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Abstract

Tamoxifen, a triphenylethylene antiestrogen and one of the first-line endocrine therapies used to 

treat estrogen receptor-positive breast cancer, has a number of interesting, off-target effects, and 

among these is the inhibition of sphingolipid metabolism. More specifically, tamoxifen inhibits 

ceramide glycosylation, and enzymatic step that can adventitiously support the influential tumor-

suppressor properties of ceramide, the aliphatic backbone of sphingolipids. Additionally, 

tamoxifen and metabolites N-desmethyltamoxifen and 4-hydroxytamoxifen, have been shown to 

inhibit ceramide hydrolysis by the enzyme acid ceramidase. This particular intervention slows 

ceramide destruction and thereby depresses formation of sphingosine 1-phosphate, a mitogenic 

sphingolipid with cancer growth-promoting properties. As ceramide-centric therapies are 

becoming appealing clinical interventions in the treatment of cancer, agents like tamoxifen that 

can retard the generation of mitogenic sphingolipids and buffer ceramide clearance via inhibition 

of glycosylation, take on new importance. In this review, we present an abridged, lay introduction 

to sphingolipid metabolism, briefly chronicle tamoxifen’s history in the clinic, examine studies 

that demonstrate the impact of triphenylethylenes on sphingolipid metabolism in cancer cells, and 

canvass works relevant to the use of tamoxifen as adjuvant to drive ceramide-centric therapies in 

cancer treatment. The objective is to inform the readership of what could be a novel, off-label 

indication of tamoxifen and structurally-related triphenylethylenes, an indication divorced from 

estrogen receptor status and one with application in drug resistance.
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1. Introduction

The antiestrogen tamoxifen demonstrates a myriad of non-genomic activities; curiously 

among these is inhibition of sphingolipid (SL) metabolism at ceramide glycosylation and at 

ceramide hydrolysis. This is principally noteworthy because sphingolipids are remarkably 

active lipids that orchestrate events that regulate cancer cell death as well as proliferation, 

ceramide more specifically, a pro-death player, and sphingosine 1-phosphate (S1P), a pro-

life manager (Fig. 1). In survival mode, cancer cells have or acquire enzymatic operatives to 

suppress ceramide potency, glycosylation by glucosylceramide synthase (GCS) producing 

glucosylceramide (GC), and hydrolysis by acid ceramidase (AC), ceramide destruction. 

Destruction however is a double-edged sword that boosts mitogenic potential through 

phosphorylation of sphingosine by sphingosine kinase (SphK). Tamoxifen, tamoxifen 

metabolites, and related triphenylethylenes (TPE’s), as inhibitors of ceramide glycosylation 

and hydrolysis, can thus govern ceramide-regulated apoptotic cell death by effectively 

undoing ceramide resistance mechanisms and thwarting downstream mitogenicity. In the 

scheme of cancer therapeutics, whether ceramide-generating agents are administered or 

whether cell-deliverable ceramides are used as anti-cancer agents, use of TPE’s in ceramide-

centric drug regimens presents an interesting direction we believe is worthy of exploitation. 

This review will focus on the role of TPE’s as regulators of SL metabolism and as adjuvants 

to ceramide-based cancer therapies.

2. Sphingolipid metabolism in a nutshell

Sphingolipids are a class of nitrogen-containing lipids that harbor ceramide, a tumor 

suppressor lipid [1-3], as the aliphatic backbone (Fig. 1). If SL’s contain sugars, they are 

termed glycosphingolipids. SL’s serve structural roles in cellular membranes, and ceramide 

in particular has wide impact on cell function via mosaic signaling cascades [2]. By and 

large, tumor cells are protected from ceramide’s apoptosis-inducing, deleterious effects by 

constructive metabolic steps that produce a wide variety of noteworthy lipids such as 

sphingomyelin (SM), GC, precursor of higher cerebrosides, globosides, and gangliosides, 

and galactosylceramides, precursors of sulfatides. Of particular interest here is ceramide 

glycosylation, the major metabolic pathway utilized by multidrug resistant cancer cells to 

facilitate ceramide clearance [4-6]. Whereas ceramide is a powerful tumor censor, the 

glycosylated product, GC, formed by the action of GCS (Ceramide: UDP-Glc 

Glucosyltransferase), is ineffectual in this realm. Upregulated ceramide glycosylation is a 

mechanism of ceramide resistance in cancer cells [7-11]. Also relevant is ceramide 

hydrolysis, specifically by acid ceramidase , another sentinel enzyme regulator of cancer cell 

growth [12-14]. Similar with GCS, AC thwarts the tumor-killing properties of ceramide via 

hydrolysis, producing fatty acid and sphingosine, the latter a substrate for Sphk, the enzyme 

catalyzing production of S1P, a cancer cell mitogen [15,16] .

Ceramide can be synthesized de novo via enzymatic reactions that open with condensation 

of serine and palmitoyl-CoA to form sphinganine (Fig. 2); this reaction is catalyzed by 

serine palmitoyltransferase (SPT). The process concludes with an acylation step conducted 

by dihydroceramide synthase to generate dihydroceramide; this is followed by insertion of a 

4,5-trans double in the sphingoid base moiety. A myriad of anticancer agents stimulate the 
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de novo pathway and as well provoke degradation of SM to produce ceramide [17]. Both the 

de novo and the sphingomyelinase pathways are crucial therapeutic targets for the 

generation of ceramide in cancer cells, and whereas ceramide produced by these pathways 

can elicit apoptotic responses, anticancer efficacy can be limited by ceramide metabolic 

clearance (Fig. 1).

A number of agents have been designed to block ceramide clearance via the glycosylation 

pathway, chief among these are the “P-drugs” such as D-threo-1-phenyl-2-

hexadecanoylamino-3-morpholino-1-propanol (PPMP) and D-threo-1-phenyl-2-

decanoylamino-3-morphomolino-1-propanol (PDMP), competitive inhibitors of GCS [18]. 

Tamoxifen shares GCS-inhibitory activity in common with the P-drugs [19], albeit 

inhibition is not of a competitive nature but instead linked to the intracellular trafficking of 

glycolipids [20], a topic addressed later, in detail. It is this non-genomic, off-target activity 

of tamoxifen and related TPE’s that presents interesting prospective in the area of ceramide 

and cancer therapy.

3. A brief history of tamoxifen, from “morning after pill” to front-line breast 

cancer drug

When it was first discovered that estrogen was involved in the growth and development of 

breast cancer, scientists in an effort to treat this disease began to experiment with a variety 

of laboratory-synthesized, non-steroidal, estrogen-like chemicals, one being stilboestrol, first 

synthesized in 1938 and termed an endocrine disruptor. Because side effects were often 

severe, much of this work was abandoned in the early 1960’s. During the same period, 

scientists at Imperial Chemical Industries Pharmaceuticals (ICI) were charged with the task 

of designing new contraceptives in the form of a type of “morning after” pill. Several 

promising compounds were discovered, tamoxifen among them. Although tamoxifen never 

proved useful in human contraception, renewed interest in developing estrogen blockers led 

to its use in the treatment of breast cancer in the United Kingdom, in 1972. Tamoxifen went 

on to become the endocrine treatment of choice for all stages of breast cancer and a gold 

standard antiestrogen.

Tamoxifen is really a pro-drug that has little affinity for the estrogen receptor. It is 

metabolized in the liver by cytochrome P450 to active metabolites, 4-hydroxytamoxifen and 

N-desmethyl-4-hydroxytamoxifen (Fig. 3). The most prominent metabolite in humans is N-

desmethyltamoxifen (DMT) [21,22]. Binding studies reveal that 4-hydroxytamoxifen binds 

to the estrogen receptor with an affinity equal to estradiol, which is 25-50 times higher than 

tamoxifen’ s affinity, whereas DMT binds the receptor with < 1 percent the affinity of 

tamoxifen [23]. The poor affinity of DMT for the estrogen receptor coupled with its activity 

as a potent inhibitor of SL metabolism (Sections 6, 8), makes for a compelling argument 

regarding therapeutic application for this weakly estrogenic metabolite.

The aromatic nucleus of tamoxifen is composed of three phenyl groups bridged by ethylene, 

the simplest alkene. A prominent moiety, the aminoethoxy side chain, made up of a 

dimethylamine function and an ethyl part, is necessary for high-affinity binding to the 

estrogen receptor [24]. Tamoxifen, with nanomolar affinity for the estrogen receptor, is also 
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referred to as a Selective Estrogen Receptor Modulator (SERM), meaning that in some 

tissues tamoxifen imparts beneficial estrogenic effects [25-29], as discussed below. In the 

United States, tamoxifen is approved for prophylactic use in prevention of breast cancer 

[30].

4. Non-sphingolipid-associated activities of TPE’s

4.1 Cardiovascular and bone health

Although designed to be a specific estrogen receptor antagonist, tamoxifen demonstrates a 

number of impressive, off-target activities, a subject that has been earlier reviewed by 

Kellen [31] . Increasingly, researchers are finding that a number of these off-target effects 

provide health benefits, and capital among these is the cardio-protective asset of tamoxifen 

and related agents such as raloxifene and toremifene (Fig. 3) [32-36]. It has been postulated 

that tamoxifen exerts cardio-protection via membrane antioxidant-mediated reactions that 

promote protection of LDL and cardiac membranes against oxidative damage [32,37], a key 

shift that contributes to a decrescendo of cholesterol, homocysteine, and lipoprotein (a) 

levels. Although it’s no secret that SERMs are useful in lowering cardiovascular risk factors 

as well as in treating bone disorders [38-40], this is a complex area in which the majority of 

studies were conducted in breast cancer patients, thus data need be carefully scrutinized. To 

fill in the gap, the reader is directed to reviews on SERMs and associated clinical findings 

[41,42].

Also, much in line with cardio-protection are the effects of tamoxifen on cholesterol 

metabolism by Acyl-CoA:cholesterol acyl transferase (ACAT), the enzyme catalyzing 

biosynthesis of cholesterol esters. Tamoxifen is a potent inhibitor of cholesterol 

esterification, and it is this activity that is in part purported to underlie the athero-protective 

action [43,44], this because over-accumulation of cholesterol esters in arteries contributes to 

development of atherosclerotic lesions [45]. A curious aside in relation to neoplasms, 

avasimibe, an ACAT-1 blocker, inhibits cholesterol ester synthesis in human glioma cell 

lines and induces cell cycle arrest and apoptosis by way of caspase-8 and -3 activation [46]. 

In a breast cancer model, ACAT inhibition reduced MDA-MB-231 cell migration [47], 

demonstrating a role for cholesterol esterification in metastasis. These observations highlight 

the array of biology that can be affected by off-target responses to tamoxifen and related 

TPE’s.

4.2 TPE’s in cancer and other diseases

Several additional activities that are part of the TPE repertoire merit mention. For example, 

work in estrogen receptor-negative T-lymphoblastic leukemia cells demonstrates that 

tamoxifen, clomiphene, and nafoxidine (in the low micromorar range) are cytotoxic and 

induce apoptosis [48] . Whether perturbations in SL metabolism underlie these responses 

remains a question. Studies in nude mice have shown that tamoxifen reverses multidrug 

resistance in colorectal cancer, independent of estrogen receptor status [49]. Additional 

works also illustrate the benefits of tamoxifen in colorectal cancer [50-52] perhaps 

demonstrating the need for an in depth evaluation in this area. Other, more recent findings 

suggest that tamoxifen might be of utility in treating Duchenne muscular dystrophy [53]. 
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Toremifene, a chlorinated derivative of tamoxifen (Fig. 3), has been positioned as a 

promising agent for prevention of prostate cancer [54] and shown to avert prostate cancer in 

a transgenic mouse model [55].

Tamoxifen has been shown active in combination with cisplatin in non-small cell lung 

cancer [56] and recently demonstrated to enhance erlotinib-induced cytotoxicity in non-

small cell lung cancer [57]; interestingly, compared to single agent erlotinib, the 

combination reduced activation of phospho-AKT and phospho-ERK 1/2 and reduced 

thymidine phosphorylase levels, underscoring the implications of tamoxifen in rational 

design of novel drug regimens. Moreover, favorable responses in glioma are believed to be 

linked to the interaction of tamoxifen with protein kinase C (PKC) [58]. In MCF-7 human 

breast cancer cells, tamoxifen was shown to induce selective membrane association of PKC-

epsilon [59], and in estrogen receptor-negative MDA-MB-231 cells, phosphatidic acid, a 

lipid second messenger, was generated in response to tamoxifen exposure [31,60]. In a 

human mammary fibroblast cell line, tamoxifen was shown to activate phospholipase C and 

D and elicit PKC translocation [61].

Last but not least, tamoxifen has been extensively studied since the late 1970’s as a possible 

chemotherapeutic agent for treatment of malignant melanoma [62]. In an attempt to enhance 

outcome in patients, a number of combination therapy regimens have been investigated. The 

“Dartmouth Regimen” the most extensively used, is comprised of dacarbazine (DTIC), 

cisplatin, carmustine (BCNU), and tamoxifen [63,64], Even though early studies related 

favorable overall response rates [65], the benefit of tamoxifen in the Dartmouth has been 

questioned [66]. A salient point in this instance regards molecular mechanisms of tamoxifen 

in melanomas, which to this day remain elusive. Some ideas on the subject include 

inhibition of tumor cell invasion and migration [67,68] and inactivation of insulin-like 

growth factor-1 receptor [69,70], which is important in tumor cell survival. The mechanisms 

underlying tamoxifen-induced programmed cell death in cancer, in general, have been 

reviewed by Mandlekar and Kong [71] .

5. Tamoxifen as modulator of multidrug resistance in cancer

This area of discussion speaks volumes and deserves a separate heading due to the 

influential role tamoxifen has played in attempts to remedy multidrug resistance. This area is 

also key to tamoxifen’s impact on SL metabolism, a mystery that will be disclosed in 

Section 7.

Multidrug resistance, inherent or acquired and an all too frequent characteristic of cancer 

cells, represents a serious barrier to successful treatment. Although many resistance 

mechanisms have been described, those that involve proteins belonging to the ABC (ATP 

binding cassette) transporter superfamily are of particular interest. Drug transport proteins 

such as P-glycoprotein (P-gp) and multidrug resistance protein (MRP), unwanted plasma 

membrane occupants in tumor cells, continue to be a major focus of laboratory and clinical 

studies in drug resistance [72,73]. By and large, research in this area has been directed 

towards overcoming the chemotherapy efflux capacity of the transporters with the goal of 

attaining lethal drug concentrations within tumor cells [74-78]. One way of limiting 
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chemotherapy efflux is through the employ of antagonists to the drug pumps [79]. Whereas 

this goal remains promising, clinical use of a myriad of antagonists has provided little 

progress in treating drug-resistant forms of cancer [80].

The tantalizing question is, Why the big interest in tamoxifen in multidrug resistance? It’s 

no secret anymore that tamoxifen interacts directly with P-gp but itself is not a substrate for 

efflux [81,82]. In binding to P-gp, tamoxifen inhibits chemotherapy efflux, a good thing and 

reason for excitement in the clinical setting. Of the many P-gp antagonists that have been 

investigated, verapamil and cyclosporin A for example (Fig. 4), tamoxifen has had a long, 

enduring run in the clinic, having been paired with 

etoposide,vinblastine,CHOP(cyclophosphamide/doxorubicin/vincristine/prednisone/

etoposide), daunorubicin, epirubicin, doxorubicin and dexverapamil, and paclitaxel, for 

treatment of advanced epithelial tumors, relapsed or refractory acute leukemia, 

hepatocellular carcinoma, colorectal cancer, non-Hodgkin’s lymphoma, metastatic 

melanoma, and advanced renal cell carcinoma [83-92]. Needless-to-say, such versatility is 

impressive, especially in estrogen receptor-negative circumstances. Although effective in 

vitro in reversing multidrug resistance, the combination regimens have been poorly 

beneficial, in vivo. However, divorcing tamoxifen from actions as modulator of 

chemotherapy efflux and employing it as a regulator of SL metabolism could be key to 

newfound utility.

6. Tamoxifen effects on ceramide glycosylation

As noted above, keeping levels of ceramide “in check” is one way cancer cells manage life 

and death directions. In the mid-1990’s, we were the first to demonstrate that multidrug 

resistant cancer cells contained elevated levels of glycosylated ceramide, GC, compared to 

wild-type cancer cell counterparts [4,93], thus establishing a connection between 

chemotherapy resistance and alterations in ceramide metabolism. These findings marked a 

new push to examine the role of SL’s in chemotherapy response. In a unique model of 

acquired resistance developed by Gottesman and colleagues [94] , it was subsequently 

shown in cervical carcinoma cell lines, representing sequentially increased resistance to 

vinblastine, that GC levels increased proportionally; similar results were obtained in 

doxorubicin-resistant sublines [95]. Interestingly, a crescendo in P-gp expression in these 

cell lines mimicked the increases in GC levels, highlighting a possible correlation between 

GC production and P-gp expression. Until that time, relatively few works had delved into 

the area of glycolipids in drug-resistant cancer. Around the same time, groups from the 

United States and France demonstrated that daunorubicin induced apoptosis in leukemia 

cells via activation of de novo ceramide synthesis and activation of sphingomyelin 

hydrolysis [96], hence a landmark finding implicating ceramide in the cytotoxic action of 

heterocyclic anticancer agents. Thus, in terms of “protection”, it made sense for cancer cells 

to upregulate ceramide glycosylation, thereby capping cytotoxic threat.

The first report providing evidence that tamoxifen antagonized glycolipid synthesis surfaced 

in 1996 [19]. The study, conducted in KB-V-1 multidrug resistant cervical carcinoma cells 

and in a human melanoma cell line, showed in the former, that a 24 hr exposure to 5 μM 

tamoxifen reduced GC content by nearly 100%. In the melanoma model, tamoxifen 
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exposure lowered endogenous levels of GC and higher metabolites, lactosylceramides and 

gangliosides; this was of particular interest not only because tamoxifen is a component of 

the Dartmouth regimen, but because melanoma is of neuroendocrine origin and thus rich in 

gangliosides that are posited to be associated with metastatic potential [97]. Using a crude 

enzyme preparation from melanoma cells, results of cell-free enzymatic assays revealed that 

tamoxifen was a poor GCS inhibitor, suggesting that inhibition of GC synthesis observed in 

intact cells was not due to direct GCS interaction.

In an effort to corroborate initial findings, work on the effects of tamoxifen on glycolipid 

metabolism was forwarded. In studies using radiolabeled palmitic acid, which enters the 

ceramide synthetic pathway de novo (Fig. 2) , Lavie et al [98] showed that tamoxifen 

induced a time-dependent, near-total depression of GC synthesis in multidrug resistant 

MCF-7/AdrR (NCI/ADR-NIH) cells, a work also revealing that triphenylbutene, which is 

“tamoxifen” devoid of the dimethylaminoethanol moiety, was a relatively ineffective 

inhibitor. Interestingly, when compared with the specific GCS inhibitor PPMP, tamoxifen 

potency was on a par [4] . In addition, this study showed that tamoxifen inhibited conversion 

of short-chain ceramide, C6-ceramide, to C6-GC in cells exposed to this apoptosis-inducing 

ceramide analog, a relevant finding in light of present day efforts using C6-ceramide in 

combinatorial anticancer regimens [99]. Toremifene (Fig. 3), a triphenylethylene with 

structure and pharmacology similar to tamoxifen, has likewise been shown effective in 

inhibiting GC synthesis in drug resistant cancer cells [100].

Limited information is available regarding the structure activity relationship of tamoxifen 

for inhibition of ceramide glycosylation, although DMT has been shown as effective as 

tamoxifen in halting C6-ceramide glycosylation [101]. Knowledge in this area would 

provide a useful guide for the rational engineering of potent ligands based on the chemical 

structure of tamoxifen. Poirot and colleagues [29] have reported in depth on the structural 

features of tamoxifen involved in multiple targeting with regard to not only genomic effects 

but to non-genomic targets such as the microsomal anti-estrogen binding site, protein kinase 

C, calmodulin-dependent enzymes, and cholesterol acyltransferase.

Several works on tamoxifen and regulation of ceramide glycosylation support the initial 

findings. For example, in a study on the accumulation of GC in cytoplasmic droplets in 

multidrug resistant cancer cells, Morjani et al [5] found that tamoxifen mimicked the action 

of PPMP in attenuating GC buildup and proposed that tamoxifen elicited influence via 

disruption of lipid metabolism. Scarlatti et al [102], investigating ceramide-mediated 

macroautophagy, showed that tamoxifen-dependent accumulation of autophagic vacuoles in 

HT-29 colon cancer cells could be mimicked by another GCS inhibitor, PDMP. In 

experiments involving anticancer peptides, Furlong et al [103] concluded that the 

manipulation of cellular ceramide levels by tamoxifen might be essential to enhance the 

apoptosis-inducing potential of these peptides, and in a study on the anti-apoptotic role of 

GCS, Baran and colleagues [104] showed in a breast cancer cell model, that tamoxifen 

downregulated GCS expression, and suggested a link between this downregulation and the 

accumulation of apoptotic ceramides.
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7. Tamoxifen effects on ceramide glycosylation—proposed mechanism

Shortly after the discovery demonstrating the inhibitory effects of tamoxifen on glycolipid 

synthesis, it was revealed that this action was shared with verapamil and cyclosporin A (Fig. 

4) [98] , classical drug resistance reversing agents [105]. Further, the potencies of these 

agents were similar, as tested in NCI/ADR-RES cells. As it was construed unlikely that 

tamoxifen, the phenylalkylamine, L-type calcium channel blocker, verapamil, and a cyclic, 

11-amino acid peptide from Tolypocladium inflatum, cyclosporin A, agents with vastly 

dissimilar structures (Fig. 3,4), could all inhibit GCS, questions about mechanism of action 

flourished.

Work implicating GC in the biochemistry of multidrug resistance [4,93,100], studies 

revealing that elevated levels of GC in cancer cells correlate with overexpression of P-gp 

[4,95], the finding that commonly employed P-gp antagonists suppressed GC synthesis in 

drug resistant cancer cells [98], and novel research from The Netherlands, showing that 

Golgi-resident P-gp can function as a SM and GC transmemebrane flippase [20,106], gave 

life to the idea that P-gp played a role in ceramide metabolism and may even be involved in 

regulating ceramide-orchestrated cancer cell death. The experiments of De Rosa et al [107] 

also demonstrated that drug resistance proteins assist in neutral glycosphingolipid 

biosynthesis. To this end, in very enlightening works, Smyth et al [107] showed that P-gp 

protected drug-resistant leukemia cells from caspase-dependent apoptosis mediated by 

cytotoxic drugs and by ligation of Fas (a ceramide-linked death cascade), implying that P-gp 

exerts a role in regulating some caspase-dependent apoptotic pathways. In furtherance, 

Shabbits and Mayer [108] demonstrated that P-gp modulated ceramide-mediated sensitivity 

to paclitaxel, a ceramide generating taxane [109], suggesting that ceramide metabolism and 

apoptosis are regulated not only by GCS but by P-gp. Even more enlightening, a subsequent 

study in leukemia demonstrated that resistance to short-chain ceramide-induced apoptosis in 

P-gp-positive cell lines could be alleviated by exposure to P-gp antagonists GF120918 and 

cyclosporin A, wherein expression of P-gp was identified in the Golgi [110]. Thus, P-gp 

appears to be a secret ingredient in the ceramide glycosylation pathway. And lastly, the 

reader should consider work by Sietsma et al [111], on the role of SL’s in drug resistance 

mechanisms. This insightful review, although focusing on neuroblastoma, discusses refined 

ensemble between sphingolipids and ATP-binding cassette transporters that may stanchion 

the drug resistant phenotype.

The idea that P-gp protects cells from ceramide-governed cytotoxicity has been supported 

by an informative set of studies in HeLa cells that have conditional expression of P-gp 

[112], a clean system with which to dissect the role of the drug pump in ceramide 

metabolism and cytotoxic response. That study revealed that P-gp-expressing HeLa cells 

converted ceramide to GC at > 4-times the rate of P-gp-void cells. P-gp-rich cells were also 

resistant to ceramide whilst cells devoid of P-gp were sensitive. Further and most 

interesting, ceramide resistance inherent in P-gp-rich cells was reversed by tamoxifen, and it 

turns out, this reversal was accompanied by a block in GC production. In cell-free assays, 

tamoxifen did not inhibit GC synthesis, indicating that machinery of the intact cell is 

requisite for the tamoxifen effects. Thus, it appears that P-gp is an essential guardian of 

ceramide-associated cytotoxicity.
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Follow-up work in wild-type and multidrug resistant counterparts cemented the role of P-gp 

as ceramide sentry. For example, consider the study by Chapman et al [112], demonstrating 

that multidrug resistant ovarian cancer cells possessed an enhanced capacity for conversion 

of short-chain ceramides to short-chain GC, compared to wild-type counterpart, albeit the 

levels of cell-free GCS activity were similar. Curiously, whereas low-dose GCS inhibitor, 

ethylenedioxy-P4 (0.2 μM), blocked C6-GC formation nearly totally, it did not magnify C6-

ceramide cytotoxicity, indicating that inhibition of GCS failed to sensitize cells to C6-

ceramide. However, increasing the dose of ethylenedioxy-P4 (5.0 μM) produced C6-

ceramide sensitization, suggesting that at higher doses, GCS inhibitors interact with P-gp in 

much the same fashion as tamoxifen. This idea is championed by the work of Sietsma et al 

[113], who demonstrated that the GCS inhibitor and chemical cousin of ethylenedioxy-P4, 

PDMP, decreased paclitaxel and vincristine efflux in neuroblastoma cells, and thus acts as a 

P-gp antagonist. In a culminating, informative work, Chai et al [114] demonstrated that the 

chemosensitizing properties of the P-drug GCS inhibitors was mediated primarily through 

modulation of P-gp function, bringing us, as in sonata allegro form, to the recapitulation of 

the original theme: that P-gp potentiates ceramide glycosylation, and if antagonized, 

augments ceramide sensitivity, both features previous ascribed to GCS. Bolstering this 

theme, Norris-Cervetto et al [115] published work showing that inhibition of GCS is not 

sufficient to reverse drug resistance in cancer cells. In this instance, the GCS inhibitor was 

NB-DNJ (N-butyl-deoxynojirimycin, miglustat), a water-soluble imido sugar with little 

affection for P-gp.

Although it may be an over-simplification, the upshot from these studies is that P-gp confers 

resistance to ceramide-regulated cell death by hastening it’s conversion to GC (Fig. 5). GC, 

synthesized at the cytosolic surface of the Golgi, can be flipped into the Golgi by Golgi-

resident P-gp, where it is converted to lactosylceramide by lactosylceramide synthase. We 

believe the efficiency of this “hand-off” contributes to ceramide resistance by providing a 

driving force to perpetuate ceramide → GC conversion that limits negative feedback 

inhibition of GCS. But, when this conveyance is interrupted, for example by P-gp 

antagonists (Fig. 5), product inhibition occurs and contributes to a reduction in GC levels 

and in some instances, increases in ceramide. We are now seeing that this type of SL 

trafficking can be harnessed for enhancing sensitivity to ceramide-generating anticancer 

agents as well as sensitivity to short-chain ceramides [101,116-118], a topic covered in 

Section 9.

8. Effects of tamoxifen on acid ceramidase activity

Acid ceramidase, also known as N-acylsphingosine deacylase, was first described in 1963, 

by Shimon Gatt [119], in studies being conducted at Hadassah Medical School, The Hebrew 

University, Jerusalem. Due to its command over ceramide fate, this lysosomal enzyme now 

holds a lofty position in cancer biology; a vast body of literature has been generated 

revealing that AC, in addition to enhancing cell survival and resistance to programmed cell 

death, stands as a critical regulator of cell progression, migration, and invasion 

[117,120-124] .
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By catalyzing ceramide hydrolysis (see Fig. 1), AC functions as a gatekeeper removing 

ceramide and thereby blunting a host of ceramide-directed cell death cascades [1-3] . In 

addition, ceramide hydrolysis frees sphingosine, a substrate for Sphk, a rising star in the 

arena of cancer therapy [125]. Sphingosine is used in the generation of S1P, a mitogenic, 

pro-survival virtuoso [126]. Thus AC, a “Janus-type” enzyme on one hand powers-down 

apoptotic responses, and on the other, contributes to promotion of cancer cell growth.

Of neutral, alkaline, and acid ceramidases, presently AC holds the dominant position, having 

been designated an important target in cancer therapy [127]. Highlighting this designation 

are studies in prostate cancer, where AC expression relates to poor outcome [128] and 

resistance to radiation [129]. In melanoma, AC expression modulates sensitivity to 

dacarbazine [130]. These authors showed that DTIC decreased AC activity and increased 

intracellular ceramide levels, actions driven by reactive oxygen species-dependent activation 

of cathepsin B-mediated digestion of AC. Because tamoxifen has long been used for 

treatment of melanoma, and DTIC and tamoxifen share AC as a common target, these 

intriguing connections are interesting food-for-thought. And worthy of mention, a genetic 

study showed that AC is among the most important candidate genes in melanoma 

diagnostics [131]. With this, we believe that design and evaluation of inhibitors of AC are 

important priorities in cancer medicine, but perhaps more specifically in melanoma and in 

prostate cancer.

The first demonstration of AC inhibition by tamoxifen was conducted in mutant p53, triple-

negative MDA-MB-468 human breast cancer cells [116] . This report showed that 

tamoxifen, formulations of nanoliposomal tamoxifen, DMT, and 4-hydroxytamoxifen 

inhibited AC activity in intact cells, whereas triphenylbutene, the aromatic tamoxifen 

nucleus, was devoid of activity. Pre-exposure of cells to tamoxifen also led to AC inhibition, 

as documented in cell-free assays conducted with lysates. Tamoxifen did not inhibit AC 

activity when added directly to the enzyme incubation, suggesting that the mechanism 

underlying enzyme inhibition required intact cells to proceed. Subsequent work 

demonstrated that tamoxifen inhibited AC in a wide variety of cancer cells, prostate, breast, 

pancreatic, colorectal, and leukemia [124,132].

Clues regarding tamoxifen mechanism of action were presented in and interesting work by 

Elojeimy et al [133] using desipramine, the tricyclic anti-depressant, which is an 

amphiphilic, lysomotropic agent, similar to chlorpromazine and chloroquine. This group 

showed that desipramine’s inhibition of AC in prostate cancer cells was accompanied by 

downregulation of AC protein levels elicited by cathepsin B-driven proteolytic degradation. 

Using this knowledge as a spring board, Morad et al [124] were able to establish that 

tamoxifen affected rapid, marked lysosomal membrane permeability that was accompanied 

by dose- and time-dependent diminution of AC protein expression. Lysosomes contain 

numerous hydrolytic enzymes with acidic pH optima, including proteases, and lysosomal 

membrane permeability can lead to release of these enzymes and their destructive element. 

As lysosomes appear to be an early, primary tamoxifen target, Morad et al [124] assessed 

the impact of various protease inhibitors and were able to demonstrate that cathepsin B was 

responsible for tamoxifen-induced AC diminuendo. In summary, these studies reveal 

another off-target, SL-associated effect of tamoxifen and tamoxifen metabolites, inhibition 
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of AC. However, as the experts may see it, inhibition of this type is non-specific, but never-

the-less, depressing the action of AC has relevance in the realm of SL signaling and cancer 

biology [134,135] .

As mentioned Section 2, “Sphingolipid Metabolism”, enzymatic degradation of ceramide 

frees sphingosine that can be converted to S1P by Sphk (see Fig. 1). Halting this transaction 

can be beneficial in terms of cancer therapy, because cancers love Sphk [136-140]. In a 

recent study in leukemia, both tamoxifen and DMT were shown to effectively block the 

formation of S1P and its precursor [132]. In concert, GC levels were greatly diminished 

through tamoxifen-orchestrated inhibition of ceramide glycosylation, resulting in increased 

levels of ceramide. Thus, tamoxifen blocks two important junctures in sphingolipid 

metabolism, ceramide glycosylation and hydrolysis. The study also showed, for the first 

time, that tamoxifen exposure can elicit downregulated expression of SphK1 resulting in 

greatly diminished Sphk activity. Interestingly, although downregulation of SphK1 alone 

would limit formation of S1P, this action is a redundant step in light of inhibition of AC by 

tamoxifen (see Fig. 1). Complementary and with clinical implications is the work of 

Bonhoure et al [141] showing that inhibition of Sphk1 elicits production of apoptotic 

markers and downregulates expression of anti-apoptotic XIAP in leukemia, effects that were 

accompanied by release of cytochrome c and SMAC/Diablo.

9. Tamoxifen as adjuvant with ceramide-centric therapies

In most instances when GCS inhibitors such as PPMP are employed to enhance efficacy of 

ceramide centric therapies, tamoxifen can substitute and yield similar results. This is likely 

because both agents interact with P-gp, which halts GC transit resulting in a shut-down of 

ceramide glycosylation and buildup of ceramides. The question is, Why is it more 

efficacious to target P-gp as opposed to GCS? This puzzle is curiously thought-provoking. 

Presented are the following cases in point: i) the water-soluble imido sugar inhibitors of 

GCS are ineffective in reversing drug resistance in multidrug resistant cell lines, whereas 

PDMP is effective [115], suggesting that inhibition of GCS does not reverse drug resistance. 

Thus, Norris-Cervetto et al [115] posed that chemosensitization achieved by PDMP cannot 

be caused by inhibition of GCS; ii) the observations of Shabbits et al [108] imply that 

ceramide metabolism and apoptosis effects are regulated not only by GCS but by P-gp; iii) 

definitive work by Chai et al [114] indicates that the sensitizing properties of the P-drug 

GCS inhibitors like PPMP are primarily mediated via modulation of P-gp function; iv) 

Chapman et al showed that although sub-micromolar ethylenedioxy-P4, a P-drug, inhibited 

GCS it failed to sensitize multidrug resistant ovarian cancer cells to C6-ceramide [142]. The 

take-home message in these studies, from our standpoint, is that in order to magnify the 

effects of ceramide-type therapies it is more advantageous to employ P-gp antagonists as 

opposed to GCS inhibitors, in other words, you are better off targeting SL transit. Hence, P-

gp antagonists should be effective enhancers of ceramide-centric therapies, and indeed they 

are, as has been shown for not only tamoxifen, but as well for VX-710, cyclosporin A, and 

verapamil [101,142]. This raises the interesting idea of a “rebirth” or new indication for 

classical drug sensitizers, which by-and-large have failed as inhibitors of heterocyclic 

chemotherapy drug “efflux”.
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Because ceramide is a versatile inducer of programmed cell death, its use as a drug is 

certainly attractive. However, the development of ceramide-based therapies has been to a 

degree limited by resistance of cancer cells that is in part driven by the upregulated 

metabolic clearance of ceramide. This predicament can be circumvented by targeting 

ceramide metabolism at glycosylation and hydrolysis. Discussion in this section will be 

limited to approaches for intensifying the effects of ceramide-based therapies through the 

employ of tamoxifen, its metabolites, or related triphenylethylenes. Noteworthy in this 

instance is the use of short-chain ceramides in nanoliposomal formulations, a strategy that 

has shown promise in both single-agent and combination approaches in systemic treatment 

of breast cancer, hepatocellular carcinoma, large granular lymphocytic leukemia, and 

melanoma [99]. It merits mention, however, that the capacity of different types of cancer 

cells to metabolize ceramide varies greatly [117]; therefore, inclusion of agents like 

tamoxifen or allied SL inhibitors can have significant application in cancer therapy, as often 

alluded to in this review.

For the most part, the majority of studies employing tamoxifen as adjuvant to ceramide-

based therapies have been conducted with N-(4-hydroxylphenyl)retinamide (4-HPR, 

fenretinide) and with C6-ceramide (Table 1). Although 4-HPR produces a myriad of effects 

culminating in cytotoxicity, ceramide production, if not first violin, is considered a principal 

player in the cytotoxic response [143-145]. In this regard, an interesting side-action of 4-

HPR is worthy of mention. 4-HPR can act as an inhibitor of dihydroceramide desaturase 

[146-148] therefore, dihydroceramides rather than ceramides can accumulate [149]. 

Although there is great discussion regarding the cytotoxic responses elicited by 

dihydroceramides versus ceramides [150], this point will not be illuminated here. Earlier 

studies from 2000, clearly showed the utility of adjuvant tamoxifen with 4-HPR in 

neuroblastoma, a benefit that was on a par with combination PPMP-4-HPR [151] . In 

prostate cancer cells, 4-HPR activates SPT resulting in ceramide generation; however, the 

ceramide produced is converted to GC in prostate cancer (Fig. 6), [118], a pro-survival 

mechanism. In that study the inclusion of tamoxifen synergized with 4-HPR to enhance the 

production of ceramide, block production on GC, and intensify cytotoxic endpoint. Such 

results are in line with a Commentary by Norman Radin in his article on chemotherapy by 

slowing glycolipid synthesis [152]. Because tamoxifen also limits AC activity (Fig. 6), we 

venture that 4-HPR-tamoxifen would be an especially effective regimen in prostate cancer, 

where AC portends poor prognosis [14]. Moreover, in leukemia, Morad et al [132] recently 

showed that tamoxifen and DMT are effective enhancers of C6-ceramide- and 4-HPR-

induced therapeutic activity, supporting the utility of TPE’s as adjuvants with ceramide-

centric therapies.

The employ of a cell-deliverable ceramide, such as C6-ceramide, in combination with 

tamoxifen, has been shown to be an effective regimen in numerous studies in various cancer 

cell models (Table 1). For example, tamoxifen complements the therapeutic potential of C6-

ceramide in prostate, breast, ovarian, and colorectal cancer, and in neuroblastoma and 

melanoma. In hormone-insensitive, triple-negative breast cancer cells, tamoxifen, DMT, and 

4-hydroxytamoxifen were all shown of benefit when paired with C6-ceramide [153]; 

combinations reduced cell viability, elicited DNA fragmentation, induced cell cycle arrest, 
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and promoted a robust increase in mitochondrial membrane potential. Interestingly and on 

point, in melanoma, where tamoxifen has been used in the Dartmouth regimen, paring with 

C6-ceramide inhibited cell proliferation, induced caspase-dependent apoptosis, promoted 

cell cycle arrest, diminished adhesion and migration, and downregulated survivin, a driving 

force of chemotherapy resistance in melanoma [154] .

Other ceramide-targeted agents that have been used in combination with tamoxifen include 

beta-sitosterol [155], a dietary phytosterol found in legumes, lactoferricin B [103,122], a 

cationic antimicrobial peptide, and the plant toxin, persin [156], derived from avocado 

leaves (Table 1). The magic between beta-sitosterol and tamoxifen in enhancing breast 

cancer cell kill lies is the potent activation of SPT by the former and blockade of ceramide 

glycosylation by the latter [155] and suggests that this natural product in combination with 

tamoxifen could be of benefit in management of breast cancer. Lactoferricin B activity has 

been examined in both breast cancer and in T-cell leukemia [103,122], where proapoptotic 

activity was enhanced by either C6-ceramide or tamoxifen. However, as lactoferricin B is 

not a ceramide-generating agent, the mechanisms underlying the potentiating effects remain 

unsolved. With persin, cytotoxic activity was magnified in human breast cancer cells by 4-

hydroxytamoxifen, independent of estrogen receptor status and was associated with 

increased de novo ceramide synthesis. To modulate drug resistance in ovarian carcinoma via 

enhancement of intracellular ceramide levels, Amiji and colleagues [157] employed unique 

tamoxifen-loaded biodegradable polymeric nanoparticles in combination with paclitaxel and 

demonstrated a clinically translatable strategy.

10. Concluding remarks

As reviewed herein, tamoxifen, metabolites, and allied TPE’s have a unique influence on SL 

metabolism, an influence that can be harnessed to enhance the pro-apoptotic properties of 

ceramide, bearing relevance to clinical application. We and others have demonstrated that 

with a high-dose tamoxifen regimen, steady-state serum concentrations as high as 4.6 μM 

are attainable [158,159], and intra-tumoral concentrations can be 5-7 fold greater than serum 

[160]. Thus, use of tamoxifen in an adjuvant setting wherein high doses are needed, is 

within the realm of utility. However, we must address whether tamoxifen’s not insignificant 

side-effects might be changed by the proposed combination therapies. Firstly, there exist 

other TPE’s that could be employed, such as Raloxifene (Evista) and Fereston (toremifene). 

These TPE’s were developed as alternatives to tamoxifen in an effort to deliver agents with 

less side-effect. One of these agents, toremifene, has been demonstrated to block ceramide 

glycosylation in multidrug resistant human ovarian cancer cells [100] as well as inhibit AC 

activity in prostate cancer cells [124]. With specific regard to combination regimens, human 

peripheral blood mononuclear cells are refractory to C6-ceramide-tamoxifen at 

concentrations as high as 10 + 10 μM, over a 48 hr exposure period (unpublished data, 

investigator’s laboratory). But perhaps most appealing, however, is DMT, the tamoxifen 

metabolite with practically no affinity for the estrogen receptor [23], yet a potent inhibitor of 

SL metabolism, as related in Sections 6 and 8.

Finally, a most important message here regards the utility of P-gp antagonists, that here-to-

for have been administered with heterocyclic, cytotoxic chemotherapy drugs, which may not 
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have been the best partnering agents. Whether partnering classical P-gp antagonists such as 

tamoxifen, verapamil, or cyclosporin A, with ceramide-centric therapies “is the ticket” 

remains to be explored in relevant clinical models.
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Abbreviations

SL sphingolipid

S1P sphingosine 1-phosphate

GCS glucosylceramide synthase

GC glucosylceramide

AC ceramidase

SphK sphingosine kinase

PPMP D-threo-1-phenyl-2-hexadecanoylamino-3-morpholino-1-propanol

PDMP D-threo-1-phenyl-2-decanoylamino-3-morphomolino-1-propanol

TPE’s triphenylethylenes

DMT N-desmethyltamoxifen

SM sphingomyelin

SERM selective estrogen receptor modulator

ACAT Acyl-CoA:cholesterol acyl transferase

DTIC dacarbazine

BCNU carmustine

ABC ATP binding cassette

P-gp P-glycoprotein

MRP multidrug resistance protein

NB-DNJ N-butyl-deoxynojirimycin

4-HPR N-(4-hydroxylphenyl) retinamide

ER endoplasmic reticulum

LC lactosylceramide

LCS lactosylceramide synthase

SPT serine palmitoyltransferase

AML acute myeloid leukemia
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Highlights

• Tamoxifen is a potent regulator of sphingolipid metabolism

• Tamoxifen inhibits ceramide glycosylation as well as ceramide hydrolysis

• Tamoxifen can magnify ceramide-induced apoptosis in cancer cells

• Tamoxifen and ceramide-centric therapies may have clinical relevance
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Fig. 1. 
Anabolic and catabolic routes of ceramide metabolism. Ceramide, shown in blue, the 

aliphatic backbone of sphingolipids, can be converted to sphingomyelin, ceramide 1-

phosphate, and glucosylceramide. Ceramide, a tumor suppressor, induces apoptosis. 

Glycosylation (conversion to GC) is a prominent metabolic pathway in multidrug resistant 

cancer cells; glycosylation as well leads to ceramide resistance. If ceramide is hydrolyzed by 

ceramidase, sphingosine and free fatty acid are generated. The sphingosine can be 

metabolized to sphingosine 1-phosphate, a mitogenic entity, by sphingosine kinase. Various 

points in ceramide metabolism can be activated or inhibited, providing a useful strategy for 

studying ceramide-related events. GC, glucosylceramide. Note: arrows to designate several 

of the back-reactions are not included in this figure; for example, beta-glucocerebrosidase, 

also known as D-glucosyl-N-acylsphingosine glucohydrolase, which catalyzes cleavage by 

hydrolysis of the beta-glucosidic linkiage of glucosylceramide.
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Fig. 2. 
De novo pathway enzymes for production of ceramide. Ceramide synthesis is initiated by 

serine palmitoyltransferase and culminates with addition of a 4,5-trans double bond in 

dihydroceramide, catalyzed by dihydroceramide desaturase. Ceramide synthases, which 

number 6, are the subject of engaged investigations due to their selectivity for an array of 

fatty acyl-CoAs, giving rise to a myriad of molecular species of ceramides with distinct 

biological properties. Enzymes of the de novo pathway are shown in italics.
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Fig. 3. 
Chemical structure of triphenylethylenes and related SERM, raloxifene. Tamoxifen is 

composed of an aromatic triphenylethylene nucleus and an aminoethoxy side chain. 

Tamoxifen is metabolized in humans mainly to N-desmethyltamoxifen, 4-

hydroxytamoxifen, 4-hydroxy-N-desmethyltamoxifen (endoxifen, structure shown with red 

hydroxyl group), and N-didesmethyltamoxifen (not shown). Metabolism is directed by the 

cytochrome P450 enzyme system. 4-hydroxytamoxifen is a potent anti-estrogen and is 

considered the most active metabolite; however, endoxifen is also a potent anti-estrogen. 

Raloxifene (Evista) belongs to the benzothiophene class of compounds and shares inhibition 

of ceramide glycosylation properties with tamoxifen. Toremifene is a chlorinated derivative 

of tamoxifen.
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Fig. 4. 
Chemical structure of cyclosporin A and verapamil, prominent clinical agents employed as 

drug resistance modulators. Verapamil is a phenylalkylamine, L-type calcium channel 

blocker used in the treatment of hypertension, angina, and arrhythmia, and on the docket of 

the World Health Organization’s list of essential medicines. Cyclosporin A, a cyclic, 11-

amino acid peptide, is an immunosuppressant used in organ transplantation to prevent 

rejection. Both verapamil and cyclosporin A inhibit ceramide glycosylation in cancer cells.
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Fig. 5. 
Schematic illustrating effect of tamoxifen and classical P-gp antagonists on GC synthesis. 

Shown here using short-chain, C6-ceramide as starting substrate, conversion to GC is 

catalyzed by GCS (shown in blue) at the ER-Golgi interface. Resultant GC can be 

transported into the Golgi lumen by the flippase actions (shown in green) of P-gp where it is 

further metabolized to LC by LCS (shown in blue). Tamoxifen and other P-gp antagonists 

inhibit transit of newly synthesized GC into the Golgi lumen, interference that effectively 

halts ceramide glycosylation, resulting in ceramide buildup. P-gp, P-glycoprotein; GC, 

glucosylceramide; GCS, glucosylceramide synthase; ER, endoplasmic reticulum; LC, 

lactosylceramide; LCS, lactosylceramide synthase.
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Fig. 6. 
A combinatorial approach to suppression of cancer growth that employs 4-HPR and 

tamoxifen. Using prostate cancer cells (PC-3) as an example, 4-HPR activates SPT. This 

step forms sphinganine that is used for synthesis of ceramides, a process resulting in 

ceramide production. The addition of tamoxifen blocks cellular conversion of ceramide to 

GC, resulting in ceramide buildup (up arrows) with concurrent magnification of ceramide 

cancer suppressor effects. Tamoxifen also inhibits AC, a vital enzymatic junction. This 

inhibition leads to diminished levels of sphingosine that in turn limit production of 

mitogenic S1P. Not depicted here: the de novo pathway intermediates of ceramide 

biosynthesis and the impact of 4-HPR on dihydroceramide desaturase. SPT, serine 

palmitoyltransferase; GC, glucosylceramide; AC, acid ceramidase; P-gp, P-glycoprotein; 

S1P, sphingosine 1-phosphate.
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Table 1

Adjuvant triphenylethyenes enhance therapeutic potential of ceramide-centric therapies

Adjuvant Ceramide-centric therapy Cancer model Reference

Tamoxifen 4-HPR Neuroblastoma,
Colon [151]

4-HPR Prostate [118]

C6-ceramide Melanoma [154]

C6-ceramide Colon, Breast,
Leukemia [117]

C6-ceramide Ovarian [142]

C6-ceramide Cervical [112]

lactoferricin Breast [103]

lactoferricin Leukemia [122]

beta-Sitosterol Breast [155]

Doxorubicin ± PSC 833 Ovarian [161]

Gefitinib ,Etoposide, Prostate [162]

C6-ceramide, doxorubicin Ovarian [163]

Tamoxifen, DMT 4-HPR, C6-ceramide Leukemia [132]

C6-ceramide Colon [101]

Tamoxifen, DMT,
  4-hydroxytamoxifen C6-ceramide Breast [116]

4-hydroxytamoxifen Persin Breast [156]

Tamoxifen nanoparticles Paclitaxel Ovarian [157]

DMT, N-desmethyltamoxifen; 4-HPR, fenretinide; AML, acute myeloid leukemia
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