we have been unable to find publications
reporting the efficacy of THD against either nausea or vomiting at any
stage of pregnancy; however, the above quotations provide some very
limited indications of the perception of this possibility.

The apparent absence of pivotal publications reporting data on anti-
emetic efficacy in pregnancy has not hindered the widespread accep-
tance of THDs ‘anti-emetic’ activity particularly in ‘morning sickness’, as
exemplified by the selected publications in Table 1. Research publica-
tions and reviews describing the claim of anti-emetic activity of THD in
pregnancy often do not give references for these statements (see Table 1).
This lack of key validation of THDs anti-emetic action prior to human use
is unusual, as there were contemporaneous preclinical studies of other
‘anti-emetic’ drugs using established carnivore models (e.g., chlor-
promazine, Boyd et al., 1954; Brand et al., 1954) and human clinical
trials (e.g., hyoscine, Hill and Guest, 1945; dimenhydrinate, Bignall and
Crofton, 1949: Gay and Carliner, 1949), including a single-blinded study
of dimenhydrinate in early pregnancy (Carliner et al., 1949).

5. Recent evidence for efficacy of thalidomide as an anti-emetic
in chemotherapy

More recent studies have provided evidence for efficacy of THD in
treatment of nausea and vomiting. A preclinical study published in 2014
investigated the potential anti-emetic use of THD in a rat model of kaolin
consumption (pica) induced by the cancer chemotherapeutic agent
cisplatin (Han et al., 2014). Since rodents are unable to vomit (Sanger
et al., 2011; Horn et al., 2013), increased consumption of kaolin
following administration of an agent which would induce vomiting in an
emetic species is used to indicate activation of pathways which may
result in nausea and leaned aversions (see Stern et al., 2011). THD was
given by gavage (10 mg/kg) simultaneously with cisplatin (10 mg/kg,
intraperitoneally) (Han et al., 2014). THD was without effect in the first
24 h, considered to equate to the acute phase of chemotherapy-induced
nausea and vomiting (CINV) but kaolin consumption was reduced in
the THD group 72 h after cisplatin administration, the period believed to
represent the delayed phase of high-dose cisplatin-induced nausea and
vomiting in humans (Sanger and Andrews, 2018). The 5-hydroxytryp-
tamineg receptor antagonist (5-HT3RA) granisetron was used as a posi-
tive control, representing a widely used class of anti-emetic drug in the
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Table 1

Selected example publications in the last 20 years commenting on the anti-emetic
effects of thalidomide (THD). in pregnancy Bold text is our highlighting of key
phrases. The publications illustrate either the lack of a reference to studies
reporting data on anti-emetic (nausea or vomiting) efficacy in pregnancy or when
references are given, they do not refer directly to studies reporting data on the
anti-emetic (nausea or vomiting) efficacy of THD in pregnancy. See text for
further details and discussion.

Quotation about anti- Publication Citation Comment
emetic effects of (ranked by year given to

thalidomide in of publication) support

pregnancy statement

Yamamoto et al. ~ No citation

(2022), p. 6236

Thalidomide was first
developed in the

Comment is specific
for morning sickness

1950s by the and includes both
German sedative and anti-
pharmaceutical emetic actions.

company Griinenthal
as a sedative or
anti-emetic for
morning sickness
in pregnant women.

The unintended Xie et al. (2022),
teratogenic effect of p.2
thalidomide (THD)
prescribed to treat
morning sickness
in pregnant women
is a historic tragedy.

No citation Comment is specific
for morning sickness
and “prescription”
implies that its
treatment was the
intent of the
prescriber. Note that
THD was available
over the counter.
Comment is specific
for morning sickness
and the use of the
word “approval”
implies some form of
regulatory process.

Was et al. No citation

(2022), p.9

Thalidomide is a
synthetic glutamic
derivative, it was
approved for
pregnancy-
associated morning
sickness in 1957,
although a few years
later was withdrawn
because of
teratogenicity.

Thalidomide was first
developed to treat
morning sickness
and sold over the
counter to pregnant
women in Germany
in the 1950s, with
recommended doses
in the range of
aspirin treatments
(300-500 mg).

Thalidomide was
marketed as a safe
and effective
sedative beginning
in 1957 and was
later found to be
effective at treating
morning sickness.

Thalidomide (THD) is
a derivative of
glutarnic [sic]acid,
which was initially
used as a sedative
to treat emesis in
pregnancy ....

It was very popular at
the time, being
distributed in at least
46 countries
worldwide as an
effective drug in
relieving morning
sickness.

Schein (2021), Schein,
p.16 2020

Comment implies
data/trials to support
development.
Schein, 2020, cites
Rehman et al., 2011,
use of THD in
morning sickness

Comment indicates
primary use was
sedation and efficacy
specifically against
morning sickness
was discovered
subsequently.

Vargesson and No citation
Stephens

(2021), p.1455

Wang et al. No citation

(2020), p. 4561

Implies that the
sedative and anti-
emetic actions are
linked.

No citation Statement implies
efficacy in morning

sickness.

Vargesson
(2019), p.88

(continued on next page)
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Table 1 (continued)
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Table 1 (continued)

Quotation about anti- Publication Citation Comment Quotation about anti- Publication Citation Comment

emetic effects of (ranked by year given to emetic effects of (ranked by year given to

thalidomide in of publication) support thalidomide in of publication) support

pregnancy statement pregnancy statement

Thalidomide was Gemechu et al. No citations Comment is specific Grunenthal (Fig. 1).
developed in 1957 (2018), p.11802 for morning sickness. Thalidomide was
by the German very effective and
pharmaceutical quickly discovered
compnay Chemie to also be an
Griinenthal as a effective anti-
sedative used by emetic and used to
pregnant women to treat morning
ameliorate sickness in
morning sickness. pregnant women.

In 1957, this drug was Yashiro et al. No citation Amelioration implies Thalidomide is a Han et al. Citation Reid et al. (2012) isa
released into the (2018), p. 2250. efficacy against sedative that was (2014), p. 361 given to Cochrane review of
market as an over- morning sickness. first introduced in Reid et al. the utility of
the -counter drug of the late 1950s for (2012), and thalidomide in the
a non-addictive/ treatment of Badros management of
non-barbiturate morning sickness (2012) cancer cachexia and

sedative as well as an
anti-emetic.
Thalidomide
ameliorated
“morning sickness”
in pregnant women
and was tragically
believed to be
harmless.

Thalidomide was Islas-Espinoza
introduced in the et al. (2018), p.
1950s as a safe 671
antiepileptic drug. In
1957, it was
commercialized as a
safe sedative and
was widely used as
an antiemetic
(Randall, 1990; Perri
and Hsu, 2003)

Thalidomide (THD)
was able to
significantly
ameliorate nausea
and vomiting in
pregnancy, but was
withdrawn in Europe
as a result of
teratogenicity in the
late 1950s.

Thalidomide was first
introduced in the
late 1950s as a
sedative for
pregnant women to
prevent morning
sickness [28].

Zhang et al.
(2017), p. 3559

Shi and Chen
(2017), p. 3

Thalidomide was
released in the late
1950's as a
nonaddictive,
nonbarbiturate
sedative by the
German
pharmaceutical
company, Chemie-

Vargesson
(2015), p. 140.

Randall Statement does not
(1990); confine anti-emetic
Perri and efficacy only to
Hsu (2003) pregnancy.
Randall, 1990, is a
brief history of THD.

Perri and Hsu
(2003), reviews the
history of THD and
its use in
dermatology-it cites
Stirling, 1988 [3] as
the source for the
statement “Pregnant
women frequently
treated their nausea
of pregnancy with
thalidomide.[3]
Amelioration implies
efficacy against both
nausea and vomiting
and “in pregnancy”
implies efficacy at
any stage of
pregnancy.

No citation

Citation to Comment links

Ito and sedation and anti-
Handa, emetic efficacy.
2016 Reference [28] is Ito

and Handa, 2016,
Cereblon and its
downstream
substrates as
molecular targets of
immunotherapy
drugs.

Statement implies
efficacy in morning
sickness.

No citation

and insomnia [1,2].

Initially marketed as
Contergan,
thalidomide was
prescribed as a
nonbarbiturate
hypnotic sedative
able to produce deep
sleep without
hangover or risk of
dependency ... ... ...
Soon available
world-wide, the drug
became popular for
its anti-emetic
effect in pregnant
women suffering
with morning
sickness.

Thalidomide, a
derivative of
glutamic acid, was
introduced in Europe
in 1954 as a
sedative/hypnotic
agent and was used
to ameliorate
nausea in
pregnancy.

It was initially
marketed as a
sedative, with its
rapid speed of onset,
lack of hangover
effect, and apparent
safety after overdose
making it an
alternative to
barbiturates. In
addition it was a
powerful
antiemetic, and
was widely taken
by pregnant
women for the
treatment of
morning sickness.

Early studies done in
1953 established the
anxiolytic, hypnotic,
antiemetic, and
adjuvant analgesic
properties of
thalidomide (44, 45)

Rehman et al. No citation

(2011), p. 291.

Liu et al. (2009),
p. 692.

No citation

Gordon and No citation
Goggin (2003),

p. 127

Citations to
Fabro et al.
(1965) and
Smithells
(1966).

Mujagic et al.
(2002), p. 275

Badros, 2012 is an
editorial about the
use of lenalidomide
in myeloma.
Statement implies
efficacy in morning
sickness.

Comment is specific
to nausea and

statement implies it
is efficacious at any
stage of pregnancy.

Statement implies
efficacy in morning
sickness.

Fabro et al. (1965)
describes the
metabolism of
thalidomide, its
biological effects and
those of some
metabolites but no

(continued on next page)



P.L.R. Andrews et al.

Table 1 (continued)

Quotation about anti- Publication Citation Comment

emetic effects of (ranked by year given to

thalidomide in of publication) support

pregnancy statement
studies of antiemetic
activity; Smithells
(1966) describes
mobility and mental
health rehabilitation
aspects of children
affected by
thalidomide.

control of CINV, which had also demonstrated efficacy in

cisplatin-induced pica in rodents (Liu et al., 2005; Malik et al., 2007). The
Han et al. (2014) study did not include a group in which THD was given
alone nor did it contain any data on food intake (although kaolin intake
was expressed as % of total food intake) or locomotor behaviours which
would have provided insights into the sedative effects of THD. This study
also attempted to investigate THDs mechanism of action reporting that
THD given to cisplatin-treated animals reduced the levels of substance P
(SP) immunoreactivity in both the stomach (~38% decrease) and the
medulla (~35% decrease) when measured at 33 h post cisplatin
administration but was without effect on levels of gastric and medullary
NK; receptor immunoreactivity following cisplatin. However, although
potentially important, these results should be treated with caution until
replicated because of the lack of a THD alone group, behavioural data
and the lack of key details about the methodology used for immunobhis-
tochemistry. Assuming that the data on SP are replicated, they suggest
that modulation of synthesis or destruction of transmitters implicated in
emesis should not be overlooked in searching for THDs anti-emetic
mechanism (see below).

The ability of THD to inhibit nausea and vomiting in CINV has
recently been investigated in several clinical trials (Fig. 1). The earliest
trial we identified was a publication in Italian in 1965. The paper entitled
[Use of the imide of N-phthalylglutamic acid (thalidomide) in the
symptomatic therapy of vomiting of many patients with malignant neo-
plasms or caused by administration of mechlorethamine HCl] (Traldi
et al., 1965) reports a reduction in the intensity of vomiting but does not
comment on any effects against nausea. As far as we can ascertain, this
paper was the first to propose a mechanism for the ‘anti-emetic’ effect of
THD, hypothesising a blockade of visceral afferent impulses to the
brainstem or interruption of the vomiting reflex arc in the brainstem; the
authors considered the second hypothesis more likely in view of THDs
sedative properties. We return to these potential mechanisms below.

As part of a study of the effects of THD on cachexia in patients with
terminal cancer Bruera et al. (1999) showed a significant reduction in
nausea and an increase in appetite (see also Reid et al., 2012). The next
clinical study reporting ‘anti-emetic’ effects of THD was in 2000
(Govindarajan et al., 2000). These authors conducted a pilot study (9
patients) and showed that when compared with historical data, the
co-administration of THD (400 mg/day, administered at bedtime)
appeared to prevent or greatly reduce the late onset diarrhoea, nausea
and vomiting associated with use of irinotecan for treatment of meta-
static colorectal cancer.

Several studies were subsequently conducted in China. For example,
Liu et al. (2009) used a crossover design in patents receiving a modified
FOLFOX7 chemotherapy regime (primarily for gastric and colorectal
tumours) to investigate the effects of addition of THD (150 mg twice
daily) to a combination of ramosetron (a 5-HT3RA) and dexamethasone
on nausea and vomiting on days 2-5 following chemotherapy (delayed
phase) using a crossover design between therapy cycles one and two. A
significant increase in the complete response rate (CRR) in the THD
group for nausea occurred on days 2-4 (~24-34% increase in CRR,
defined as no nausea) and for vomiting on days 2 and 3 (~20% increase
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in CRR outcome measure for vomiting defined as no emetic episodes
[vomiting and/or retching in defined time epochs] and no rescue
medication). In the same study, the complete response rate for anorexia
(defined as normal food intake) was higher in the THD treatment group
on days 2-5. Interestingly, the frequency of sedation/dizziness was
higher at 42% in the THD group compared to 9.6% without thalidomide;
no other side effects differed significantly. This data supports early
studies on the sedating effects of THD. In another, more recent study
Zhang et al. (2017) used a randomized, multi-centre, double-blind,
placebo-controlled design trial in patients receiving highly emetogenic
chemotherapy to investigate the effect of addition of THD (100 mg twice
daily) on days 1-5 to a palonosetron/dexamethasone regime. Both
nausea and vomiting CRR were significantly increased (i.e. a reduction in
both) in the THD group on days 2-5, with a 15.2% increase for vomiting
CRR (no emetic episodes [vomiting and/or retching in defined time
epochs] and no rescue medication) and 14% for nausea CRR (score of
zero on a 4 point Likert scale). Sedation was increased in the THD group
(12.6% vs. 5.6%) and insomnia reduced (7.6% vs. 15.9%). This study
prompted some correspondence on the advantages and disadvantages of
the addition of THD (Chong and Chan, 2018; Zhang et al., 2018). Overall,
these studies show that THD can reduce nausea and vomiting, particu-
larly in the delayed phase of CINV.

Two recent systematic reviews of the CINV studies with THD define
its ability to inhibit nausea and vomiting effects. The first looked at 14
randomized control trials including 1744 patients receiving mostly a
platinum-based chemotherapy with a 5-HT3RA with or without dexa-
methasone (Wang et al., 2020). The analysis showed that THD enhanced
the complete response rate of nausea and vomiting in the delayed and
overall phases; the efficacy of the 100 and 200 mg/day doses appeared
similar. A further systematic review and meta-analysis included 34
studies published from 2009 to 2018, involving a total of 3168 patients
receiving highly ‘emetogenic’ chemotherapy (Xie et al., 2022). In terms
of complete responder rate, THD plus a 5-HT3RA with or without dexa-
methasone was significantly higher than 5-HT3RA with or without
dexamethasone in the acute phase (74.4% vs. 67.4%), delayed phase
(70.6% vs 50.4%), and overall phase (68.4% vs 53.4%). In terms of the no
nausea rate, the THD treatment group was also significantly higher than
the control group in the acute phase (61.7% vs. 55.5%), delayed phase
(50.5% vs. 30.0%), and overall phase (44.6% vs. 29.9%). These analyses
show that although THD has some efficacy in the acute phase of CINV the
efficacy is greater in the delayed phase.

6. What is the mechanism of the ‘anti-emetic’ activity of
thalidomide?

The above clinical studies in CINV, terminal cancer and the historical
reports of THD efficacy in pregnancy provide a basis for attempting to
identify the mechanism(s) underlying its effects against nausea and
vomiting. Additionally, a recent study reporting the use of THD to treat
symptoms of COVID-19 commented on the possible therapeutic benefit
of its anti-emetic effect (Li et al., 2021). Nausea, vomiting and diarrhoea
are symptoms of SARS-coV-2 infection with the mechanisms implicated
in emesis proposed to be similar to those involved in CINV (see Andrews
et al., 2020 for review).

To identify how THD could exert an effect against nausea and/or
vomiting we examined the known pharmacology of THD for links to the
mechanisms of nausea and vomiting, particularly in relation to CINV and
pregnancy. Fig. 2 summarises the key pathways implicated in induction
of nausea and vomiting together with their pharmacology to provide a
background to the following discussion. Several of the proposed mech-
anisms are speculative but are included to provide testable hypotheses.

6.1. Sedative activity

Sedation is a consistently reported effect in clinical studies of THD
(see Millrine and Kishimoto, 2017), including when evaluated for
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Fig. 2. A summary of the main pathways implicated in induction of nausea and vomiting and the neurotransmitters/signalling molecules (see Stern et al., 2011;
Sanger and Andrews, 2018; Zhong et al., 2021 for details and references). The main inputs (vestibular system, area postrema [AP] and abdominal vagal afferents)
inducing nausea and vomiting converge on the nucleus tractus solitarius (NTS). The AP is outside the blood brain barrier and can be activated by a range of circulating
substance. For example: Growth Differentiation Factor 15 (GDF15) from liver, macrophages (M), kidney (K) and placenta; Prostaglandin E; (PGE,) and Interleukin-2
(IL-2) from inflamed/damaged tissue; Glucagon -like peptide-1 (GLP-1) and cholecystokinin (CCK) from Enteroendocrine Cells (EEC). Substances released from the
EEC cells, particularly 5-hydroxytryptmaine (5-HT) and substance P (SP) can also act locally to activate the vagal afferents which can also be sensitised by inflam-
matory mediators. Red boxes indicate key receptors implicated in emesis in the vestibular system, dorsal vagal complex (NTS + AP) and abdominal vagal afferent
activation. Cartoon from Sanger and Andrews (2018). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

efficacy against CINV (Zhang et al., 2017). It may be speculated that a
general reduction in arousal level may reduce perception of nausea
(involving thalamo-cortical arousal) but it is less likely to affect vomiting
as this can be evoked even under general anaesthesia (Andrews et al.,
1990). However, other drugs with sedative/hypnotic activity such as
propofol, midazolam and olanzepine also have ‘anti-emetic’ activity in
humans (Borgeat et al., 1992; Tarhan et al., 2007; Davis and Sanger,
2020) so could this be the case for THD? Propofol acts on multiple
ligand-gated ion channels, including the GABA,, glycine, nicotinic and
weakly, 5-HT3 receptors (Trapani et al., 2000). Positive modulation of
the inhibitory function of GABA, receptors by propofol (Barann et al.,
2000; Trapani et al., 2000) has been demonstrated in the NTS (McDou-
gall et al., 2008) and the AP (Cechetto et al., 2001) and could contribute
to a direct anti-emetic effect in post-operative nausea and vomiting and
CINV even when propofol is administered at sub-hypnotic doses (e.g.,
Ewalenko et al., 1996; Gan et al., 1997; Kim et al., 2000). The sedating
benzodiazepine medazoline may also be efficacious against
post-operative nausea and vomiting (PONV) at sub-hypnotic doses, and
like propofol modulates neuronal activity by binding to the GABA4--
benzodiazepine receptor complex (Tarhan et al.,, 2007). Finally, the
antipsychotic drug olanzapine, which also causes sedation can inhibit
vomiting (Davis and Sanger, 2020 for review). This drug also antagonises
activity at multiple receptors (D1, Do, D3, D4, 5-HT2a, 5-HToc, 5-HTj3,
5-HTg, a; adrenergic, H; and m;, mg, m3, m4 receptors) many of which
may be involved in the mechanisms of vomiting although antagonism of
the H; receptor is most likely responsible for the sedative actions of
olanzapine within the cerebral cortex (Davis and Sanger, 2020).

With regards to THD, binding studies (see below) at a range of
different receptor and enzyme targets do not suggest an ability to interact

with any of the anti-emetic mechanisms suggested for propofol, med-
azoline or olanzapine (Kanbayashi et al., 1996). Interestingly, in silico
studies suggest that THD can dock with the benzodiazepine pocket of the
GABA4 receptor (Asadollahi et al., 2019). These findings contrast with an
inability of THD to bind to this area (Kanbayashi et al., 1996; see below)
but do indicate that further studies are needed to look for an ability of
THD to modulate GABA, function (see also 6.2, iii).

Neurophysiological and molecular studies of the sedative/hypnotic
actions of THD show that it does not appear to involve the cereblon-
mediated ubiquitin/proteasome pathway (Hirose et al., 2020). Howev-
er, a THD-induced depression of cortical excitatory transmission,
partially mediated pre-synaptically, was observed in the absence of an
effect on inhibitory transmission (ibid). Earlier animal studies differen-
tiated THD from pentobarbital in several ways: i) THD increased slow
wave sleep and rapid eye movement sleep at doses which did not induce
ataxia; ii) THD did not reduce pre-optic area activity; iii) THD enhanced
the sleep-inducing effect of basal forebrain stimulation (Frederickson
et al., 1977; Kaitin, 1985). THD has an acute, rapid onset seda-
tive/hypnotic effect with a different profile from barbiturates. The sed-
ative/hypnotic effects in both human and animal studies suggest a
central action involving suppression of excitatory neurotransmission
which if it occurred in critical parts of pathways receiving stimuli
inducing nausea or vomiting (e.g., NTS, AP) could also directly affect
induction of nausea and/or vomiting (rather than indirectly through
reduced arousal).

Finally, it should be noted that the impairment of cognitive function
by THD (administered 3 h before testing) involves a cereblon mediated
modulation of the large-conductance calcium-activated potassium
channel (BK channel, K¢, 1.1) in the hippocampus (Choi et al., 2018).
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This observation further shows the potential for an acute central effect of
THD which may be of relevance to its ‘anti-emetic action’ (see below).

6.2. Interaction with neurotransmitter receptors and functions

Receptor binding studies with canine brain tissue found no mean-
ingful affinity of THD (up to 10~* M) for adrenergic (o1, &), dopamine
(D2), and muscarinic (My) receptors (Ki > 100 mM for the racemate)
(Kanbayashi et al., 1996). In a screen (at 107> M) THD did not have
significant binding to receptors for the following substances: adrenaline
(a1, a2, B); dopamine (D1, D2); histamine (H;, Hy); acetylcholine (m;, my,
mg3); 5-hydroxytryptamine (5-HT;, 5-HTjs, 5-HTic, 5-HT,, 5-HTj3);
benzodiazepine; gamma amino butyric acid (GABA,, GABAg); glycine
(strychnine-insensitive/sensitive); glutamate (AMPA); kainate (NMDA);
MK-801; phencyclidine; adenosine (A;, Ajy); opiate; angiotensin II;
arginine-vasopressin (AVP1 or Vjp); atrial natriuretic factor; cholecys-
tokinin; epidermal growth factor; substance P; substance K; neuropeptide
Y; neurotensin; somatostatin; vasoactive intestinal polypeptide. THD was
also without effect on adenosine, choline, dopamine, noradrenaline,
5-HT and GABA uptake or glutamate transport. Also negative in the
screening study were: calcium channels type N, T, L; chloride channel
(TBOB); adenylate cyclase; inositol triphosphate; protein kinase C;
acetylcholinesterase; mono-amine oxidase A/B; nitric oxide synthase;
choline acetyl transferase; glutamic acid decarboxylase (Kanbayashi
et al., 1996). This list is taken from the publication but unfortunately
important detail is lacking (e.g., type of NOS) which introduces some
limitations when using these data to discuss THDs pharmacological
mechanisms. The binding study should be repeated and in addition,
include each isomer analysed separately, products of hydrolysis and
hepatic metabolism.

The lack of THD binding to any of the receptors currently known to be
capable of reducing nausea and/or vomiting by either an antagonist (Hj,
Ms,s. Dy, 5-HT3, NK;) or an agonist (cannabinoid, opiate, GABAg) sug-
gests that the anti-emetic action is not due to action at one of these re-
ceptors (Sanger and Andrews, 2018). This is particularly relevant to the
studies with CINV treated clinically by a combination of 5-HT3 and NK;
receptor antagonism together with dexamethasone (Sanger and
Andrews, 2018) and the nausea and vomiting in early pregnancy where
5-HT3 RA have some efficacy (Matthews et al., 2015) as the above dis-
cussion provides some evidence for efficacy of THD in both settings.
However, before dismissing an interference of THD with neurotrans-
mitter function the binding screen should not only be replicated, but
expanded as some receptors implicated in nausea and vomiting pathways
are not included (e.g., TRPV;, CBy; Sanger and Andrews, 2018).

Although the above discussion argues against an effect on many re-
ceptors affecting brain neurotransmission there is a body of preclinical
evidence demonstrating potential relevance in modulation of neuronal
function which we briefly review.

i) BK channel (Kc,1.1). The large-conductance calcium-activated po-
tassium channel (BK channel, Kc,1.1) is bound and regulated by
cereblon. Cereblon binds and is regulated by a CRL4“®™* E3 ubiquitin
ligase, which is in turn inhibited by THD, thus THD regulates channel
activity (Kim and Oh, 2016; Choi et al., 2018a). The possibility of
modulation of neuronal function by THD is consistent with the wide
distribution of cereblon mRNA in the mouse and human brain in the
same areas as the K.;1.1 channel (Xin et al., 2008; Aizawa et al.,
2011) raising the possibility of modulation of neuronal function. By
binding to cereblon, THD inhibits CRL4°EM* E3 ubiquitin ligase ac-
tivity, one of the substrates of which is the BK channel (Choi et al.,
2018a). Electrophysiological studies of mouse hippocampus showed
that THD (given 3 h earlier) induced BK channel hyperactivity leading
to reduced presynaptic glutamate release (Choi et al., 2018b).
Glutamate is an excitatory transmitter in the NTS so THD could
reduce transmission through this critical part of the emetic pathway
with the effect potentially amplified as it co-transmits with SP, a key
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neurotransmitter involved in the brainstem emetic pathways (Sanger
and Andrews, 2018). The BK channel is also present in the cell bodies
of vagal afferent neurones in the nodose ganglion (Li et al., 2011) so
raising the possibility of THD modulation of vagal afferent activity as
proposed by Traldi et al., in 1965 (Traldi et al., 1965) assuming that
these cells express cereblon.

ii) Glutamatergic transmission. Another substrate of CRL4EM* E3

ubiquitin ligase is glutamine synthase, the enzyme responsible fo
glutamate recycling, catalyzing the conversion of glutamate to
glutamine in astrocytes, that is converted back to glutamate in neu-
rones. Glutamine synthetase has been demonstrated in the area
postrema in the glial cells surrounding the fenestrated capillaries
(D'Amelio et al., 1987). THD acting to inhibit this pathway would be
expected to lead to reduced recycling of glutamate thus affecting
transmission.
In an open label study of patients with refractory epilepsy THD
reduced the number of seizures/month over a year (Palencia et al.,
2010). Thalidomide has anticonvulsant properties (2.5-100 mg/kg)
assessed using amygdaloid kindling in conscious rats (Palencia et al.,
2011), with clonic seizures induced by pentylenetetrazole (PTZ)
where it was similarly potent to valproic acid (Palencia et al., 2007),
and in lithium-pilocarpine-induced status epilepticus in mice (Amanlou
et al,, 2021). THD is neuroprotective (mouse striatum) against
MPTP-induced excitotoxicity (Palencia et al., 2015) and protective
against ischemia/reperfusion injury (rat) (Palencia et al., 2015).
Modulation of the N-methyl-D-apartic acid (NMDA) receptor/nitric
oxide (nNOS) pathway is implicated in the neuromodulatory and
neuroprotective effects of THD in the PTZ-seizure model (Payande-
mehr et al, 2014; Pourshadi et al., 2020). Studies of the
anti-depressant effects of THD in mice implicate an action on the
NO/cyclic GMP pathway (Rostamian et al., 2019).

Taken together the above preclinical studies of seizures indicate that
THD can modulate the NMDA/NO pathways in the brain. As glutamate is
an excitatory neurotransmitter in the NTS and other parts of the brain-
stem implicated in ‘emesis’ via the NMDA receptor, an action similar to
the anti-epileptic effect of THD described above would contribute to an
‘anti-emetic’ action. This is particularly relevant to chemotherapy where
cisplatin has been shown to upregulate both NMDA and AMPA receptor
subunit expression in the dorsal vagal complex (including the NTS) of
mice (Holland et al., 2014) and antagonism of NMDA receptors reduces
acute cisplatin-induced vomiting in the ferret (Lehmann and Karrberg,
1996). Reduction of transmission at critical integrative sites within the
brainstem (e.g., NTS) is one of the main mechanisms by which the clin-
ically used anti-emetic NK; receptor antagonists operate (Andrews and
Rudd, 2015).

iii) GABAergic transmission. In the section discussing the sedative
action of THD, modulation of brain GABA, receptor function
emerged as a potential mechanism for this action. GABA-ergic
transmission would be an attractive target as GABA is present in
the AP and NTS (Leslie, 1985; Schwartz et al., 1986; Newton and
Maley, 1987) inhibiting neuronal activity in both locations
(Strominger et al., 2001; Bailey et al., 2008). As GABA receptor
activation can also reduce 5-HT release from gut enterochromaffin
cells (EC) (Racke et al., 1996), studies will need to be conducted to
look for an ability of THD to modulate the EC-vagal afferent
pathways implicated in induction of emesis (e.g., in CINV and in
emesis driven by other stimuli, such as SARS-CoV-2, radiation,
and food toxins; see Andrews et al., 2020 for review).

From these studies a diversity of extracellular receptors and intra-
cellular mechanisms have now been implicated in emetic mechanisms
(see Zhong et al., 2021, for review). Thus, detailed analysis of the
interaction of THD and selected metabolites with these targets should be
undertaken to enable better definition of the molecular basis of THDs
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anti-emetic actions.
6.3. Modulation of digestive tract motility

Nausea is associated with dysrhythmia of the gastric myoelectric
activity, antral motor quiescence and relaxation of the corpus. Although
vomiting is not due to contraction of gastric smooth muscle, it is preceded
by a giant retrograde contraction of the small intestine which progresses
into the stomach (Stern et al., 2011). Thus, actions of THD on the
digestive tract smooth muscle may be of relevance.

In guinea-pig isolated ileum, THD had a mild and short-lived spas-
molytic action (33.3 pg/ml), reducing the spasmodic contractions to
acetylcholine and histamine (Somers, 1960). Similarly, thalidomide 100
pM has been reported to inhibit contractions of prostate smooth muscle
(Tamalunas et al., 2020). For each study, the mechanism of the inhibitory
activity was not explored, but muscle relaxation by PDE4 inhibition
seems unlikely as, the ICs( for thalidomide against PDE4 was >500 pM
(Muller et al., 1998). This conclusion is further supported by the
demonstration that THD (100 pM) did not elevate cAMP in human pe-
ripheral blood mononuclear cells in contrast to apremilast which showed
binding to PDE4 whereas THD did not (Schafer et al., 2014). Further,
thalidomide had no meaningful ability to bind to N-, T-, and L-type cal-
cium channels (Kanbayashi et al., 1996).

The mechanism of THDs mild spasmolytic action remains unknown
but its role in inhibition of vomiting seems unlikely. Such activity may be
related to an ability of THD to cause constipation, a common dose-related
side-effect on acute administration of the drug (Tseng et al., 1996; Stir-
ling, 2000; Ghobrial & Rajkumar, 2003), where 80%-90% of patients can
develop mild constipation. In some, severe symptoms can occur, leading
to obstruction and toxic megacolon. Such severe constipation usually
occurs in patients receiving high doses of thalidomide, especially those
who lead a sedentary lifestyle and are more prone to develop con-
stipation (Ghobrial & Rajkumar, 2003). In mouse, 500 mg/kg THD given
orally 30 min before a charcoal meal, reduced the rate of transport
through the stomach and intestines by 15%, but without reaching sta-
tistical significance (Somers, 1960). The mechanisms leading to con-
stipation are unclear although in addition to the ability to relax smooth
muscle, others have hypothesized that as with other neurotoxic agents,
such as vincristine, THD may adversely affect autonomic nerve endings
in the gut (Ghobrial & Rajkumar, 2003) resulting in a secondary effect on
digestive tract motility.

Although an acute effect of THD on digestive tract motility is unlikely
to contribute to inhibition of vomiting, THD may have a role in allevi-
ating the reduced gastric motility in patients receiving anti-cancer
chemotherapy and hence reducing nausea. In rats, the highly emeto-
genic agent cisplatin markedly inhibits gastric emptying (Malik et al.,
2007). Molecular studies of the proximal stomach in rats analysed two
days after cisplatin showed a large (3204%) increase in iNOS expression
which was blocked by dexamethasone (Gale et al., 2005 and unpublished
study data). And nNOS expression changes in rat proximal stomach and
colon have been reported following oxaliplatin administration (Was
et al., 2022 for review). THD has been shown to have weak (23 4 8%
reduction at 1 mM) NOS-inhibitory activity in vitro but the authors noted
that metabolites or decomposition products might be more potent (Shi-
mazawa et al., 2004). As TNFa is an inducer of iNOS the action of THD on
TNFa could also contribute to reducing iNOS (see above, Moreira et al.,
1993; Kim et al.,, 2004). Thus, THD could act in vivo to prevent
cisplatin-induced changes in TNFa and iNOS which would otherwise lead
to a depression of gastric motility, reducing gastric emptying and food
intake, and induction of nausea.

6.4. Modulation of thyroid function
One of the earliest published human studies of THD (100-200 mg)

reported a mild but consistent anti-thyroid effect, reducing the uptake of
iodine (Murdoch and Campbell, 1958). We have not been able to find
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more recent publications confirming this action, but include it for
completeness because of the links between thyroid function and preg-
nancy. Thyroid function is elevated in pregnancy and impaired uptake of
iodine by the thyroid could impact thyroxine (T3) and triiodothyronine
(T4) synthesis. This is relevant as increased thyroid hormone production
has been implicated in both pregnancy sickness and hyperemesis grav-
idarum in 12/15 studies recently reviewed by Liu et al. (2022) although a
causal link is not proven. Thyroid hormones are also potentially linked to
nausea and vomiting during pregnancy via the ryanodine receptor,. The
gene encoding the ryanodine receptory, (RYR2) is expressed in the
brainstem (Giannini et al., 1995) and is implicated in the cellular
mechanism of calcium mobilisation leading to SP release and vomiting
(Zhong et al., 2016). RYR2 can be overexpressed (heart tissue) by thyroid
hormone administration (Jiang et al., 2000). Additionally, genetic
analysis has identified a link between hyperemesis gravidarum and RYR2
variants (Fejzo et al., 2017). Interestingly, the RYR2 stress-induced cal-
cium channel has also been implicated in Cyclical Vomiting Syndrome
(Lee et al., 2015).

In hyperthyroid patients, plasma levels of Growth Differentiation
Factor 15 (GDF15, see below for further discussion) are significantly
increased and in mice thyroid hormones can upregulate GDF15 expres-
sion (Zhao et al., 2018). As reviewed below GDF15 has been implicated
in both CINV and nausea and vomiting during pregnancy. A
re-assessment of THDs effect on thyroid function would appear
warranted.

6.5. Anti-inflammatory activity

THD can reduce TNFa production by enhancing degradation of TNFa
mRNA (Moreira et al., 1993; Kim et al., 2004), and reduce the release of
other cytokines such as IL-1p, IL-6 and IL-10 (e.g., Franks et al., 2004;
Shannon et al., 2007; Deng et al., 2021). Early in vitro studies have
associated the suppression of TNFa with the S-enantiomer (Wnendt et al.,
1996). Further, an inflammation driven peripheral nerve hyperalgesia
was blocked by THD, an effect associated with reduced TNFa synthesis
which itself can trigger a cascade of pro-inflammatory cytokines resulting
ultimately in the release of PGE, (de Magalhaes et al., 2020). Finally,
THD inhibits cyclooxygenase (COX) COX1 and COX2 activity (with a
potency comparable to aspirin; Noguchi et al., 2002).

These findings illustrate a potential peripheral action of THD which
could be applicable to the abdominal vagal afferents implicated in
driving nausea and vomiting. This is important because in patients
receiving highly emetogenic chemotherapy, dexamethasone has been
shown to reduce nausea and vomiting, particularly in the delayed phase;
such activity has been used to argue that release of inflammatory medi-
ators contributes to driving the ‘emetic’ response (Andrews and Rudd,
2015). This release is proposed to be either due to chemotherapy-induced
inflammatory damage of the intestinal epithelium, releasing cytokines to
act on the area postrema (e.g., TNFa, IL-1 8§ activated rat area postrema
neurons and astrocytes; Wuchert et al., 2009), or sensitize/drive
abdominal vagal afferents (Sanger and Twycross, 1996; Andrews and
Rudd, 2015), directly and/or indirectly via the release of neuroactive
agents from gut enteroendocrine cells by locally produced cytokines
(e.g., IL-1 B, Kidd et al., 2009). In rat stomach the anti-cancer agent
cisplatin upregulated expression of genes associated with inflammatory
damage including the NLRP3 inflammasome (Gale et al., 2005; Li et al.,
2020; Meng et al., 2021) and COX2 (Obara et al., 2018; see below). The
role of THD in blocking the induction of pro-inflammatory gene
expression caused by cisplatin provides a mechanism which could
contribute to its ‘anti-emetic’ action in CINV and is supported by a recent
study of expression downregulation by THD of a number of genes
involved in the inflammatory response in lungs exposed to SARS-coV-2
(e.g., NF-xB, TNFa, NOS3; Sundaresan et al., 2020). Although we focus
on inflammation and CINV (especially delayed phase) it is also consid-
ered to play an important role in the emetic effects of radiation (Young,
1986) making it potentially amenable to the anti-inflammatory effects of
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THD.

Prostaglandins (such as PGEy, PGF3) can induce vomiting (Ganesan
and Karim, 1974; Smith and Mason, 1974; Kan et al., 2002) probably
acting within the brainstem, (Kan et al., 2002). An action of THD on
TNFo and subsequent PGE; release could contribute to inhibition of
vomiting together with COX inhibition. In pregnancy, an association has
been reported between plasma PGE; levels and nausea and vomiting
(Gadsby et al., 2000). Additionally, serum TNFa is elevated in women
with hyperemesis gravidarum but it is unclear if it this is a cause or a
consequence (see Liu et al., 2022 for review).

6.6. Inhibition of the functions of Growth Differentiation Factor 15

A recent body of evidence has implicated GDF15 in both CINV and
hyperemesis gravidarum making it a potential target for THD (e.g., Petry
et al., 2018; Breen et al., 2020). In chemotherapy-damaged cancer cells
THD (100 pg/ml) blocked the increase in expression and release of
GDF15 protein (Dong et al., 2018). As this study demonstrates a potential
interaction between THD and GDF15 we briefly review the evidence for
involvement of GDF15 in nausea and vomiting to encourage further
investigation.

GDF15, a divergent member of the TGF-p superfamily, acting on the
glial-derived neurotrophic factor (GDNF)-family receptor a-like (GFRAL)
receptor (Emmerson et al., 2017). Recently, a genome-wide association
study linked GDF15 and more specifically, a single nucleotide poly-
morphism/coding variant of GDF15 with hyperemesis gravidarum (Fejzo
et al.,, 2018a, b; Fejzo et al., 2019; Fejzo et al., 2022). In pregnancy,
GDF15 is highly expressed in the placenta, circulating levels rise rapidly
in maternal blood during the first trimester of pregnancy, remaining
elevated until delivery (Moore et al., 2000) with blood GDF15 levels
increased in women reporting vomiting in the second trimester,
compared with women reporting no pregnancy nausea or vomiting
(Petry et al., 2018). These studies implicate GDF15 in the induction of
vomiting particularly in the later stages of pregnancy and in hyperemesis
gravidarum, but nausea is a more common problem in early pregnancy
(Whitehead et al., 1992). However, by analogy with other ‘emetics’ we
hypothesise that a lower concentration of GDF15 will be required to
induce nausea compared to vomiting but this requires direct investiga-
tion. The released GDF15 is proposed to act at the GFRAL receptors
within the area postrema (AP: implicated in detection of circulating
endogenous and exogenous agents inducing nausea and vomiting; see
Fig. 2) and nucleus tractus solitarius (NTS: outputs from here project to
“higher” brain regions to induce nausea and to the ventral brainstem to
induce the mechanical events of vomiting). Activation of the AP and NTS
by GDF15 suppresses food intake in mice and in non-human primates
(Mullican et al., 2017). More recently, it has been suggested that this
anorexia is a consequence of the induction of nausea and vomiting
(Borner et al., 2020).

In animals and humans, GDF15 is also released into the blood cir-
culation during administration of chemotherapeutic agents (Altena et al.,
2015; Hsu et al., 2017; Borner et al., 2020), and in animals GDF15 in-
duces acute vomiting, as well as long-term anorexia and body weight loss
(Borner et al., 2020). GDF15 neutralization alleviated platinum-based
chemotherapy-induced vomiting, anorexia, and weight loss in mice
and/or nonhuman primates (Breen et al., 2020). Interestingly, at least
one source of the GDF15 may be the stomach. Thus, in rats treated with
cisplatin a reduced food consumption, increased kaolin consumption,
and increased weight of the stomach contents was associated with a
dramatic change in expression of genes in the stomach including GDF15
with a two-fold increase in the non-glandular stomach and a five-fold
increase in the glandular stomach (Gale et al., 2005 and unpublished
data).

7. Conclusions

The use of THD to treat nausea and vomiting in pregnancy was based
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on an assumption that its sedative and hypnotic properties would indi-
rectly reduce these symptoms rather than on data obtained from testing
for such activity in animal models or clinical studies. An ‘anti-emetic’
effect of THD in CINV was first demonstrated >50 years ago and has been
confirmed several times in the last ~20 years. However, there is a lack of
comparable robust data for efficacy against nausea and/or vomiting in
pregnancy (Table 1) and COVID-19 (Li et al., 2021). Although under-
standing of the molecular actions of THD has expanded (particularly the
immunomodulatory action) its ability to inhibit vomiting has not been
explored in animal models (e.g., ferret, house musk shrew, least shrew) to
investigate if such activity extends beyond pregnancy and CINV (i.e., is it
effective against motion sickness, vomiting induced by apomorphine
acting on the area postrema or gastric irritants acting via abdominal
vagal afferents?). Although we identified a number of potential mecha-
nisms which could contribute to the ability of THD to inhibit nausea and
vomiting, because THD has multiple pharmacological actions it would be
unwise to assume that the mechanism is the same in all circumstances.
There is insufficient data on the pharmacology of THD to identify a single
mechanism but the most likely mechanisms, which are not mutually
exclusive, are summarised in Fig. 3. These now require direct investi-
gation (see below) so that we may finally understand the clinical, rather
than teratogenic effect for which THD is equally widely known.

8. Outlook

Pursuing the mechanisms underlying the immunomodulatory action
and the teratogenic effects has given insights into the pharmacology of
THD and has led to the development of THD analogues and THD-like
drugs with a range of clinical applications (e.g., treatment of cancer,
autoimmune disorders; Millrine and Kishimoto, 2017). However, the
same has not happened for its ‘anti-emetic’ actions which have been
assumed, but with the exception of the CINV studies have not been
demonstrated in controlled clinical trials. Based on analysis of the limited
data on THDs ability to reduce nausea and vomiting, combined with
current knowledge of its pharmacology, additional studies of the phar-
macology are now warranted; the outcomes may identify novel ap-
proaches to the design of drugs which inhibit nausea and/or vomiting.
The studies may focus on:

1. Reassessing and extending the receptor binding profile of THD, its
enantiomers and the major metabolites (with functional studies to
validate, as appropriate for the target).

2. Investigating the efficacy of THD against GDF15-dependent
mechanisms.

3. Determination of the spectrum of effects of THD in animal models
exhibiting vomiting induced by different stimuli; there are no animal
models of hyperemesis gravidarum or pregnancy sickness, and animal
models of nausea remain contentious.

4. Identification of non-teratogenic THD-like compounds or other mol-
ecules showing similar activity to THD in vitro and in vivo.

Clearly, the mechanism(s) by which THD inhibits nausea and vom-
iting differs from all currently available drugs with activity. Identification
of the mechanism may therefore offer new insights into treatment of
disorders in which current therapy is suboptimal or without clear efficacy
(e.g., gastroparesis, chronic unexplained nausea and vomiting; Carlin
et al., 2021). However, we do not yet understand the ability of THD to
inhibit nausea as well as vomiting; in general, the former appears to be
less well treated by existing ‘anti-emetic’ drugs (Sanger and Andrews,
2018). Measuring nausea is a challenge (animal models are contentious;
Sanger and Andrews, 2018) and human studies will be required. To
provide a robust evidence base for further development, it is important
that assessment of nausea is not limited to self-reporting (usually a Visual
Analog Scale or Likert-scale) but should include different biomarkers
linked to nausea (e.g., plasma vasopressin concentration, heart rate
variability, regional skin conductance and blood flow changes, and
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Summary of some pharmacological effects of thalidomide
which could contribute to an anti-emetic effect

Pharmacological  Modulation of Suppression of BK channel Reduced GDF15 Downregulation of
o GABA, receptor proinflammat.ory hyperactivation secretion cytotoxic firug iqduced
' gene expression ‘ ' upregulation of INOS
THD tissue NTS/AP neurones, ‘ CNS neurones Macrophages, ‘
target gut EC cell CNS and digestive (e.g., NTS), placenta, liver, Gastric tissue and
l tract nodose ganglion kidney, cancer cells enteric neurones
Reduced excitatory ‘ l ‘ ‘
Bavione) transmission (e.g., Reduced tissue Reduced neuronal Reduced circulating Reduction of cytotoxic
glutamate), damage and activity, glutamate levels of GDF15 and druginduced impaired
consequence release of 5-HT/sp  release of emetic release (enhanced drive to GFRAL gastric motility
driving vagal cytokines (e.g. IL-2) by THD modulation receptor on AP/NTS
afferents and prostaglandins of glutamate neurones

(e.g., PGE,)

recycling

I

Reductionin overall drive to induce nausea and vomiting by suppression
of activity in brainstem neural pathways, drive to activate vagal afferents,
and the area postrema.

Fig. 3. A summary of some of the pharmacological effects of thalidomide which could contribute to its effects on nausea and vomiting by actions on neurotransmission
in the central pathways for nausea and vomiting or by modulation of the stimuli driving emesis at peripheral sites. See text for detailed discussion and references.

electrogastrogram) (Muth et al., 1996; Stern et al., 2011; Li et al., 2022).

Finally, the THD tragedy caused an overwhelmingly beneficial
change in the way that drugs are tested prior to marketing but it also has
rightly led to a very cautious approach to drug treatment of nausea and
vomiting throughout pregnancy. Additionally, a recent review of the
ethical issues regarding therapeutic use and research in pregnant women
noted that an additional effect of the thalidomide tragedy was “to
exclude all women of reproductive potential from pharmaceutical
research” (Weld et al., 2021, p.7); approaches to the conduct of phar-
maceutical research in pregnancy are discussed. However, nausea and
vomiting is experienced during pregnancy by ~70% of women world-
wide although with large reporting variations (35%-91%) (Einarson
et al., 2013) and is the most prevalent medical condition during preg-
nancy (Gadsby et al.,, 2019; Liu et al., 2022). The incidence of the
maternal and foetal potentially life-threatening hyperemesis gravidarum
ranges 0.3-3.6% with an average of 1.1% globally (Einarson et al., 2013).
Apart from the impact on the individual, studies in the US and UK have
shown that nausea and vomiting of pregnancy places a considerable
impact on health service resources (Piwko et al., 2013; Gadsby et al.,
2019). Although several conventional drugs have been used to treat the
nausea and vomiting of pregnancy and risk benefit assessments under-
taken (Mazzotta and Magee, 2000), controlled trails are lacking. A recent
publication describes the protocol for a study of ondansetron and mir-
tazapine in hyperemesis gravidarum with patients offered metoclopramide
as rescue medication (Ostenfeld et al., 2020). Whilst the trial will give a
clear answer regarding efficacy, the rationale for using these drugs is
their efficacy in other clinical settings (e.g., CINV, PONV, gastroparesis;
see Sanger and Andrews, 2018 for review) rather than an understanding
of the mechanisms in pregnancy. The data derived from understanding
the mechanism(s) by which THD inhibits nausea and vomiting (and the
identification of non-teratogenic compounds with the same activity),
may provide a novel insight into treatment of the nausea and vomiting of
pregnancy-the starting point for this review.
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