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Abstract
Development of innovative strategies for cancer treatment is a pressing public health issue. Despite recent advances, the 
mechanisms of cancer progression and the resistance to cancer treatment have not been fully elucidated. Sphingolipids, 
including ceramide and sphingoshin-1-phosphate, are bioactive mediators that regulate cancer cell death and survival through 
the dynamic balance of what has been termed the ‘sphingolipid rheostat’. Specifically, ceramide, which acts as the central 
hub of sphingolipid metabolism, is generated via three major pathways by many stressors, including anti-cancer treatments, 
environmental stresses, and cytokines. We have previously shown in breast cancer patients that elevated ceramide correlated 
with less aggressive cancer phenotypes, leading to a prognostic impact. Recent studies showed that ceramide have the pos-
sibility of becoming the reinforcing agent of cancer treatment as well as other roles such as nanoparticles and diagnostic 
biomarker. We review ceramide as one of the key molecules to investigate in overcoming resistance to current drug therapies 
and in becoming one of the newest cancer treatments.
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Introduction

Cancer is the second leading cause of death in the United 
States [1], with 1735,350 new cases and 609,640 deaths were 
estimated in the US in 2018. Similarly in Japan, 1013,600 
new cases and 379,900 deaths are estimated in 2018. Can-
cer treatments, including chemotherapy and radiation, have 
improved in the last decade; however, treatment responses 
can be short term in many patients [2]. Recent progress in 
molecular research has identified that many factors are asso-
ciated with cancer development, leading to new treatment 
strategies to target those factors involved in the cell cycle [3], 

cell survival [4], DNA repair [5], and tumor immunity [6]. 
One of the emerging areas of research include sphingolipids, 
where technical advances in accurate measurements of its 
levels provided new evidence that these lipids play important 
roles in cancer biology.

Sphingolipid mediators, such as ceramide [7] and sphin-
gosine-1-phosphate (S1P) [8], are important signaling mol-
ecules that influence cancer cell fate. Their opposing signal-
ing pathway has been coined “sphingolipid rheostat” [9, 10] 
(Fig. 1). The sphingolipid rheostat regulates sphingolipid 
metabolites, which in turn controls cell fate and subsequent 
cell death [9, 11]. Several reports have supported the role of 
the sphingolipid rheostat in cell fate determination, in cancer 
initiation and progression [12], and in drug sensitivity of 
cancer [13]. Recently, our group and others have found and 
reported the roles of sphingolipids in cancer progression 
not only in experimental models but also in human tissue 
and patients [14], which suggests that the field of sphin-
golipid research is advancing to the next phase, its clinical 
relevance.

This review will focus on ceramide as a sphingolipid 
mediator. We highlight the role of ceramide from basic 
research to the clinical application for cancer treatment.

 *	 Masayuki Nagahashi 
	 mnagahashi@med.niigata‑u.ac.jp

1	 Division of Digestive and General Surgery, Niigata 
University Graduate School of Medical and Dental 
Sciences, 1‑757 Asahimachi‑dori, Chuo‑ku, Niigata City, 
Niigata 951‑8510, Japan

2	 Department of Surgery, Mayo Clinic, Jacksonville, FL, USA
3	 Division of Breast Surgery, Department of Surgical 

Oncology, Roswell Park Comprehensive Cancer Center, 
Buffalo, NY, USA

4	 Department of Surgery, Jacobs School of Medicine 
and Biomedical Sciences, University at Buffalo, the State 
University of New York, Buffalo, NY, USA

http://orcid.org/0000-0003-3462-253X
http://crossmark.crossref.org/dialog/?doi=10.1007/s12282-019-00953-8&domain=pdf


408	 Breast Cancer (2019) 26:407–415

1 3

Ceramide, a bioactive lipid mediator

Sphingolipids are comprised of a variety of structural 
lipids with a range of bioactive functions [15]. Ceramide 
is considered one of the central components of sphin-
golipid metabolism because ceramide is a precursor for 
all major sphingolipids. It has a wide range of functions, 
with processes involved in the cell cycle, differentiation, 
senescence, and apoptosis. Ceramide is produced through 
three distinct but interrelated mechanisms, which include 
the de novo pathway, the salvage pathway, and the sphin-
gomyelin pathway [16] (Fig. 2). Ceramide functions as a 
“coordinator” of stress responses. Many inducers of stress 
result in ceramide accumulation, typically as a result of 
activation of either sphingomyelinase (SMases) or the 
de novo pathway, as well as through inhibition of cera-
mide clearance, mediated by SM synthase or ceramidases 
(CDases). Ceramide inducers include chemotherapeutic 
agents (paclitaxel, 5-fluorouracil (5-FU), cisplatin), envi-
ronmental stresses (heat, ultraviolet radiation, hypoxia/
reperfusion), and cytokines (tumor necrosis factor (TNF-
α), fatty acid synthase (Fas), nerve growth factor) [15].

Ceramide causes cell death by various mechanisms. 
Ceramide mediates cell death by enhancing the activity 
of proapoptotic membrane molecules, like CD95, and ini-
tiating apoptosis [17]. Ceramide also forms mitochondrial 
transmembrane channels regulated by the members of the 
Bcl-2 family of receptors, and these channels subsequently 
release apoptosis-inducing proteins [18].

Ceramide plays an important role in normal breast epi-
thelial cells as well as in breast cancer cells. The mammary 
ducts are structurally composed of a basement membrane, a 
layer of myoepithelial cells, and luminal ductal cells. Cera-
mide negatively regulates Rb and CDK2 proteins, which 
act as cell proliferation inhibitors in the normal mammary 
epithelium. In invasive cancer, luminal cancer cells are 
demonstrated to highjack ceramide metabolism that results 
in the loss and/or degradation of the basement membrane, 
allowing cancer cells to migrate and invade the surrounding 
tissue [19]. Moreover, an abnormal production of ceramide 
increases S1P, which promotes activation of the PI3K/Akt 
and MAPK pathways through S1PRs, inducing cell prolif-
eration. Much research has attempted to regulate ceramide to 
induce apoptosis of cancer cells through different pathways. 
In the next section, we discuss sphingolipid pathways.

Ceramide and sphingolipid pathway

Ceramide is generated from three essential pathways; (1) 
the de novo pathway, (2) the salvage pathway, and (3) the 
sphingomyelin pathway. Ceramide is then metabolized to 
other lipids, such as S1P and ceramide 1-phosphate (C1P) 
(Fig. 2). As shown in Fig. 2, ceramide metabolism is quite 
complex. Recent studies show that there are six distinct 
ceramide synthases [20], five CDases [21], and five SMases 
[22]. Additionally, ceramide metabolism is subject to local 
metabolism controlled by these enzymes, which have spe-
cific interaction with enzymes located in the mitochondria, 

Fig. 1   The sphingolipid 
rheostat. The schema shows the 
important enzymes and orga-
nelles that regulate the levels 
of ceramide and sphingosine-
1-phosphate (S1P). ABC 
ATP-binding cassette, CDase 
ceramidase, Cer ceramide, 
CerS ceramide synthases, ER 
endoplasmic reticulum, SphK 
sphingosine kinase, Spns2 
spinster homologue 2, SPP S1P 
phosphatase, S1PR S1P receptor
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plasma membrane, lysosomes, Golgi or endoplasmic reticu-
lum [15]. Because of these diverse characteristics and inter-
actions, ceramide has been shown to have a variety of cel-
lular functions.

De novo pathway

De novo synthesis of sphingolipid begins with the con-
densation of palmitate and serine catalyzed by serine pal-
mitoyl transferase, which leads to the formation of dihy-
drosphingosine (Fig. 2). Dihydrosphingosine is converted 
to dihydroceramide by six ceramide synthases. Ceramide 
is generated from dihydroceramide by dihydroceramide 
desaturase 1. These enzymatic activities occur not only in 
the endoplasmic reticulum but also in the lysosome and 
mitochondria, resulting in compartment-specific ceramide 
generation. Dihydroceramide is known to act as mediators of 
autophagy. Dihydroceramide desaturase 1 inhibitors activate 
autophagy via both dihydroceramide-dependent and -inde-
pendent pathways [23]. Moreover, in hepatic steatosis mod-
els, dihydroceramide acts as a key metabolite that regulates 
autophagy and promotes fibrosis [24].

Salvage pathway

Ceramide can be a substrate to generate sphingosine, 
which is the product of sphingolipid catabolism. Sphin-
gosine is salvaged through re-acylation, resulting in the 
generation of ceramide (Fig.  2). This “recycling” of 

sphingosine is termed the “salvage pathway”. The salvage 
pathway is not only subject to its own regulation, but it 
also modulates the formation of ceramide and subsequent 
ceramide-dependent cellular signals [16].

Ceramide is generated from glucosylceramide by glu-
cosylceramidase in the salvage pathway via glucosylcera-
mide synthase (GCS) [25]. Glucosylceramide, the core 
molecule of many glycosphingolipids, plays an important 
role in cancer cell proliferation, differentiation, and metas-
tasis. GCS may be a prognostic indicator and potential 
target for the treatment of chemotherapy–refractory breast 
cancer [26]. Overexpression of GCS confers drug resist-
ance in cancer cells, and suppression of GCS sensitizes 
cancers to chemotherapy in preclinical studies [27].

Sphingomyelin pathway

The sphingomyelin pathway is initiated by hydrolysis 
of the plasma membrane phospholipid sphingomyelin, 
leading to the generation of ceramide [28] (Fig. 2). The 
metabolism of sphingomyelin and ceramide involves the 
enzymes, SMase and SM synthase, and generates signals 
regulating cell proliferation and apoptosis. These effects 
can be dependent of cellular pH. For example, alkaline 
SMase activity preferentially decreases cellular activity 
in human colorectal carcinoma, whereas neutral SMase 2 
results in decreased proliferation in MCF7 breast cancer 
cells [29].

Fig. 2   Pathways for ceramide 
metabolism. Ceramide syn-
thesis has three main meta-
bolic pathways: the de novo 
pathway, the salvage pathway, 
and sphingomyelin pathway. 
Ceramide is metabolized to 
ceramide-1-phosphate (C1P) 
and sphingosine-1-phosphate 
(S1P) through catabolic 
pathways. CDase ceramidase, 
CerS ceramide synthases, DES1 
dihydroceramide desaturase 1, 
GBA glucocerebrosidase, GCS 
glucosylceramide synthase, 
SM sphingomyelin, SphK 
sphingosine kinase, SPP S1P 
phosphatase
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Catabolic pathway

Ceramide is generated by ceramide synthases (CerS), of 
which six different enzymes have been identified (Fig. 2). 
Each CerS has a fatty acyl CoA chain of different length, 
resulting in a specific activity. For example, C16:0-ceramide 
generated by CerS1 suppresses tumor growth, while 
C18:0-ceramide generated by CerS5/6 protects tumor from 
apoptosis in human head and neck squamous cell carcinomas 
[30]. In human breast and colon cancer, long-chain and very 
long chain ceramide have opposite effects on cell growth. 
Sphingosine induces apoptosis and works as a reverse regu-
lator of both the SAPK and ERK signaling pathways [31]. 
CerS expression may also be associated with enhanced 
cancer survival [32]. Elevated acid ceramidase (ACDase) 
expression reported in cancers has been associated with 
poorer cancer outcomes [33]. In prostate cancer cells, 
ACDase overexpression is related to increased proliferation 
and migration [34].

Sphingosine kinase, comprised of two major isoforms 
(SphK1 and SphK2), generates S1P inside the cells. S1P 
produced by SphK1 is secreted into the extracellular space 
by transporters, such as ATP-binding cassette (ABC) trans-
porters or spinster homologue 2 (Spns2), and signals through 
its receptors on the outside of cells. This process is referred 
to as “inside-out” signaling [35, 36]. S1P can stimulate any 
of the five specific G protein-coupled receptors (S1PRs). 
S1P produced by SphK2 interacts with prohibitin 2 to regu-
late complex IV assembly and respiration [37]. Cancer cells 
are stimulated by S1P in an autocrine and/or paracrine man-
ner. S1P also promotes metastasis, angiogenesis and change 
of immune function. Exogenous S1P upregulates matrix 
metalloproteinase 2 (MMP2) gene expressions, which is 
turn stimulate metastasis and angiogenesis [38]. Extracel-
lular S1P can also influence fibroblasts and immune cells 
resulting in potent pro-cancer inflammatory effects [39].

S1P is irreversibly cleaved by S1P lyase or restored by 
S1P phosphatase [40]. The levels of these enzymes have a 
complex interaction with tumor aggressiveness. For exam-
ple, in some cancers including lung and colon cancers, over-
expression of S1P lyase predisposed cells to stress-induced 
apoptosis through the reduction of intracellular S1P [41]. On 
the contrary in prostate cancer, S1P lyase is downregulated 
[42]. Moreover, the S1P lyase gene may also be deleted in 
other human cancers [43].

Ceramide kinase

Ceramide can be directly phosphorylated by the enzyme 
ceramide kinase and derive C1P (Fig. 2). C1P works as 
second messenger of promoting cell survival and important 
mediator of the inflammatory response [44]. Thus, ceramide 
pathways and ceramide metabolites are very intricate. In 

the next section, we discuss how ceramide plays a role in 
cancer treatment including chemotherapy, radiation therapy 
and immunotherapy.

Ceramide and cancer treatment

Many interactions have been characterized between cancer 
treatments and sphingolipid metabolism. In this section, we 
review the data supporting the role of ceramide in cancer 
treatment.

Chemotherapy

Ceramide has been demonstrated to play a major role in 
cancer chemotherapy metabolism and efficacy. Ceramide is 
a regulator of the taxane-mediated spindle assembly check-
point and taxane-induced cell death. Paclitaxel-treated 
MCF-7 cells activated acid sphingomyelinase (ASMase), 
leading to ceramide production that in turn results in a 
reduction in cell motility [45]. In addition, C6 ceramide 
enhances docetaxel-induced growth inhibition in breast 
cancer cells in vitro [46].

5-FU, an inhibitor of ribosomal RNA synthesis, functions 
through the inhibition of thymidylate synthase and com-
monly used in the treatment of colorectal cancer, gastric can-
cer, and breast cancer [47]. The addition of sphingomyelin 
increased the efficacy of 5-FU in human colonic xenografts 
[48]. Further, increase in SMase substrate also led to higher 
levels of apoptosis [49].

Platinum agents are used for many types of malignan-
cies such as esophagus cancer [50], gastric cancer [51], and 
triple-negative breast cancer (TNBC) [52]. Cisplatin func-
tions by forming DNA intrastrand crosslinks resulting in 
DNA damage. In glioma cells, the blockade of sphingomy-
elinases inhibits cisplatin-induced cell death [53]. Moreover, 
decrease of CerS2 led to increased sensitivity to cisplatin 
in HeLa cells through upregulation of C16 ceramide but 
downregulation of C24 ceramide, which suggested that C16 
ceramide functions in apoptosis, while C24 induces survival 
[54]. Cisplatin activates ASMase and induces ceramide pro-
duction, which leads to the redistribution of the death recep-
tor CD95 in HT29 human colon cancer and induces cell 
death [55]. Thus, increasing ceramide by blocking ceramide 
catabolic enzyme or adding ceramide and precursor might 
increase the efficacy of chemotherapeutic drug treatment. In 
this way, ceramide is expected to act as the chemotherapy 
enhancer.

Furthermore, ceramide is now expected to be used 
against chemotherapeutic drug resistance. The efficiency of 
chemotherapeutic drugs can be reduced by mutations in a 
number of different cell cycle regulators, deregulation of 
various apoptotic pathways, or incomplete drug penetration 
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such as the blood–brain barrier and defective vasculature 
formations [56]. These resistance mechanisms need be 
addressed to enhance the effect of chemotherapeutic agents 
and avoid cancer progression. Ceramide has been used in 
nanoparticles for that purpose. Nanoparticles, measuring 
up to 400 nm in size, have demonstrated efficacy for carry-
ing, protecting, and delivering therapeutic molecules with 
diverse physiological properties [57]. For example, Chang 
et al. developed both photosensitizer- and anticancer drug-
encapsulated hyaluronic acid–ceramide nanoparticles to 
increase the therapeutic efficacy of photodynamic therapy 
[58]. It has also been reported that nanoparticles containing 
a combination of C6 ceramide and paclitaxel inhibited the 
cancer cell proliferation in comparison with nanoparticles 
containing paclitaxel alone [59]. With emerging studies that 
ceramide can influence chemotherapy through nanoparticles, 
ceramide might have a more significant role in combination 
with chemotherapy.

The blood–brain barrier is a specific arrangement of 
blood vessels that separates the circulating blood from the 
brain and extracellular fluid in the central nervous system 
[60]. Because the blood–brain barrier can regulate the 
diffusion of water and biochemical molecules, the avail-
able chemotherapies for brain tumor are currently limited. 
FTY720, a structural analog of S1P, has been shown to cross 
the blood–brain barrier and could act directly on neural cells 
[61]. In contrast to S1P, there is no ceramide analog in clini-
cal use. However, there are some reports describing the asso-
ciation between ceramide metabolites and the blood–brain 
barrier. C1P increases blood–brain barrier regulation via 
prostaglandin E2 signaling [62]. Acid ceramidase inhibi-
tors (N-acylsphingosine amidohydrolase 1; ASAH1) could 
cross the blood–brain barrier and have possible activity in 
glioblastoma treatment [63].

Ceramide has been proposed to be a key regulatory 
molecule to fight breast cancer chemotherapy resistance. 
Ceramide has been reported to enhance docetaxel-induced 
growth inhibition and apoptosis in MCF-7 and MDA-231 
cells [46]. Uridine diphosphoglucose ceramide glucosyl-
transferase (UGCG), one of the enzymes in the salvage path-
way that degrade ceramide, is also involved in breast cancer 
chemotherapy resistance. The decrease of ceramide through 
activation of UGCG has been implicated in the resistance of 
breast cancer cells to chemotherapy [64].

Endocrine therapy

Tamoxifen is the most common hormonal therapy for 
both early and advanced estrogen receptor-positive breast 
cancers. Tamoxifen inhibits ceramide hydrolysis by the 
enzyme acid ceramidase, which leads to suppression of 
ceramide metabolism and formation of S1P [65]. The 
interaction between tamoxifen and ceramide also elicits 

decreases in mitochondrial membrane potential and sub-
sequent increases in the release of mitochondrial proa-
poptotic proteins [66]. Moreover, nanoliposomal tamox-
ifen enhances nanoliposomal C6-ceramide cytotoxicity 
in cultured TNBC cells by induction of cell-cycle arrest 
in G(1) and G(2), caspase-dependent induction of DNA 
fragmentation, and enhanced mitochondrial and lysosomal 
membrane permeability. Taken together, ceramide may act 
to overcome chemoresistance through interactions with 
tamoxifen. The combination of tamoxifen and ceramide 
may also serve as a promising therapy for chemoresistance 
and TNBC irrespective of estrogen receptor status [67].

Radiation therapy

Radiation therapy is another standard local therapy for 
cancer. Delivered alone or in combination with chemother-
apeutic agents, radiation is routinely used to treat many 
kinds of tumors, including brain cancer [68] and breast 
cancer [69]. When ionizing radiation is administered 
to living tissues, highly reactive particles are generated 
[70]. It is well known that tumor cell response to radiation 
depends on the microvascular damage [71]. Radiation ther-
apy induces apoptosis through two ways associated with 
ceramide. The first is mediated through ASMase and the 
second is mediated through CerS. Lymphoblasts that lack 
ASMase expression are insensitive to radiation-induced 
apoptosis but can be sensitized by genetic transfection of 
ASMase [72]. The radiation sensitivity decided by CerS 
activation may lead to the efficiency of radiotherapy.

Immunotherapy

Cancer immunotherapy is increasingly becoming an 
integral part of the management of many cancers. Now, 
anti-programmed death (PD)-1 antibody is a new class of 
cancer immunotherapy that specifically hinders immune 
effector inhibition, reinvigorating and potentially expand-
ing preexisting anticancer immune responses [73]. Thus, 
the blockade of immune checkpoints is the one of the most 
newly investigated approaches to activating therapeutic 
antitumor immunity.

Invariant natural killer T cells (iNKT) are T 
cells that can recognize glycolipid antigens, such as 
α-galactosylceramide (αGalCer). In vivo activation of 
iNKT cells with αGalCer results in robust cytokine pro-
duction. Parekh et al. found that αGalCer-activated iNKT 
cells have rapidly upregulated expression of PD-1. PD-
1:PD-L blockade prevents energy induction and enhances 
the anti-tumor activities of αGalCer-activated iNKT cells 
[74].
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The sphingolipids and breast cancer 
progression

While sphingolipids have important roles in cancer treat-
ment, there are still unknown mechanisms in cancer pro-
gression. Although many studies showed the important 
role of sphingolipids in breast cancer progression, the evi-
dence in human breast cancer patients had been limited 
until recently. Our group has been studying the biology 
of sphingolipids, including ceramide and S1P in human 
breast cancer. We have shown that the levels of sphingolip-
ids were higher in cancer and peri-tumoral tissue com-
pared to normal breast tissue in human surgical specimens 
[75]. Since ceramide is generated from the three major 
pathways (i.e. the de novo pathway, the salvage pathway, 
and the sphingomyelin pathway), we hypothesized that 
all of these pathways were activated within tumor tissues. 
Consistent with this hypothesis, we found that both pre-
cursors and enzymes of all three ceramide biosynthesis 
pathways were activated to increase ceramide in breast 
cancer tissue [76]. High S1P associated significantly with 
lymph node metastasis [77], suggesting that S1P affects 
the tumor microenvironment, which leads to cancer metas-
tasis [75]. Conversely, the levels of ceramide (as opposed 
to S1P) were highest within cancer and interstitial fluid 
specimens but lowest in normal breast. Taken together, 
these findings suggest that ceramide acts in an opposing 
manner to S1P [76].

We also showed that ceramide was associated with less 
aggressiveness, as measured by nuclear grade and Ki-67 
[76]. Interestingly, higher levels of individual ceramide-
related enzymes were found to associate with elevated 
ceramide expression and with worse survival. Further, 
breast cancer cells with high S1P to ceramide ratio dem-
onstrated enhansed proliferation potency. Taken together, 
it is reasonable to hypothesize that the S1P converted 
from ceramide enhanse cancer aggressiveness through the 
complex pathways involved in the “sphingolipid rheostat” 
[76]. More data from the clinical setting are now needed to 
reveal “sphingolipid rheostat” based on in vitro and in vivo 
models to increase the understanding of the biology of 
cancer progression.

Future direction

Despite recent advances in the treatment of breast can-
cer, many patients with advanced disease remain incur-
able for many reasons, including the resistance to chemo-
therapy. Jing et al. studied the association between the 
ceramide metabolism and resistance to chemotherapy in a 

small cohort of patients with advanced breast cancer [64]. 
Interestingly, the level of ceramide was decreased in all 
patients, which indicates that ceramide downregulation is 
a common characteristic in the chemotherapy itself. This 
study suggests that ceramide works by not only promot-
ing apoptosis but also sensitizing cancer cell response to 
chemotherapy. Recognizing that the identification of the 
molecular mechanisms behind resistance is essential to 
the development of targeted therapy, targeting ceramide 
metabolism has significant promise.

Although it is a limited and negative study, a phase 
II trial on ceramide treatment for cutaneous breast can-
cer patients was reported. One of 25 patients treated with 
a topical ceramide manifested a partial response with-
out undesirable side effects [78]. Given that ceramide is 
known to have a moisturizing property and may penetrate 
the skin [79], ceramide may have a potential to be thera-
peutically utilized topically.

Recently, it was shown that ceramide plays important 
roles not only in cancer treatment but also in cancer diagno-
sis by functioning as a diagnostic biomarker. For example, it 
has been shown that serum levels of ceramides differ signifi-
cantly between the patients with hepatocellular carcinoma 
(HCC) and patients with cirrhosis alone, despite the fact that 
majority of HCC are accompanied with cirrhosis [80]. This 
is an emerging evidence that ceramide has the potential to 
function as a diagnostic biomarker in liver cancer. However, 
further studies are needed to develop novel therapies for can-
cer patients based on ceramide pathways.

Conclusions

In this review, we discussed the roles of ceramide in cancer. 
As ceramide functions as the central hub of sphingolipid 
metabolism, ceramide has the possibility to be used for 
cancer treatment by using ceramide directly as anti-cancer 
agent, by regulating ceramide metabolism to suppress can-
cer, or even as a biomarker. Recent studies showed that cera-
mide promotes apoptosis and has the possibility of becom-
ing a supplementary agent for cancer treatment. Ceramide 
has been shown to function within nanoparticles and as a 
diagnostic biomarker. These studies strongly suggested that 
sphingolipids, such as ceramide, have potential for becoming 
incorporated into innovative cancer treatments.
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