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Abstract

In the past 50 years, thalidomide has undergone a remarkable metamorphosis from a notorious

drug inducing birth defects into a highly effective therapy for treating leprosy and multiple

myeloma. Today, most notably, thalidomide and its analogs have shown efficacy against a wide

variety of diseases, including inflammation and cancer. The mechanism underlying its

teratogenicity as well as its anticancer activities has been intensively studied. This review

summarizes the biological effects and therapeutic uses of thalidomide and its analogs, and the

underlying mechanisms of thalidomide’s action with a focus on its suppression of tumor growth.
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1. INTRODUCTION

Thalidomide (Fig. 1) was originally synthesized by Chemische Industrie Basel (CIBA) in

Switzerland in early 1950s without specific usage. In late 1950s, the discovery of its

sedative effects led to the introduction of thalidomide to the public as a drug for treating

morning sickness. However, the usage of thalidomide from the late 1950s to the early 1960s

resulted in one of the biggest tragedy in the history of drug development. As a result of

using thalidomide, it caused an estimated 10,000 children in 46 countries to be born with

birth defects, marked by limb malformations and congenital defects affecting ears, eyes,

heart, and kidney. Subsequently, thalidomide was withdrawn from the market in 1961 [1, 2].

This occurrence of devastating proportions acutely brought into focus the immense possible

detrimental side effects of drugs. The investigation of its action mechanism is a root

awakening for need of regulation in drug development as well as the development of
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systematic toxicity testing protocols in the United States and international regulatory

agencies [3].

After removal of thalidomide from the market, an accidental discovery of its

immunomodulatory effects was made in erythema nodosum leprosum (ENL) patients in

1965, thus defining a new indication of usage for thalidomide [4, 5]. Additional studies and

clinical investigations further demonstrated the beneficial effects of thalidomide in human

immunodeficiency virus (HIV) infection, and in autoimmune diseases [2, 6–9]. In 1994,

Folkman and co-workers observed that thalidomide inhibited induction of the formation of

new blood vessels from pre-existing ones, namely angiogenesis, by fibroblast growth factor

2 (FGF2), in rabbits [10]. Since angiogenesis is considered as an essential process that

drives uncontrolled cell proliferation in the bone marrow of patients with myeloma,

thalidomide was administered to the patients with refractory multiple myeloma and shown

to be highly active [11]. This encouraging discovery also provided the impetus for launch of

additional studies concerning efficacy of thalidomide for treating other cancer types, such as

prostate cancer and glioblastoma [12–16]. The recognition of thalidomide as a therapeutic

agent officially came in 1998 when it was approved by the US Food and Drug

Administration (FDA) as a drug for treating ENL. In May 2006, the use of thalidomide in

combination with dexamethasone for the treatment of newly diagnosed multiple myeloma

received US FDA’s approval [17]. However, because of its serious side effects, the

prescription of thalidomide in the USA is under stringent monitoring by the System for

Thalidomide Education and Prescribing Safety (S.T.E.P.S) program [18].

The action mechanism of thalidomide has attracted considerable attention during the last

decades. This review summarizes the proposed mechanism for the therapeutic effects of

thalidomide and its analogs.

2. MECHANISM OF THALIDOMIDE

The mechanism of thalidomide’s action has been extensively studied for more than 50 years,

during which more than 30 hypotheses had been proposed [19, 20]. Stephens and Fillmore

classified six hypotheses of thalidomide, focusing on aberrations and/or dysfunctions in: 1)

DNA replication and transcription, 2) synthesis and/or function of growth factors, 3)

synthesis and/or function of integrins, 4) angiogenesis, 5) chondrogenesis, and 6) cell death

or injury [20]. Among the six hypotheses presented on thalidomide, most support has been

given to its anti-angiogenesis activities. For instance, the observation from D’Amato et al.

agrees with the finding that thalidomide inhibits FGF2-induced angiogenesis in rabbits from

Folkman’s group [10, 21]. Given the critical role of angiogenesis in the progression and

metastasis of cancer, [22] and based on anti-angiogenesis effects in rabbit observed by

Folkman’s group, thalidomide was first tested for treating patients with refractory myeloma

[10, 11]. Later, the anti-angiogenesis potential of thalidomide was also demonstrated in

humans and several other species [23–26]. Verheul et al. further demonstrated that

thalidomide is capable of inhibiting the effects of FGF2 or vascular endothelial growth

factor (VEGF), molecules essential for angiogenesis, on tumor growth in animal model [27].

Bertolini and colleagues further provided the clinical evidence that thalidomide decreased

the plasma levels of these angiogenic growth factors in patients with multiple myeloma or

Zhou et al. Page 2

Curr Med Chem. Author manuscript; available in PMC 2014 July 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



myelodysplastic syndromes or histiocytosis [28]. Such effects were also observed in other

cancer types, such as lung adenocarcinoma and head and neck squamous cell carcinoma [29,

30]. In addition, Steins and co-workers demonstrated a considerable efficacy of thalidomide

against acute myeloid leukemia as evidenced by that the responders for thalidomide

treatment experienced hematologic improvements with increased hemoglobin and platelet

counts and this effect was linked to its significant anti-angiogenic effects [31]. Further,

Stephens and co-workers showed that the effects of insulin-like growth factor 1 (IGF-1) and

FGF2 can be reversed by thalidomide. They proposed that thalidomide intercalates into the

GC box in the promoters of IGF-1 and FGF2 genes and abolishes their stimulation of the

transcription of αv and β3 integrin subunit genes, which inhibit the angiogenic effects of the

αvβ3 integrin dimer and eventually restrain the development of limb bud [19, 20]. It is also

noteworthy that thalidomide is involved in the inhibition of cyclooxygenase-2 (COX-2), a

key enzyme responsible for the formation of prostaglandins (PGs) [32]. COX-2 was shown

to be required for the angiogenesis in a rat corneal model and COX-2-derived prostaglandin

E2 (PGE2) is a potent inducer of angiogenic switch during mammary cancer progression

[33, 34]. Though its anti-angiogenesis effect has been observed in in vitro and in vivo

systems, the antitumor effects of thalidomide in patients did not always correlate with the

block of angiogenic stimuli or reduction of microvessel in the patients [35]. Neben and

colleagues found that the response to thalidomide in progressive multiple myeloma is not

mediated by specific inhibition of angiogenic cytokine secretion in patients [36]. Moreover,

even though a strong association between thalidomide and decreased microvessel density

was observed in the xenografted primary human myeloma mice which responded to the

treatment, Yaccoby and co-workers expressed reservation for the concept of thalidomide’s

anti-angiogenic activity, as there was no changes at the density of microvessel in the mice

which did not respond to the treatment [37]. Therefore, the mechanisms underlying

thalidomide’s potent anticancer activities are complex as depicted in (Fig. 2) and yet to be

completely elucidated [38].

Immunomodulatory properties of thalidomide have been the focus for its mechanistic study

because therapeutic effects in patients with different types of cancer were linked with its

immunomodulatory properties [39–41]. The potent immunomodulatory activity of

thalidomide mainly lies in its capability of altering the secretion and activities of various

cytokines including interleukin 6 (IL-6), interleukin 10 (IL-10), interleukin 12 (IL-12),

interleukin 1β (IL-1β), and TNF-α [42–45]. Especially, as a pro-inflammatory cytokine,

TNF-α plays a critical role in myeloma progression and is an important prognostic indicator

for myeloma [46–48]. Thalidomide has been shown to inhibit TNF-α synthesis by

increasing the TNF-α mRNA degradation [49]. The significant suppression of the

production of TNF-α by thalidomide also resulted in decreased expression of multiple cell

surface adhesion molecules, such as ICAM-1, VCAM-1, L-selectin, and E-selectin on

endothelial cells [50, 51]. These broad effects have also been suggested to be partially

attributed to the block of activation of Nuclear factor-κB (NF-κB), a key transcriptional

regulator of inflammatory genes such as TNF-α and interleukin 8 (IL-8), by thalidomide

through the suppression of IkappaB kinase activity [52]. By showing that thalidomide

suppresses TNF-induced NF-κB activation in Jurkat cells, Majumdar et al. suggested that

such modulations may contribute to thalidomide’s role in the suppression of proliferation,
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inflammation, angiogenesis, and the immune system [53]. The inactivation of NF-κB is

observed in a variety of cell types including endothelial cells, epithelial cells, T cells and

myeloid cells [52, 53]. In addition, thalidomide can also act via the co-stimulation of human

CD8+ T cells and result in augmented production of interleukin 2 (IL-2), interleukin 12

(IL-12), and interferon α (IFN-α) [44]. IL-2 in turn enhances T-cell proliferation while

IL-12 and IFN-α activate Natural killer (NK) cells to eliminate cancer cells [39, 40].

Moreover, the combination of anti-inflammatory drugs, such as sulindac and

dexamethasone, with thalidomide can significantly enhance the anti-angiogenic and anti-

tumor activities of thalidomide [27].

Free radical mediated DNA damage which has been associated with thalidomide

teratogenicity, [54] may also play a role in the anti-cancer effects of thalidomide. The

oxidative stress hypothesis of thalidomide derives from the induced oxidation of embryonic

DNA concomitant with teratogenicity in rabbits, and the accompanying observation that the

induced changes can be abolished by pre-treatment with alpha-phenyl-N-t-butyl-nitrone

(PBN), a free radical spin trapping agent, as first advanced by Parman and co-workers [54].

Hansen et al. further postulated that thalidomide induced free radical production resulted in

species-selective alteration in redox microenvironment subsequently attenuated the

transcription factor NF-κB mediated gene expression [55]. Hanson and colleagues showed

that thalidomide preferentially depletes glutathione and decreases the expression of NF-κB

and regulatory genes involved in the initiation and maintenance of limb outgrowth and

development, such as Twist, the transcription factor implicated in cell lineage determination

and differentiation, and growth factors including FGF8 and FGF10, in rabbit embryos [56–

58]. Knobloch and colleagues found that thalidomide initiated oxidative stress enhances

signaling through bone morphogenetic proteins (BMPs), resulting in the elevation of BMP

target gene and Wnt antagonist Dickkopf1 (Dkk1), and subsequently inhibits the Wnt/β-

catenin signaling [59]. Since the abnormal Wnt/catenin signaling is often involved in tumor

development in various cancers, perturbing the BMP/Dkk/Wnt signaling pathway by

thalidomide induced oxidative stress is central to the effects of thalidomide.

Thalidomide also exhibits profound concentration-dependent inhibition of the proliferation

of chemo-resistant cancer cells, e.g., multiple myeloma cells [60]. These effects may be

related to its inhibition on the production of IL-6, which is a major growth factor for

multiple myeloma cells, and DNA synthesis and cell cycle progression [61–63]. Moreover,

thalidomide also increases the susceptibility of cancer cells to apoptosis by down-regulating

the anti-apoptotic protein Bcl-2 and enhancing the sensitivity to Fas-induced apoptosis, and

down-regulates NF-κB activity [64, 65]. Keller and colleagues demonstrated that

thalidomide exerts its pharmacological activity at least in part via the inhibition of IL-1 and

caspase-1 [66]. At the mitochondrial level, thalidomide is responsible for c-Jun terminal

kinase (JNK)-dependent release of cytochrome-c and second mitochondria-derived activator

of caspases (Smac) into the cytosol of cells and subsequently regulates the caspase 8

mediated apoptosis [67].

A significant breakthrough was made recently by Ito and colleagues on revealing the

mechanism of thalidomide by successfully identified cereblon (CRBN) as the direct binding

target of thalidomide [25]. By immobilized thalidomide onto a new affinity bead developed
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by their group called ferrite-glycidyl methacrylate (FG) beads, [68–70] Ito and colleagues

recently purified two thalidomide binding molecules from human cell lines and identified

that CRBN directly binds to thalidomide while damaged DNA binding protein 1 (DDB1)

interacts with thalidomide through its binding with CRBN. The authors further found that

CRBN forms an E3 ubiquitin ligase complex with DDB1, Cullin-4A (Cul4A) and Regulator

of cullins 1(Roc1) and thalidomide functions as an E3 inhibitor to suppress the auto-

ubiquitination of CRBN which is required for limb outgrowth. This hypothesis contributes

to the understanding of thalidomide teratogenicity and may also link with its antitumor

effects [25]. Recently, Zhu and colleagues tested the role of CRBN for thalidomide’s

function in myeloma cells. Surprisingly, CRBN was shown to be an essential requirement

for the anticancer properties of thalidomide analogs and the depletion of CRBN render

myeloma cells resistance to these drugs [22, 71]. Very recently, Broyl and colleagues also

provided clinical evidence that high levels of CRBN expression significantly associated with

longer progression-free survival in patients with newly diagnosed multiple myeloma with

thalidomide maintenance [72].

Therefore, numerous mechanisms underlie the anticancer effects of thalidomide, however,

the manner by which these pathways are interconnected remains to be investigated. In

addition, whether other mechanisms are integrally involved in the anti-tumor properties of

thalidomide also await further investigation.

3. TALIDOMIDE ANALOGS

Thalidomide is a glutamic acid derivative. It is a racemic mixture of S (−) and R (+)

enantiomers (Fig. 1). Interestingly, these two enantiomers are associated with distinct

clinical properties: the S (−) enantiomer is responsible for the teratogenicity while the R (+)

isoform is accountable for the sedative effects. However, the purification of R (+) isoform is

not feasible owing to the rapid inter-conversion of the two enantiomers under physiological

conditions [73, 74]. Because of this limitation, efforts were directed at synthesis of

thalidomide derivatives with enhanced activity and limited side-effects. Thalidomide

analogs can be classified into two categories: Immunomodulatory class (designated IMiDs)

and Selective cytokine inhibitory class (designated SelCiDs).

3.1. IMiDs in Cancer Therapy

Structurally, IMiDs are thalidomide analogs with an amino group added to the fourth carbon

of the phthaloyl ring of thalidomide (Fig. 1). Such modification results in enhanced

immunomodulatory potency, exemplified by T-cell co-stimulation, TNF-α inhibition and

mitogenic properties [42, 43]. Lenalidomide (Revlimid, CC-5013) and Pomalidomide

(Pomalyst, CC-4047) are IMiDs that possess 500 and 5,000 times more potency with respect

to inhibition of TNF-α synthesis compared to parent molecule, thalidomide [45, 75].

Lenalidomide has been approved by the US FDA in June 2006 for the treatment of relapsed

or refractory multiple myeloma; its use in combination with dexamethasone was approved

by the European Medicines Agency (EMA) in 2007 [76]. Notably, although side effects,

such as neutropenia, remain an issue, patients treated with lenalidomide show substantially

less frequent adverse effects commonly seen by administration of thalidomide [77, 78].

Lenalidomide is currently undergoing clinical trial for treating Hodgkin’s lymphoma, non-
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Hodgkin’s lymphoma, follicular lymphoma, chronic lymphocytic leukemia and glioma [79–

83]. In February 8, 2013, pomalidomide received US FDA’s approval for the treatment of

relapsed and refractory multiple myeloma. [84] By targeting inhibition of tumor growth and

angiogenesis, pomalidomide is more efficacious than both thalidomide and lenalidomide

[85, 86]. This drug is available under prescription as “Pomalyst”.

3.2. Therapeutic Effects of SelCiDs

The predominant difference between IMiDs and SelCiDs, N-Phthaloyl 3-amino-3-

arylpropionic acid analogs of thalidomide, [87] is that SelCiDs lack of T-cell co-stimulatory

effects [42]. In addition, SelCiDs class of thalidomide derivatives is not only a potent

inhibitor of TNF-α but also an effective inhibitor of phosphodiesterase type 4 (PDE4) [87].

The inhibition of PDE4 by SelCiDs increases the intracellular level of cyclic adenosine

monophosphate (cAMP), altering lipopolysaccharide induced cytokines, such as inhibition

of TNF-α, by as yet unknown mechanisms. A specific Sel-CiD analog called SelCiD-3 was

recently shown to reduce tumor cell viability in a variety of solid tumor lines but had no

effect on non-neoplastic cells [65]. Apremilast, another SelCiD analog (Fig. 1), is being

extensively tested in clinical trials for efficacy in treating chronic inflammatory diseases,

such as rheumatoid arthritis and psoriasis [88, 89].

CONCLUSION AND FUTURE DIRECTIONS

Over the past half century, thalidomide underwent a remarkable transformation, changing

from a worldwide infamous teratogen into a valuable compound for the treatment of ENL

and multiple myeloma. Moreover, important mechanistic leads have emerged from the

studies of its analogs. Collectively, they point to a drug prototype harnessing promising

potential in providing beneficial effects in inflammatory and malignant diseases and

conditions.

Despite the multiple mechanisms of action for thalidomide’s therapeutic effects discussed

previously, the exact mode of thalidomide’s action remains to be completely unraveled.

None of the hypotheses advanced to explain thalidomide’s teratogenicity can satisfactorily

resolve the tissue specificity of thalidomide’s action. Similarly, while several mechanisms

have been proposed for the action mode of thalidomide in cancer, interconnections between

the different proposed pathways for thalidomide’s therapeutic effects in cancer require

further investigation. Recent identification of the binding target of thalidomide for both

teratogenicity and anticancer effects has shed some additional lights for new directions on its

mechanistic study. An unanswered question of considerable importance is how thalidomide

inhibits the ubiquitination of CRBN. Development of new analogs of thalidomide

possessing improved efficacy and reduced toxicity is also imperative. In this connection, it is

notable that Shoji and co-workers have recently synthesized a modified DNA aptamer that

can enantio-selectively bind to the(R)-thalidomide derivative only. Such aptamer may have

the potential to be used as a biochemical tool for the analysis and study of the biological

action of thalidomide enantiomers [90]. Future studies regarding the inter-conversion and

action modes of the two isomers of thalidomide is also of paramount significance as this

may enable the use of thalidomide in safer and more effective ways.
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Fig. (1).
Structure of thalidomide and its analogs.
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Fig. (2). Therapeutic mechanism of thalidomide
Thalidomide exerts its anticancer effects through the inhibition of angiogenesis, cell

adhesion and cytokine circuit, the enhancement of host immune response, the induction of

cancer cell apoptosis and oxidative stress, and the suppression on the activity of its binding

targets. [22, 27, 39, 40, 42–45, 50–52, 64, 65, 67, 71]
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