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Abstract: Glioblastoma is the most common primary malignancy of the central 
nervous system. Maximal surgical resection of glioblastoma in addition to temo-
zolomide and fractionated radiation therapy provides an overall median survival 
of approximately 15 months. The addition of tumor-treating fields (Optune ther-
apy) has the potential to increase median survival to 20 months, although compli-
ance and ease of use remain an issue. Glioblastoma remains a devastating diagnosis 
fraught with complications. Curcumin is a yellow pigment from the rhizome of 
the ubiquitous and commercially available spice, turmeric (Curcuma longa). 
Turmeric has been long used in Indian traditional medicines and has been estab-
lished as a safe food additive by the US Food and Drug Administration. There is a 
wealth of in vitro data suggesting that turmeric’s main active component, cur-
cumin, has many favorable effects on glioblastoma. Curcumin has been shown to 
potentiate the effects of chemotherapy and radiation, decrease malignant spread, 
protect normal tissue from oxidative stress, and regulate many genetic targets 
resulting in glioblastoma cell death. Curcumin’s positive safety profile and poten-
tial therapeutic effects on glioblastoma make it a promising potential adjunct to 
current standard treatment regimens.
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INTRODUCTION

Gliomas have historically been divided into 4 grades by WHO classification, with 
highly variable prognosis between the histologic grades. WHO grade I gliomas 
include pilocytic astrocytoma, subependymoma, subependymal giant cell astro-
cytoma, ganglioglioma, desmoplastic infantile astrocytoma, and myxopapillary 
ependymoma, among others. WHO grade II gliomas are infiltrative and generally 
more aggressive than grade I tumors and include oligodendroglioma, fibrillary 
astrocytoma, pleomorphic xanthoastrocytoma, and mixed oligoastrocytoma, as 
well as other less common tumor types. WHO grade III gliomas include anaplas-
tic astrocytoma, anaplastic oligoastrocytoma, anaplastic ganglioglioma, anaplastic 
ependymoma, and anaplastic pleomorphic xanthoastrocytoma. Finally, WHO 
grade IV gliomas include glioblastoma, various subtypes of glioblastoma, and 
pinealoblastoma (1). Within the category of diffuse, infiltrating gliomas (WHO II, 
III, IV), tissue diagnosis was traditionally made based on histopathologic analysis 
based on the presence or absence of microvascular proliferation, necrosis, and 
mitotic activity. The introduction of genetic profiling of gliomas based on IDH 
mutation, MGMT promoter methylation status, 1p/19q codeletion has led to 
 better understanding and more appropriate classification of gliomas and their 
subtypes (1).

With an annual incidence of 3.21 per 100,000 individuals, glioblastomas are 
the most common primary malignant brain tumor with nearly 11,000 new cases 
diagnosed each year in the United States (2). According to the CBTRUS data 
repository, glioblastoma accounted for 14.5% of all CNS tumors, 57.7% of all 
gliomas, and 48.6% of all malignant CNS tumors diagnosed from 2013–2017 (2). 
Prognosis for patients with glioblastoma remains dismal. Aggressive maximal 
resection followed by radiotherapy has a median overall survival of 12.1 months. 
The addition of adjuvant alkylating chemotherapy with temozolomide (TMZ) and 
radiotherapy after surgery (Stupp protocol) increased median overall survival 
time to 14.6 months (3). Optune® therapy (Novocure Inc., Haifa, Israel) is a wear-
able technology that delivers low intensity alternating electrical fields over the 
scalp. Tumor-treating fields along with maximal surgical resection and Stupp regi-
men increases median overall survival time to 20.9 months, although it has not 
been used clinically in a widespread manner (4). It is important to note that 
median overall survival for all cases of glioblastoma is around 8 months (2).

Given the poor prognosis for patients with newly diagnosed glioblastoma, it is 
imperative that efforts for drug development continue in order to improve upon 
current standard-of-care therapies. Curcumin, a yellow pigment, derives from the 
rhizome of the ubiquitous and commercially available spice, turmeric (Curcuma 
longa). Turmeric has been long used in traditional Indian Ayurvedic medicine, 
with its medicinal use dating back to 2500 years ago, and more recently for its 
anti-inflammatory properties (5). Curcumin has also been studied for its apparent 
anti-tumor effects systemically. More recently, Curcumin has become an interest-
ing consideration for glioblastoma treatment because of its modulation of multi-
ple targets which appear to suppress tumors, decrease malignant characteristics, 
promote apoptosis, and potentiate the effects of chemotherapy and radiation 
(6–9). Interestingly, the number of peer-reviewed publications related to cur-
cumin has been steadily increasing over the past 20 years, with an expanding 
portfolio of scientific reports pertaining to curcumin and gliomas.
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CHEMICAL AND PHYSICAL PROPERTIES OF CURCUMIN 

Curcumin ((1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-
dione) is one of three phytoconstituents (non-nutrient bioactive compound) of 
turmeric; the other two phytoconstituents are bis(demethoxy)curcumin and 
demethoxycurcumin (Figure 1). Together, these compounds account for under 
10% of turmeric’s dry weight (10, 11). After removing the protein, carbohydrates, 
fats, minerals, volatile oils, and fiber from raw turmeric, a crude curcuminoid 
extract is generated, consisting of 60–70% curcumin, 20–27% demethoxycur-
cumin, and 10–15% bis(demethoxy)curcumin.

The molecular weight of curcumin is 368.38 daltons. Curcumin’s β-ketone 
moiety exhibits keto-enol tautomerization, with the enol form predominating in 
alkaline solution. It is essentially insoluble in water at room temperature and has 
a neutral pH. Curcumin is photoactive and absorbs light wavelengths in the visi-
ble range of 408–500 nm and exhibits photodegradation. At 37 °C the half-life at 
pH 7.2 is less than 10 minutes; in vitro degradation of curcumin occurs via nucleo-
philic substitution or elimination by solvent molecules (solvolysis), and oxidative 
degradation (10).

In vivo studies indicate that the bioavailability of unaltered curcumin prepara-
tions (standard curcumin) is very poor; 12 g oral doses of curcumin administered 
to healthy human subjects produced serum concentrations of 50.5 ng/ml, 
although other studies saw increased concentrations with concomitant adminis-
tration of piperine–the alkaloid responsible for the pungency of black pepper 
(Piper nigrum)–indicating that bioavailability concerns can be at least partially 
addressed (12, 13). For orally ingested doses, the bioavailability issue seems to 
start with intestinal mucosa via modification by glucuronidation and sulfonation. 
Orally administered curcumin doses of 3.6 g are detected in colorectal tissue; 
however, in other studies utilizing this dose range, the serum concentration was 
nearly undetectable (12, 14). During phase I metabolism, oxidoreductases con-
tribute to the reductive metabolism of curcumin. In phase II metabolism, intesti-
nal epithelial cells’ glucuronosyltransferases and sulfotransferases act by 
glucuronidation and sulfonation of curcumin. The majority of curcumin that 
reaches systemic circulation is reduced, conjugated, and excreted in feces, not 
exhibiting pharmacodynamic effects outside of the alimentary system (15).

Figure 1. Curcuminoids extracted from the rhizome of turmeric (Curcuma longa) and 
molecular structures of the three phytoconstituents: curcumin, demethoxycurcumin, and 
bisdemethoxycurcumin.
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TOXICITY

Curcumin is a very well tolerated substance. Daily intake of curcumin can 
approach 3 mg/kg/day; side effects in people ingesting 500–12,000 mg doses 
included headache, rash, and yellow stool (16). Multiple studies regarding the 
safety of orally ingested curcumin have been conducted. A phase 1 trial with 
25 participants ingesting 8,000 mg curcumin per day for three months dem-
onstrated no toxicity; five other studies using smaller doses (1,125–2,500 mg) 
also demonstrated curcumin’s safety (17). If toxicity does occur, it is likely via 
curcumin’s extensive interaction of hERG (human Ether-à-go-go-related gene) 
channels, cytochrome P450, or drug-drug interactions. In rat models, inhibi-
tion of cytochrome P450 has caused cardiotoxicity, while interaction with glu-
tathione S-transferase has caused drug-drug interactions (10). Curcumin has 
been shown to induce cytotoxicity in human lymphocytes and renal cell lines 
at IC50 concentrations of 15.2 μM and 31 μM, respectively (10). Currently, the 
FDA has not approved curcumin as a treatment for any condition and it 
remains classified as a safe food additive at levels from 0.5 to 100 mg per 100 g 
of food.

CURCUMIN AND SIGNAL CASCADE PROTEINS

Curcumin appears to modulate many cellular processes, allowing it to act as an 
in vitro tumor suppressor, decrease malignant characteristics, promote apoptosis, 
and potentiate the effects of chemotherapy and radiation. Curcumin has been 
shown to interact with Wnt, HDGF, STAT3, and NRF2, which will be discussed in 
detail below. 

Curcumin and BIRC5

Baculoviral inhibitor of apoptosis (BIRC5), or survivin, is a protein expressed in 
embryonal tissues. As a member of the inhibitor of apoptosis (IAP) family of pro-
teins, BIRC5 is a G2/M cell cycle regulator, minimally expressed in mature tissue 
(18, 19). BIRC5 overexpression has been implicated in protection from apoptosis 
and regulation of mitosis, and has been associated with worse outcome in renal 
cell carcinoma, esophageal cancer, and breast cancer (19). In a recent study, whole 
genome sequencing was performed in 144 patients diagnosed with glioblastoma; 
those found to have high BIRC5 expression had a worse prognosis than patients 
with low BIRC5 expression (20). One large retrospective analysis of 1,260 patients 
with gliomas suggested that BIRC5 expression was correlated with worse overall 
survival (19). Commercially available U87, U51, and U235 human glioblastoma 
cell lines along with additional patient-derived glioblastoma cells were treated 
with 25 μM curcumin solution. BIRC5 and IAP2 expression was found to be 
decreased after curcumin exposure at 1 and 6 hours. This effect is secondary to 
increased phosphorylated ERK, p38 and JNK; phosphorylated ERK inhibits 
STAT3, rendering it unable to translocate into the nucleus, therefore decreasing 
expression of BIRC5 and IAP2 (7).
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Curcumin and RANK

Receptor activator of NF-κB (RANK), via its interaction with RANKL, activates 
survival signaling cascades though AKT and EGFR. Alternatively, RANK can pro-
mote apoptosis via c-jun N-terminal kinase activation, also known as tumor 
necrosis factor receptor superfamily 11A (21). U87 and U251 glioblastoma cells 
exposed to 15 μM and 30 μM curcumin solution had a respective 1.5–2.6-fold 
and 1.7–3.7-fold increase in RANK mRNA levels, accomplished through inhibi-
tion of STAT3. Separately, siRNA-specific knockdown of STAT3 also produced 
increased RANK expression (21). 

Curcumin and Wnt

The Wnt signaling pathway is a critical regulator of brain development. Presynaptic 
and postsynaptic transcription is regulated by Wnt; its dysfunction has been 
linked with development of glioblastoma (22). The Wnt signal cascade begins on 
the surface of cells after the bunding of the frizzled/low density lipoprotein 
 receptor- related protein complex. A complex cascade involving Dishevelled, 
GSK-3β, APC, and Axin ensues, with a subsequent intranuclear increase in 
β-catenin (23). The ultimate downstream effect of Wnt signaling is cell fate speci-
fication, differentiation, and mitogenic stimulation; aberrant Wnt signaling has 
been associated with development of glioblastoma (23). The Wnt/β-catenin path-
way contributes to cell proliferation and tumorigenesis. U373 glioblastoma cells 
exposed to nano-micelle curcumin preparations had suppressed Wnt, as well as 
NF-κB activity with an overall effect of inhibited cell growth, tumor shrinkage, 
and decreased invasiveness (24).

Hepatoma-derived growth factor (HDGF) is a growth factor that interacts with 
β-catenin to promote tumor generation, progression, and metastasis; HDGF is 
also upregulated in gliomas (25). The HDGF/β-catenin complex was indirectly 
inhibited via inhibition of HDGF in one series with U251 and LN229 glioblas-
toma cells that were exposed to curcumin concentrations from 5 to 200 μmol/L, 
once again resulting in reduced proliferation, invasion and extent of tumor cell 
migration (25).

Curcumin and NRF2

Curcumin has been reported to exhibit a radioprotective effect in normal tissues, 
while sensitizing tumor cells to the effects of ionizing radiation (26). One possible 
mechanism for this phenomenon is curcumin’s interaction with nuclear factor 
erythroid 2 related factor 2 (NRF2). NRF2 is a leucine zipper protein that is 
responsible for regulation of oxidative stress; it is normally bound to KEAP1, in an 
inactive state. Upon exposure to insults such as toxins or radiation, NRF2 dissoci-
ates from KEAP1 and accumulates within the cell’s nucleus, ultimately resulting in 
antioxidant gene activation and resistance to oxidative stress (27). This is an 
important effect and suggests that curcumin may play a protective role in normal 
tissues that also receive systemic treatment or ionizing radiation. Curcumin is a 
known activator of NRF2 (27). Interestingly, NRF2 is upregulated in glioblastoma 
and is possibly responsible for glioblastoma survival in an environment under 
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increased oxidative stress (27). Not surprisingly, U87MG glioblastoma cells 
treated with NRF2 had decreased levels of oxidative stress proteins, decreased 
proliferative capacity, and decreased self-renewal compared to controls without 
NRF2 knockdown. 

Curcumin and Protein Ubiquitination

Protein ubiquitination is an essential process involved in regulation of many sig-
naling cascades; ubiquitination of NEDD4 results in protein degradation (8). 
NEDD4 has been implicated in the development of cancers and neurodegen-
erative diseases and exerts an oncogenic effect via dysfunctional ubiquitin 
 signaling (28). E3 ubiquitin ligase is a key element of the ubiquitin pathway; its 
aberrant function has been shown to be involved in number of malignancies (29). 
Neural precursor cell expressed developmentally downregulated protein 4 
(NEDD4) is an important member of the E3 ubiquitin ligase family that functions 
in substrate recognition for the ubiquitin pathway. Activation interaction with 
PTEN degradation via the ubiquitin cascade eventually activates the PI3K/AKT 
pathway, resulting in cellular proliferation and oncogenesis (30). SNB190 and 
A1027 human glioblastoma cells treated with 15 μM curcumin solution for 
72 hours had diminished expression of NEDD4 on western blot and qPCR 
analysis, with reduced overall proliferative capacity (8).

S-phase kinase protein 2 (Skp2) is a component of the SKP-Cullin-F box com-
plex, which facilitates the ubiquitin-mediated degradation of G1 checkpoint 
inhibitors G21, P21 and P27; the net effect is cellular proliferation via cell cycle 
progression (31, 32). Taking this into consideration, Skp2 overexpression results 
in unchecked cell cycle progression and has been associated with tumorigenesis, 
including gliomas (33–35). U251 and SNB19 glioblastoma cells treated with 
 variable curcumin solutions demonstrated decreased Skp2 expression on RT-PCR. 
In line with the expected effect of decreased Skp2 expression, this study demon-
strated concomitant decreases in migration, invasion, and proliferation (36). Part 
of curcumin’s in vitro effects likely occur through modulation of protein ubiquiti-
nation, an incredibly complex and highly regulated process.

CURCUMIN DECREASES TUMOR INVASIVENESS

The malignant nature of gliomas is often due to the fact that tumor cells infiltrate 
deep into the parenchyma, distal to observable tumor margins; this makes com-
plete surgical resection impossible (37). Biopsy studies in glioblastoma patients 
have shown that tumor cells can be found well beyond the MRI T2 hyperintense 
margins (38). Glioma invasion is promoted by the expression of matrix metallo-
proteinases (MMPs). MMPs are zinc-dependent proteolytic endopeptidases that 
degrade extracellular matrix proteins and cell adhesion molecules, allowing tumor 
cells to become locally invasive (39). Through a complex interaction with vascular 
endothelial growth factor (VEGF) and its receptor, VEGFR2, MMP-2 has been 
implicated in vasculogenesis, angiogenesis and disseminated tumor growth 
(39, 40). MMP-9 may promote vasculogenesis in the absence of VEGF (40). Large 
diameter gliomas appear to have greater expression of MMP-2 than their smaller 
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counterparts, with an accompanying decrease in expression of their inhibitor pro-
teins (40). In one study, U373 glioblastoma cells treated with curcumin solution 
had measurable decreases in multiple MMPs including MMP-2 (41). Another 
study specifically examining invasion distance of SNB19 and A1027 glioblastoma 
cells after treatment with 10 μM, 15 μM and 20 μM curcumin solutions found 
that treated cell lines had significantly less migration (invasion) than controls (8). 
Increased expression of MMPs may very well contribute to the invasive properties 
of high-grade gliomas and curcumin may be an interesting drug to combat this 
characteristic. 

CURCUMIN INDUCES OXIDATIVE STRESS AND APOPTOSIS 
IN GLIOMA CELL LINES

Curcumin has been shown to have cytotoxic effects in cancer cells via the produc-
tion of reactive oxygen species (ROS). U87, U51, and U235 glioblastoma lines 
treated with 70 μM curcumin solution saw decreases in cellular viability to levels 
as low as 20%. At curcumin concentrations as low as 25 μM, immunofluorescence 
oxidative stress assays demonstrated induction of ROS at 1 and 6 hours, normal-
izing after 1 day (7). U373 glioblastoma cells treated with curcumin solution 
demonstrated preferential induction of apoptosis at concentrations of 10 μg/ml 
and similar levels of apoptosis and necrosis and curcumin concentrations of 
20 μg/ml (41). This is contrary to the protective effect that curcumin exhibits 
against oxidative stress in normal tissue (26). This dual mode of action exerted by 
curcumin may be due to its ability to reduce oxidative stress and inflammatory 
response in normal cells while also having the ability to upregulate genes respon-
sible for cell death in pathological conditions.

BARRIERS TO CURCUMIN AS A SYSTEMIC THERAPY

Despite curcumin’s apparent ability to reduce the malignant nature of glioblas-
toma in vitro via multiple mechanisms, it has failed to gain traction as a  therapeutic 
agent. This, in part, may be due to curcumin’s poor systemic bioavailability. In vivo 
bioavailability studies indicate that the bioavailability of unaltered curcumin 
preparations (standard curcumin) is dismal. After all, a therapeutic agent is not 
useful if it cannot be effectively delivered to its target in sufficient quantities. There 
is evidence to suggest that curcumin crosses the blood-brain barrier and may offer 
some neuroprotective effects, especially in context of neurodegenerative diseases 
such as Alzheimer’s disease. In a murine model, curcumin was shown to decrease 
beta-amyloid plaque burden by 43% via blockage of beta amyloid self-assembly 
(42, 43). Similarly, curcumin’s anti-inflammatory properties, anti-oxidant proper-
ties, metal chelation properties, and ability to decrease lipid peroxidation and 
lipofuscin accumulation are thought to be neuroprotective (42). The extent or 
mechanism of transport of curcumin across the blood-brain barrier has not been 
well described in humans. Common explanations in favor of curcumin’s transport 
across the blood-brain barrier reference its lipophilic nature. However, critics are 
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quick to mention that other large lipophilic molecules, such as cholesterol, cannot 
readily cross the blood-brain barrier. Specific transport mechanisms have not 
been described to date.

One of the main areas of focus for drug development of curcumin over the past 
years has been on preparations that increase its bioavailability. Factors that con-
tribute to curcumin’s low systemic bioavailability include its large crystalline 
structure, low solubility in non-toxic solution, and extensive in vivo metabolism 
(15, 44). Low-crystallinity nanoparticles were formed by exposing curcumin 
preparations to solvents such as chloroform. Although these preparations 
increased bioavailability of curcumin, their toxic solvents limited use in humans. 
The advent of precipitation by pressure reduction of gas-expanded liquid 
(PPREGL) has enabled the production of spherical curcumin nanoparticles as 
small as 66 nm (44). PPREGL nanocurcumin preparations utilize carbon dioxide 
instead of other volatile solvents to dry and precipitate curcumin nanoparticles 
from a curcumin impregnated nanoporous starch aerogel (NSA). The bioavailabil-
ity of curcumin NSA nanoparticles are 173 times greater than that of standard 
curcumin preparations (0.4% vs 69.1%) (44).

Other methods of curcumin preparation that increase bioavailability include 
liposomal curcumin and curcumin micelles. Curcumin micelles have 19-fold 
greater bioavailability compared to standard curcumin preparations (45). 
Unfortunately, micelle preparations have the drawback of a relatively large volume 
of stabilizers and excipients that may cause side effects such as hemolysis (46). 
Liposomal curcumin preparations are a promising established method of increas-
ing curcumin bioavailability, with the ability to affix transport molecules to 
enhance transport across the blood-brain barrier. The p-Aminophenyl-α-D-
mannopyranoside transport molecule enhances liposomal transport across the 
blood-brain barrier and selectively targets cortex, hippocampus, cerebellum, 
brainstem, and pontine nuclei (47).

CONCLUSION

There is a dire need for advancement in glioblastoma therapy. Standard-of-care 
chemotherapy with temozolomide and radiation has not changed for over a 
decade and the prognosis for glioblastoma is dismal. Curcumin has a positive 
safety profile and its interaction with cell cycle regulators and regulators of oxi-
dative stress make it an attractive possible adjunct to current standard chemo-
therapeutic agents and radiation in the treatment of glioblastoma. In vitro studies 
have demonstrated that curcumin potentiates the effects of chemotherapy and 
radiation on glioblastoma cells, while decreasing the ability of glioblastoma to 
proliferate, migrate, and recover from oxidative stress. Curcumin’s main barrier 
to its potential use as a systemic agent is its poor bioavailability, limited by exten-
sive modification by enterocytes and rapid metabolism. Recent progress has been 
made in enhancing curcumin’s bioavailability by production of non-toxic nano-
preparations; however, they have yet to make their way into large studies or 
clinical trials. While there is limited in vivo data, in vitro data suggests that cur-
cumin can be a safe and effective anti-glioblastoma agent. Additional high- quality 
studies regarding the safety and efficacy of high bioavailability curcumin 
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preparations will be necessary to further elucidate the potential role of curcumin 
in glioblastoma treatment. 
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