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Abstract

Colorectal cancer (CRC) development and progression, one of the most common cancers

globally, is supported by specific mechanisms to escape cell death despite chemotherapy,

including cellular autophagy. Autophagy is an evolutionarily highly conserved degrada-

tion pathway involved in a variety of cellular processes, such as the maintenance of cellu-

lar homeostasis and clearance of foreign bodies, and its imbalance is associated with

many diseases. However, the role of autophagy in CRC progression remains controver-

sial, as it has a dual function, affecting either cell death or survival, and is associated with

cellular senescence in tumor therapy. Indeed, numerous data have been presented that

autophagy in cancers serves as an alternative to cell apoptosis when the latter is ineffec-

tive or in apoptosis-resistant cells, which is why it is also referred to as programmed cell

death type II. Curcumin, one of the active constituents of Curcuma longa, has great

potential to combat CRC by influencing various cellular signaling pathways and epige-

netic regulation in a safe and cost-effective approach. This review discusses the efficacy

of curcumin against CRC in vitro and in vivo, particularly its modulation of autophagy

and apoptosis in various cellular pathways. While clinical studies have assessed the

potential of curcumin in cancer prevention and treatment, none have specifically exam-

ined its role in autophagy. Nonetheless, we offer an overview of potential correlations to

support the use of this polyphenol as a prophylactic or co-therapeutic agent in CRC.
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1 | INTRODUCTION

Compared with the 19th century, statistical data on causes of death

have changed significantly. While infectious diseases dominated in

the past, nowadays most people die as a result of cardiovascular dis-

eases or cancer. With regard to cancer, a rising trend in prevalence

and mortality can be observed, so that this will be the most common

cause of death worldwide in the near future (Bray et al., 2021). One

of the top places is occupied by malignant neoplasms of rectum or

colon, summarized as colorectal cancer (CRC). Although it is well

established that genetic and epigenetic factors, including alterations in

key genes like APC, KRAS, BRAF, PI3K, DCC, SMAD2, SMAD4, and

TP53, are pivotal in the development of CRC (Raskov et al., 2014), the

emergence of these tumors is further exacerbated by demographic

change and factors related to an increasingly unhealthy lifestyle (Sung

et al., 2021).

Epigenetic influences such as tobacco smoke, alcohol consump-

tion, obesity, lack of exercise, but also chronic inflammatory bowel

diseases cause an imbalance in the interaction between the different

cell types of the intestinal environment (Muthusami et al., 2021). Sub-

sequently, the secretion of pro-inflammatory enzymes and cytokines

such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, or IL-6 is

stimulated, resulting in chronic inflammation and metabolic imbal-

ances up to the development and progression of CRC (Muthusami

et al., 2021). In these circumstances, an uncontrolled inflammatory,

pro-carcinogenic cascade entails systemic disturbances including a

dysregulation of autophagic processes.

Autophagy means an intracellular cleaning and defense mecha-

nism that keeps cells healthier by breaking down damaged organelles

or proteins (Majeed et al., 2022). For example, it is known that cell

damage by ultraviolet radiation triggers cascades surrounding multi-

functional proteins such as p62, nuclear factor erythroid 2-related fac-

tor 2 (NRF 2) and nuclear factor kappa-light-chain-enhancer of

activated B-cells (NF-κB). Interestingly, autophagy plays a central role

in preventing these pro-inflammatory and thus pro-tumorigenic mech-

anisms involved in the transformation of cells into malignancy (Zhong

et al., 2022). This autophagic machinery is closely connected with the

induction of cell senescence, characterized by irreversible cessation of

cell division, and with apoptosis, a programmed cell death. Together,

these mechanisms constitute a triad of defense against metabolic dis-

ruptions (Patschan et al., 2008). Their intact interplay is particularly

crucial in the intestine to prevent a degeneration of healthy cells

despite rapid renewal cycles. Whenever these self-protective func-

tions are disrupted, the gut homeostasis is no longer synchronized

and a pathological switch in the intestinal cells can no longer be pre-

vented (P. Zhang et al., 2019).

If a cancerous disease has already occurred, autophagy takes on a

completely different perspective since malignant tumor cells have also

developed the ability to use these mechanisms. Overall, autophagic

processes represent a double-edged sword, the balance of which can

determine physiology or pathology. Related to CRC, maintaining a

controlled, canonical mammalian target of rapamycin (mTOR) pathway

including its phosphoinositide-3-kinase (PI3K)/protein kinase B (Akt)

signaling seems of central importance, because it has been shown

both in vitro as well as in vivo, that a modulation of mTOR/PI3K/Akt

has considerable effects on growth, morphology and metastasis of

CRC cells (Francipane & Lagasse, 2014). Additionally, the mTOR path-

way can be regulated by a noncanonical pathway independent of Akt

(Majeed et al., 2021; Majeed et al., 2023; Napolitano et al., 2022). Fur-

thermore, even the development of chemoresistance is closely linked

to autophagic dysregulation, leading to tumor growth despite cyto-

static therapy (Hussain et al., 2016; Wei et al., 2019). From a clinical

perspective, the significance of autophagic malfunction has also

already been noted, so that treatment of CRC patients with

autophagy-inhibitors in addition to standardized chemotherapy or

radiotherapy has been attempted (Z. Li, Si, et al., 2022). However,

these treatments can induce severe side effects, such as a rapid dete-

rioration in overall health characterized by severe tiredness and

weight loss (Karasic et al., 2022). Moreover, their use is limited to

treatment and they cannot be used to prevent cancer. Given these

conditions, the proactive modulation of autophagy has emerged as an

appealing strategy for cancer prevention.

Hence, nature-derived substances may well be a viable option for

a cost-effective and well-tolerated long-term CRC prophylaxis. In this

review, we present the qualities of the natural polyphenol curcumin,

based on its well-established role as both a preventive and therapeu-

tic agent in cancer, along with its ability to modulate autophagy. This

phytotherapeutic agent has been extracted from the plant Curcuma

longa and is used as turmeric powder by traditional medicine for thou-

sands of years on the basis of a variety of health-promoting effects

(Brockmueller et al., 2022). Meanwhile, a wide range of protecting

effects has been proven, for example pathogen elimination (Kudva

et al., 2012), pain as well as fatigue reduction (K. A. Agarwal

et al., 2011). Especially in the intestine, curcumin relieves inflamma-

tion impeding the damage of the gut barrier (Szymanski et al., 2018)

and preventing colon cell dysplasia by modulating inflammatory and

metabolic markers of CRC carcinogenesis (Macis et al., 2023). More-

over, the plant substance shows extensive antiproliferative, antimeta-

static, proapoptotic, and even chemosensitizing effects on CRC cells

(Buhrmann et al., 2014; Shakibaei et al., 2015).

To date, the mechanisms of curcumin's modulation of autophagic

processes are controversially discussed in the literature, because

autophagy can ensure either the survival or death of a cell. In general,

most authors consider curcumin to be an inducer of senescence-

associated loss of proliferation (Galluzzi et al., 2018), autophagy or

apoptosis in CRC cells (Kantara et al., 2014; Mosieniak et al., 2016). In

this way, the phytopharmaceutical unfolds both a prophylactic and

therapeutic effect on CRC. Therefore, in the following chapters, this

review summarizes our current knowledge and presents the CRC-

modulating qualities of the phytopharmaceutical in vitro, in vivo, and

in clinical trials, with special consideration of the connection between

autophagy and cell senescence. Finally, the resulting conclusions are

discussed, giving an outlook of curcumin's perspective relevance as

co-therapeutic agent in CRC treatment.
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2 | FRAMEWORK OF THIS REVIEW

2.1 | Aim of this review

This review was initiated after identifying a gap in the international lit-

erature summarizing curcumin's modulation of autophagy in CRC

cells. Therefore, the aim was to present the known connections

between CRC, autophagic processes, and the influence of the natural

substance curcumin on both entities.

2.2 | Database of this review

For this manuscript, the following keywords were chosen, combined

according to the respective chapter focus and entered into the

PubMed database for search: “curcumin,” “turmeric,” “curcuminoid,”
“colorectal cancer,” “CRC,” “colon cancer,” “autophagy,”
“senescence,” “apoptosis,” “programmed cell death,” “mTOR,”
“PI3K,” “Akt,” “inflammation,” “NF-κB,” “in vitro,” “in vivo,” “clinical
trial.”

3 | ROLE OF CURCUMIN IN CRC

Curcumin, a hydrophobic polyphenol commonly known as diferuloyl-

methane, is the predominant curcuminoid present in the spice tur-

meric and this bioactive compound is sourced from the rhizome of the

Curcuma longa plant. Over the past few decades, a plethora of in vitro

and in vivo studies have demonstrated the potential of curcumin as a

protective and antitumor agent that acts against CRC by influencing

several cellular signaling pathways or by epigenetically regulating gene

expression (Ruiz de Porras et al., 2020; Selvam et al., 2019; Weng &

Goel, 2022). These anticancer properties are often attributed to cur-

cumin's anti-inflammatory and antioxidant effects, as well as to its

capacity to regulate processes related to cell proliferation, death,

migration and invasion, angiogenesis, metastasis, and even gut micro-

biota composition (Giordano & Tommonaro, 2019; Weng &

Goel, 2022). Furthermore, numerous investigators, including our own

team, have shown that curcumin enhances chemosensitivity to drugs

currently used in the treatment of CRC (Brockmueller, Samuel,

et al., 2023; Ruiz de Porras et al., 2020). In this section, we aim to elu-

cidate the molecular mechanisms underlying the interaction between

curcumin and key biological processes associated with CRC preven-

tion, development, progression and treatment (Figure 1).

3.1 | Curcumin as a preventive and anti-
inflammatory agent for CRC

The molecular carcinogenesis of CRC is characterized by a series of

intricate events ultimately resulting in the malignant transformation

of colon or rectal epithelial cells. This transformation leads to the for-

mation of dysplastic adenomas, widely recognized as the primary

precursor lesions of CRC development. Subsequently, these adeno-

mas progress to early and advanced stages of CRC. Throughout these

processes, various chromosomal alterations, along with genetic muta-

tions and epigenetic modifications, may occur in key genes that regu-

late cell proliferation, differentiation, angiogenesis and apoptosis,

including tumor suppressor genes, such as APC, TP53, DCC, and

SMAD4, and oncogenes, such as KRAS, NRAS, and BRAF. Additionally,

deregulation of downstream signaling pathways, such as Wnt/β-cate-

nin, RAS/RAF/MAPK, PI3K/Akt, and transforming growth factor

(TGF)-β/SMAD, plays a central role in promoting CRC tumorigenesis

(Raskov et al., 2014; Tariq & Ghias, 2016). CRC carcinogenesis and

new preventive strategies have been studied in spontaneous, induced,

genetically engineered, xenograft, and syngeneic mouse models

(Burtin et al., 2020; Nascimento-Goncalves et al., 2021). For example,

a recent study demonstrated that the synthetic hybrid derivative

PQM-162, which combines curcumin and resveratrol, reduces the for-

mation of aberrant crypt foci—the earliest identifiable neoplastic

lesions in the colon carcinogenic model—by acting on anti-

inflammatory, antioxidant, and cell proliferation pathways in Wistar

rats in which preneoplastic lesions were induced with

1,2-dimethylhydrazine treatment (Baptistella et al., 2023). Similarly, in

the ApcMin/+ mouse model associated with colitis-induced CRC,

mice receiving a diet enriched with a nutritional blend of curcumin,

silymarin, and acetyl-11-keto-beta-boswellic acid (AKBA) demon-

strated a notable decrease in both the number and size of polypoid

lesions compared to the control group (Girardi et al., 2020). Interest-

ingly, similar results were observed when maltodextrins, polymers

derived from starch hydrolysis with anti-oxidative properties, were

added to this enriched nutritional formulation (Girardi et al., 2018). In

the same line, theracurmin, a highly bioavailable formulation of curcu-

min, suppresses intestinal polyp development in Apc-mutant mice

through the inhibition of inflammation-related factors such as NF-κB,

monocyte chemoattractant protein-1 and IL-6 (Adachi et al., 2020). In

addition, a diet supplemented with curcumin prevented and improved

histopathological signs of colonic inflammation induced by trinitro-

benzene sulfonic acid in mice. The beneficial effects of the phytophar-

maceutical were associated with the suppression of CD4+ T-cell

infiltration, inhibition of NF-κB activation, and reduced expression of

pro-inflammatory cytokines in colonic mucosa (Sugimoto et al., 2002).

Furthermore, in mouse models of CRC induced by azoxymethane-

dextran sodium sulfate, a diet enriched with curcumin was shown to

reverse DNA methylation and, consequently, the suppression of the

expression of genes associated with inflammation and cancer progres-

sion (Y. Guo et al., 2018).

Inflammation in the intestine is increasingly recognized as a piv-

otal factor in the initiation and progression of CRC (Schmitt &

Greten, 2021; Terzic et al., 2010). Indeed, chronic inflammation, often

resulting from conditions such as inflammatory bowel disease, Crohn's

disease or ulcerative colitis creates a microenvironment rich in pro-

inflammatory cytokines and immune cells (Hemminki et al., 2009;

Lucafo et al., 2021), which can lead to genomic instability, DNA dam-

age, enhanced cell proliferation, and evasion of apoptosis, represent-

ing hallmark characteristics of cancer. In particular, the activation of

BROCKMUELLER ET AL. 3527
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key signaling pathways in response to chronic inflammation contrib-

utes to the transformation of normal colorectal epithelial cells into

their malignant counterparts (Schmitt & Greten, 2021; Terzic

et al., 2010). Especially, the NF-κB transcription factor, a central regu-

lator of inflammation and immune response, is commonly upregulated

in CRC cells, playing a prominent role in promoting cell proliferation

and metastasis, angiogenesis, therapy resistance, evasion of apoptosis,

and the establishment of a pro-tumorigenic microenvironment

(Chaturvedi et al., 2011; Karin & Greten, 2005; Kojima et al., 2004;

Sakamoto et al., 2009; H. G. Yu et al., 2004). Curcumin has been

extensively studied for its ability to modulate NF-κB activity, thereby

mitigating inflammation-associated development of CRC (Figure 1). In

addition, curcumin also interferes with the activation of the TNF-

α/NF-κB pathway by suppressing the phosphorylation and degrada-

tion of its inhibitory protein IκBα, thereby blocking the nuclear trans-

location of this transcription factor (Anthwal et al., 2014; Jobin

et al., 1999; Rajitha et al., 2016; Ruiz de Porras et al., 2016; Shakibaei

et al., 2013). Consequently, the natural polyphenol has been shown to

downregulate the expression of NF-κB target genes, including pro-

inflammatory cytokines and chemokines, such as C-X-C-motif ligand

(CXCL) 8, CXCL1, or CXCL2, which are crucial contributors to CRC

development, progression, angiogenesis and therapy resistance (Ruiz

de Porras et al., 2016). Another well-known NF-κB target is cyclooxy-

genase (COX)-2 (J. W. Lim et al., 2001), a pro-inflammatory enzyme

that is overexpressed in almost 80% of CRC patients, especially those

with advanced disease (Elzagheid et al., 2013; Roelofs et al., 2014)

and curcumin downregulates COX-2 expression in in vitro (Goel

et al., 2001; Y. K. Lee et al., 2009; Plummer et al., 1999) as well as

in vivo models of CRC (Villegas et al., 2011) (Figure 1).

Additionally, the Janus kinase (JAK)-signal transducer and activa-

tor of transcription (STAT) pathway is an essential modulator of cellu-

lar inflammatory processes that contributes to CRC development and

F IGURE 1 The major effects and modes of action of curcumin in colorectal cancer (CRC). Illustration of the activating (green arrows) or
inhibitory effects (red line with a dash) of curcumin on various signaling pathways and molecular targets involved in inflammation, reactive
oxidative species (ROS) production, cell proliferation, apoptosis, autophagy, senescence, migration and invasion, angiogenesis, metastasis, and
epithelial-mesenchymal transition (EMT) in CRC cells. Created with Biorender.com.
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progression (Sabaawy et al., 2021; Slattery et al., 2013). Furthermore,

several preclinical studies have demonstrated curcumin's anti-

inflammatory activity through the inhibition of the JAK/STAT3 signal-

ing cascade (Hashemi et al., 2023) (Figure 1). In this regard, in a recent

work, Li and colleagues demonstrated that the anticancer activities of

curcuminoids, including curcumin, desmethoxycurcumin, and

bisdesmethoxy-curcumin, against CRC are due to the modulation of

the IL-6/JAK/STAT3 pathway (Q. Li et al., 2023).

Altogether, chronic inflammation leads to the activation of key

signaling pathways, particularly the upregulation of NF-κB and

JAK/STAT3, promoting CRC development, progression, and therapy

resistance. Through the downregulation of crucial target genes and

anti-inflammatory activity, curcumin exhibits significant potential as a

preventive and therapeutic agent against CRC.

3.2 | The interplay of curcumin, gut microbiota,
and CRC

The gut microbiome also plays a fundamental role in CRC develop-

ment through its influence on host metabolism, immunity, and inflam-

mation (Omar Al-Hassi et al., 2018). Hence, disruptions in the balance

or unhealthy changes in the composition of the gut microbiome, a

process known as dysbiosis, can significantly increase an individual's

susceptibility to CRC. Specific bacterial strains, such as Fusobacterium

nucleatum and their metabolites can contribute to CRC development,

progression and prognosis through the activation of β-catenin signal-

ing and the expression of pro-inflammatory cytokines and chemo-

kines, including TNF-α, IL-17, CXCL8, and CXCL1 (Casasanta

et al., 2020; Mima et al., 2016; Rubinstein et al., 2013). Similarly, Bac-

teroides fragilis triggers CRC by instigating an inflammatory cascade

that supports carcinogenesis (Chung et al., 2018). Interestingly, curcu-

min reduces significantly intestinal inflammation, at least in part, by

regulation of gut microbiota in mice models (McFadden et al., 2015)

and in humans (Peterson et al., 2018). Moreover, the phytopharma-

ceutical can eliminate intestinal microflora dysbiosis by normalizing

colonic microbial ecology and bacteria-associated enzymatic modifica-

tions (McFadden et al., 2015; Pluta et al., 2020). For instance, Ohno

and colleagues demonstrated that curcumin ameliorated colitis symp-

toms in a dextran sodium sulfate-colitis mouse model by increasing

the abundance of butyrate-producing bacteria, thereby ameliorating

Treg-associated inflammation and fecal butyrate level. This effect was

accompanied by increased expansion of CD4+ Foxp3+ regulatory

T-cells and CD103+ CD8α� regulatory dendritic cells in the colonic

mucosa (Ohno et al., 2017).

In conclusion, the intricate interplay among gut microbiota,

inflammation, and CRC underscores the complexity of their rela-

tionships and the potential impact on cancer development. The

multifaceted nature of these interactions emphasizes the need for

continued research in this field to unravel the specific mechanisms

by which curcumin influences the gut microbiota, modulates inflam-

matory responses, and ultimately affects CRC development and

progression.

3.3 | Curcumin in CRC cell proliferation and
metastasis

One of the key aspects contributing to the anticancer potential of cur-

cumin is its ability to inhibit the proliferation of CRC cells. Curcumin

has been shown to induce cell cycle arrest at different phases, such as

G0/G1 or G2/M, through the upregulation of critical cyclin-

dependent kinase (CDK) inhibitors like p16, p21, and p27, while con-

currently inhibiting the activity of CDK2, CDK4, Cyclin D1, B, and E

(Choudhuri et al., 2005; Dasiram et al., 2017; T. G. Lim et al., 2014;

Moragoda et al., 2001; Ruiz de Porras et al., 2016; C. C. Su, Lin, Chen,

et al., 2006) in CRC cells. In particular, the natural polyphenol was

found to regulate Cyclin D1 expression, a key regulator of the transi-

tion from G1 to S phase, via activation of peroxisome proliferator-

activated receptor gamma (A. Chen & Xu, 2005), as well as inhibition

of activating protein-1 (AP-1) (Jeong et al., 2004) and NF-κB transcrip-

tion factors (Mukhopadhyay et al., 2002; Ruiz de Porras et al., 2016)

(Figure 1). Interestingly, similar results were observed when CRC cells

were treated with calebin A, a compound derived from turmeric

(Buhrmann et al., 2020).

In fact, in addition to its role in inflammation, NF-κB plays a piv-

otal role in the proliferation of CRC cells. Thus, curcumin also exerts

its antiproliferative effects by inhibiting the NF-κB pathway at several

molecular levels (Ruiz de Porras et al., 2016). Moreover, the phy-

totherapeutic can suppress CRC cell proliferation by repressing the

expression of COX-2 through NF-κB inhibition (Goel et al., 2001;

Plummer et al., 1999) or through the attenuation of the AMP-

activated protein kinase (AMPK)—Akt signaling pathway (Y. K. Lee

et al., 2009). Similarly, Johnson and colleagues reported that curcumin

inhibits CRC proliferation by inhibiting Akt/mTOR signaling (Johnson

et al., 2009) (Figure 1). In addition, curcumin has demonstrated anti-

proliferative activity through the suppression of the Wnt/β-catenin

(Dou et al., 2017) and Notch (Howells et al., 2011) pathways, which

are altered in almost all CRCs, leading to their hyperactivation (Tariq &

Ghias, 2016; Vinson et al., 2016).

Of note, the uncontrolled proliferation of CRC cells establishes a

critical connection to the metastatic process, underscoring the intri-

cate relationship between tumor growth and the potential dissemina-

tion of malignancy. In fact, about 20% of patients with CRC present

with metastases at the time of diagnosis. Furthermore, 20–50% of

patients with localized disease have distant recurrence within 5 years

of surgery. The most common sites for metastasis of CRC are the liver

and lungs and these metastases are by far the most frequent cause of

CRC-related death (Cervantes et al., 2023; Dekker et al., 2019).

Therefore, understanding the molecular mechanisms that drive metas-

tasis in CRC is of paramount importance for developing effective ther-

apeutic strategies and improving patient outcome. Among these

mechanisms, the process known as EMT plays a pivotal role. EMT is a

dynamic cellular program by which epithelial cells lose their character-

istics and acquire a mesenchymal phenotype, which enhances their

motility and invasive properties as well as their resistance to chemo-

therapy (H. Cao et al., 2015; Y. Lu, Wu, et al., 2020; Shibue &

Weinberg, 2017; Thiery et al., 2009). Several key molecular events
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contribute to EMT, including the downregulation of epithelial markers

like E-cadherin and the upregulation of mesenchymal markers like

N-cadherin, vimentin, and fibronectin. These alterations can lead to

reduced cell adhesion, disruption of tight junctions, and the loss of

cellular polarity (Kalluri & Weinberg, 2009; Lamouille et al., 2014;

J. Lu et al., 2023; Tsai & Yang, 2013). Curcumin has been shown to

reverse EMT (Figure 1) by downregulating vimentin and N-cadherin

levels and increasing E-cadherin protein levels (C. Zhang et al., 2018).

NF-κB and TGF-β are well known activators of EMT in CRC, especially

after chemotherapy treatment (J. Li, Liu, et al., 2015; Y. Li et al., 2017;

Singh et al., 2023). Particularly, TGF-β stimulates EMT through SMAD

activity by upregulating the synthesis of E-cadherin transcriptional

repressors such as SNAIL, TWIST, and ZEB (Lamouille et al., 2014). A

growing body of evidence suggests curcumin as regulator of TGF-β in

several diseases, including CRC (Ashrafizadeh et al., 2020;

Ramamoorthi & Sivalingam, 2014). Furthermore, Yin and colleagues

demonstrated that curcumin suppresses EMT through the downregu-

lation of the canonical TGF-β/Smad2/3 signaling pathway, resulting in

a reduction in CRC cell migration and proliferation (Figure 1). More-

over, this inhibition was associated with overcoming oxaliplatin resis-

tance (Yin et al., 2019). In the same line, our group found a

suppression of TME-induced EMT in CRC cells by calebin A through

the NF-κB/Slug axis, TGF-β1, and FAK signaling inhibition (Buhrmann

et al., 2021). On the other hand, overactivation of the Wnt/β-catenin

pathway promotes EMT by inducing the expression of EMT-related

transcription factors, such as SNAIL, which represses E-cadherin,

thereby promoting cell invasion in CRC (Yook et al., 2005; H. Zhao

et al., 2022). Curcumin reversed 5-fluorouracil (5-FU) resistance by

regulating the ten-eleven translocation1 (TET1)-naked cuticle

homolog-Wnt signal pathway to prevent EMT progress in CRC cells

(Y. Lu, Zhang, et al., 2020).

Remarkably, noncoding RNAs, such as microRNAs (miRNAs), play

a critical role in the regulation of EMT and CRC metastasis (Osei

et al., 2023) and curcumin was shown to affect the expression of miR-

NAs associated with tumor growth, chemoresistance, and metastasis

in CRC cells (J. Li, Chai, et al., 2022; Toden, Okugawa, Jascur,

et al., 2015; Zhou et al., 2017). In a recent study, Liu and colleagues

demonstrated that the natural substance promotes mesenchymal-

epithelial transition (MET) and prevents the formation of lung metas-

tases in mice by inducing miR-34a and miR-34b/c expression in a

ROS/NRF2-dependent and p53-independent manner (C. Liu

et al., 2023). Additionally, curcumin has been found to decrease the

transcriptional expression of miR-21, a key tumor-promoting factor in

CRC (Asangani et al., 2008; Y. Yu et al., 2012), through the inhibition

of the AP-1 transcription factor (Mudduluru et al., 2011). In the same

line, difluorinated curcumin, an analogue of curcumin, downregulates

miR-21 in chemoresistant CRC cells and restores phosphatase and

tensin homolog (PTEN) levels, thus reducing Akt phosphorylation (Roy

et al., 2013). In addition, the antimetastatic effects of curcumin were

also linked to the upregulation of miR-200c (H. Wang et al., 2020).

miR-200c, a tumor-suppressive miRNA, belongs to the miR-200 fam-

ily, which plays a crucial role in the post-transcriptional inhibition of

the EMT-related transcription factors ZEB1, ZEB2, SNAIL, and SLUG,

resulting in the repression of the mesenchymal phenotype of CRC

cells (Brabletz & Brabletz, 2010; Guan et al., 2018). In this vein, Toden

and colleagues demonstrated that curcumin upregulates multiple

EMT-suppressive miRNAs, such as miR-200c, miR-200b, miR-141,

miR-429, miR-101, and miR-34, thereby restoring 5-FU sensitivity in

5-FU-resistant CRC cells by upregulating E-cadherin and downregu-

lating ZEB1 (Toden, Okugawa, Jascur, et al., 2015). Moreover, combi-

nation of curcumin and AKBA induces miR-27a downregulation and

miR-34a upregulation, leading to cell cycle arrest as well as apoptosis

in CRC cells, along with a reduction in tumor growth in xenograft mice

(Toden, Okugawa, Buhrmann, et al., 2015).

Hypoxia promotes metastasis in CRC through the activation of the

hypoxia inducible transcription factors (HIFs), HIF-1α, and HIF-2α, which

regulate genes associated with tumor growth, invasion, angiogenesis, glu-

cose metabolism, EMT, and treatment resistance (Ioannou et al., 2015;

X. Lu & Kang, 2010). Several studies suggested curcumin and its analogs

as reducers of HIF activity in several human tumor cell lines. Curcumin

acts on HIFs through various mechanisms, including degradation of HIF-

1α and HIF-2α, disruption of the microtubule cytoskeleton, and inhibition

of HIF-1α transcriptional activity (Bahrami et al., 2018). Interestingly, our

team demonstrated that calebin A also inhibits tumor microenvironment

(TME)-induced expression of the NF-κB/HIF-1α/VEGF axis. This, in turn,

affects CRC cell viability, proliferation, and metastatic capacity in a man-

ner similar to that of a specific inhibitor targeting HIF-1α (Brockmueller,

Girisa, et al., 2023). Altogether, turmeric compounds are able to limit the

proliferation as well as metastasis of CRC cells through modulation of a

numerous signaling pathways. Curcumin in particular has already been

demonstrated multifunctional qualities in suppressing CRC-expansion as

summarized in Figure 1.

3.4 | Curcumin and CRC cancer stem cells

A growing body of evidence indicates a strong correlation between

EMT and the development of properties associated with cancer stem

cells (CSCs), which leads to increased treatment resistance and a

higher likelihood of tumor recurrence (Mani et al., 2008). While con-

stituting only a small subpopulation (<1%) of the total number of

tumor cells, CSCs are believed to possess enhanced self-renewal and

differentiation capabilities, as well as resistance mechanisms, thereby

contributing to treatment failure and the progression of metastasis

(Du & Shim, 2016; Hervieu et al., 2021; Najafi et al., 2019). Several

preclinical studies have demonstrated the potential of curcumin to

target CSCs mainly by modulating the Wnt/β-catenin, Sonic Hedge-

hog, PI3K/Akt/mTOR and Notch pathways—key signaling pathways

involved in the growth and survival of CSCs (Ramasamy et al., 2015).

In fact, the phytotherapeutic curcumin enhances the sensitivity of

chemoresistant colon CSCs to 5-FU, FOLFOX (5-FU + oxaliplatin),

and irinotecan, both in vitro (Fan et al., 2020; Shakibaei et al., 2014;

P. Su et al., 2018; Y. Yu et al., 2009) and ex vivo (James et al., 2015).

This activity of curcumin ultimately results in the elimination of colo-

rectal CSCs, as evidenced by the decreased expression of CD44,

CD166, and CD133 CSC markers. Interestingly, curcumin structural
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analogs with enhanced bioavailability, stability, and pharmacokinetic

profiles have demonstrated a higher ability to target colorectal CSCs

than curcumin itself. For instance, Kanwar and colleagues demon-

strated that difluorinated-curcumin induces a more substantial reduc-

tion in the expression of colorectal CSC markers, including CD44,

CD166, and ABCG2, compared to curcumin, indicating that it inhibits

the growth of FOLFOX-resistant colon CSCs more effectively

(Kanwar et al., 2011). In a similar vein, the curcumin analogue GO-

YO30 has been shown to be more effective than curcumin in suppres-

sing STAT3 activation, inducing apoptosis and causing cell cycle arrest

in colorectal CSCs and suppressing tumor growth in NOD/SCID xeno-

graft mouse models (Lin et al., 2011).

In addition to being involved in EMT, TGF-β also contributes to the

maintenance and self-renewal of CSCs (Singh et al., 2023). Using high-

density monolayer co-cultures, our group found that curcumin interferes

with the TGF-β-mediated crosstalk between tumor cells and stromal

fibroblasts in the TME, inhibiting EMT and sensitizing CSCs to 5-FU

(Buhrmann et al., 2014). Additionally, Toden and colleagues demon-

strated that curcumin downregulates the polycomb group of epigenetic

gene silencers, including BMI-1, SUZ12, and EZH2 (Toden, Okugawa,

Jascur, et al., 2015), which are a series of chromatin-modifying enzymes

that regulate stem cell renewal and pluripotency as a consequence of

EMT activity (Boyer et al., 2006). Another important regulator of stem-

ness, migration, invasion, and metastasis in CRC is metastasis-associated

in colon cancer 1 (MACC1) (Radhakrishnan et al., 2018). Gullu and col-

leagues showed that curcumin reduces MACC1 expression in CRC cells,

thereby inhibiting proliferation, clonogenicity and cell motility. These

findings provide evidence for targeting MACC1 with curcumin as a

potential treatment strategy for MACC1-driven tumor progression and

metastasis in CRC (Gullu et al., 2022). Overall, curcumin and its analogues

reduce the progression of CRC by effectively suppressing CSC develop-

ment, which is reflected in measurable downregulation of CSC-specific

markers such as CD44, CD133, CD166, and ABCG2.

3.5 | Curcumin in CRC cell death

Cell death encompasses various mechanisms, of which apoptosis,

necrosis, ferroptosis, pyroptosis, and autophagy have been exten-

sively studied (Nirmala & Lopus, 2020).

Apoptosis is a tightly regulated biological process essential for

maintaining tissue homeostasis and eliminating damaged or unwanted

cells. Additionally, it plays a pivotal role in orchestrating intricate cellu-

lar processes crucial for embryonic development, such as tissue remo-

deling, morphogenesis, and the precise regulation of cell numbers to

establish tissue architecture (Voss & Strasser, 2020). The progression

from colorectal epithelium to carcinomas was linked to a gradual sup-

pression of apoptosis. This inhibition of apoptosis in CRC might play a

role in fostering tumor growth, promote neoplastic progression, and

confer resistance to cytotoxic anticancer agents (Bedi et al., 1995).

Triggered by various intrinsic signals, such as DNA damage or cel-

lular oxidative stress, and extrinsic signals, including death ligands

binding to cell surface receptors, apoptosis is initiated through the

activation of specific initiator caspases. These initiator caspases, such

as caspase-8 and caspase-9, then activate downstream effector cas-

pases, including caspase-3. Activation of these proteins orchestrates

the cleavage of crucial cellular substrates, such as DNA repair

enzymes and structural proteins, ultimately leading to cell death. Con-

currently, the B-cell lymphoma 2 (Bcl-2) protein family plays a critical

role in apoptosis modulation by regulating the permeability of the

mitochondrial outer membrane and inhibiting the release of cyto-

chrome c, thereby blocking the activation of the intrinsic apoptotic

cascade. Hence, the Bcl-2 family consists of both proapoptotic mem-

bers, such as Bax and Bak, and anti-apoptotic members, such as Bcl-2

and Bcl-XL, in addition to proteins with dual functions. The dynamic

balance between these proteins precisely regulates cellular life and

death, and their dysfunction can contribute to various pathologies,

including various types of cancer. Related to CRC, the majority of

tumors, has been associated with an impaired expression of Bcl-2

family molecules (Watson, 2004) (Figure 2).

The anticancer effects of curcumin in CRC are associated with its

ability to activate both intrinsic and extrinsic apoptosis through regu-

lating multiple molecular targets and signaling pathways. In particular,

curcumin's multifaceted mechanisms involve the activation of caspase

cascades, disruption of mitochondrial membrane potential, and the

regulation of apoptotic regulatory proteins (Ismail et al., 2019). For

instance, several studies have shown that this natural polyphenol pro-

motes Bax and Bak expression and downregulates Bcl-2 and Bcl-xL,

increasing the release of cytochrome c from mitochondria and induc-

ing the intrinsic apoptotic pathway in CRC cells (L. D. Guo

et al., 2013; Moragoda et al., 2001; C. C. Su, Lin, Li, et al., 2006), at

least in part through the inhibition of the NF-κB (Ruiz de Porras

et al., 2016; Sandur et al., 2009) or the PI3K/Akt pathway (Jiang

et al., 2014) (Figure 2).

On the other hand, an important mechanism of mitochondria-

independent/extrinsic induction of apoptosis involves the impact of

curcumin on death receptors, members of the TNF receptor super-

family, such as death receptor 5 (DR5) or Fas. Both DR5 and Fas play

crucial roles in transmitting death signals from the cellular membrane

to the cytoplasmic signaling pathways. Binding of “death” ligands to

DR5 or Fas triggers the formation of death-inducing signaling com-

plexes, leading to the activation of caspase-8, which activates

caspase-3 and consequently initiates apoptosis (Danial &

Korsmeyer, 2004; Wajant, 2002). In a study in HT29 and HCT116

CRC cells, Jung and colleagues demonstrated that curcumin enhances

TNFα-related apoptosis-inducing ligand-induced apoptosis through

ROS-mediated upregulation of DR5 (E. M. Jung et al., 2005). Further-

more, the phytopharmaceutical has been found to enhance caspase-8

activation, initiating the Fas-mediated extrinsic apoptotic pathway,

which in turn leads to the activation of caspase-3 and caspase-7 and

the cleavage of Bid, a proapoptotic member of the Bcl-2 protein fam-

ily, thus facilitating the release of cytochrome c and subsequently

inducing apoptosis (A. Cao et al., 2013) (Figure 2). Additionally, it has

been reported that another mitochondria-independent apoptotic

pathway includes endoplasmic reticulum (ER) stress-induced apopto-

sis that triggers the unfolded protein response (UPR) aimed at
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restoring protein homeostasis (Sano & Reed, 2013). In this context,

Cao and colleagues found that curcumin induces ER-stress-mediated

apoptosis in HT29 CRC cells (A. Cao et al., 2013).

Inhibitor of apoptosis proteins (IAPs), such as cIAP1/2, XIAP and

survivin, also suppress apoptosis by directly inhibiting caspase-3,

caspase-7, and caspase-9 (Schimmer, 2004) and dysregulation of IAPs

has been associated with CRC cell survival as well as tumor progres-

sion (Gullulu et al., 2021). In this scenario, curcumin (L. D. Guo

et al., 2013; Ruiz de Porras et al., 2016) and calebin A (Buhrmann

et al., 2020) have been shown to downregulate survivin expression in

a NF-κB-dependent manner in CRC cells (Figure 2).

The role of ROS in cellular physiological processes depends on its

concentration: excessive ROS production promotes apoptosis

(Pelicano et al., 2004). Paradoxically, although curcumin's antioxidant

potential is widely known, several studies have demonstrated its

induction of ROS production, thus promoting apoptosis in CRC

(Bhaumik et al., 1999; C. C. Su, Lin, Li, et al., 2006) (Figure 2). Interest-

ingly, Agarwal et al. suggested that curcumin-mediated ROS ascent

promoted a ROS-independent mitochondrial apoptotic pathway in

cells harboring mutations in both p53 and Smad2, a key mediator of

TGF-β cellular response in CRC (A. Agarwal et al., 2018) (Figure 1).

Mutations in the tumor suppressor p53 are common in sporadic

CRC (Cancer Genome Atlas, 2012) and although the critical function

of p53 in the induction of intrinsic and the extrinsic apoptosis path-

way is well known (G. Song et al., 2005; Vazquez et al., 2008), studies

on the role of p53 in curcumin-mediated apoptosis induction have

F IGURE 2 Overview of the modulation of intrinsic and extrinsic apoptosis pathways by curcumin in colorectal cancer (CRC). Curcumin
triggers apoptosis in CRC by either inducing (green arrows) or inhibiting (red line with a dash) several target molecules and modulating associated
signaling pathways. It downregulates anti-apoptotic proteins of the Bcl-2 family and inhibitors of apoptosis proteins, including Survivin and XIAP.
Additionally, the polyphenol enhances the production of reactive oxygen species (ROS) and proapoptotic proteins that facilitate the release of
mitochondrial cytochrome c (C). Moreover, curcumin upregulates Fas and the death receptor 5 (DR5) receptor, thereby activating the extrinsic
apoptotic pathway. Finally, curcumin has also been shown to trigger ferroptosis thereby reducing CRC cell proliferation. Created with
Biorender.com.
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yielded contradictory results. While some studies have found that cur-

cumin promotes an increase in p53 levels and also induces p53 activa-

tion through phosphorylation at Ser15 in vitro (L. D. Guo et al., 2013;

G. Song et al., 2005) and in CRC tissues (He et al., 2011), others have

reported that curcumin downregulates p53 protein levels (Shehzad

et al., 2013). Remarkably, Howells and colleagues observed the proa-

poptotic effects of curcumin in CRC cells with either wild-type or

mutant p53, suggesting that the natural substance induces apoptosis

through both p53-dependent and p53-independent pathways

(Howells et al., 2007).

In addition to apoptosis, ferroptosis, a regulated form of cell death

characterized by iron-dependent lipid peroxidation, has emerged as a

compelling area of investigation in the context of CRC. The intricate

interplay between cellular iron homeostasis, lipid metabolism, and

redox signaling pathways contributes to the susceptibility of CRC cells

to ferroptosis (Y. Q. Song et al., 2023). Recent studies have

highlighted the dual role of ferroptosis in CRC, acting as both a poten-

tial therapeutic target and a mechanism employed by cancer cells to

evade conventional treatments (Yan et al., 2023). For example, in a

study of CRC cell lines and patient-derived organoids, Miyakazi and

colleagues recently demonstrated that the combination of curcumin

with andrographis, an active compound derived from the Chinese

herbal medicine andrographis paniculate, promotes ferroptosis through

the dual suppression of the ferroptosis regulators glutathione

peroxidase-4 and ferroptosis suppressor protein 1 (Miyazaki

et al., 2023). Curcumin has also been shown to trigger ferroptosis

(Figure 2) and reduce CRC cell proliferation by inhibiting the PI3K/

Akt/mTOR signaling pathway (M. Chen et al., 2023) (Figure 1). How-

ever, despite these promising preclinical results, further exploration of

the relationship between ferroptosis, CRC, and curcumin is essential if

these findings are to be translated into effective clinical interventions.

In conclusion, a treatment with curcumin triggers numerous cell

death as well as cell arrest cascades in CRC cells. While the involve-

ment of curcumin in activating apoptosis in CRC cells stands out as a

crucial mechanism for its antitumoral activity in the scope of our cur-

rent review, we particularly focus on exploring the role of autophagy

and senescence in CRC. The subsequent sections delve into the intri-

cate interplay between curcumin and these specific cellular processes,

as understanding curcumin's modulation can provide valuable insights

into potential therapeutic applications of curcumin in CRC.

4 | AUTOPHAGY AND SENESCENCE IN
CRC CELLS

Autophagy represents a big term with a lot of explanatory potential,

as its balance determines whether a cell is protected or destroyed.

During embryonic development, autophagic processes are involved in

cell growth management and differentiation via regulation of the EMT

(Gugnoni et al., 2016). This phenomenon is crucial for the phenotype

as well as distribution ability of cells, whereby epithelialization ensures

that cells remain in a certain place or mesenchymalization enables

their migration (Ranieri et al., 2021).

In terminally differentiated cells, autophagy guarantees a proper

degradation and replacement of damaged proteins or cell organelles

(Figure 3). To manage this turnover, unusable cellular components are

encapsulated in double-membraned vesicles called autophagosomes.

Subsequently, autophagosomes fuse with lysosomes, leading to the

formation of autolysosomes, specialized compartments where

the contents of the autophagosomes are degraded and recycled

(Majeed et al., 2022; Patschan et al., 2008). Furthermore, autophagy

contributes to the functioning of healthy cell's metabolism. In the

intestine (Figure 3), a constant synthesis of the autophagy-specific

protein Beclin-1 enables a permanently activated recycling cascade to

reduce ER stress and, at the same time, maintain a gut-buffering

mucus production (Naama et al., 2023).

Cancer cells, including CRC cells, are permanently exposed to cel-

lular stress due to increased metabolic activity with an increased

nutrient requirement, leading to a reprogramming of the cellular

metabolism. In this context, intact autophagic processes appear to

play an important role in the maintenance of mitochondrial metabo-

lites that are necessary for tumor cell growth (Devenport et al., 2021).

Instabilities of cellular metabolism could explain why, depending on

the stage of oncogenesis, both repression or promotion of autophagy

can contribute to antitumor therapy, since, the autophagy machinery

exerts both pro-tumorigenic and tumor-suppressive effects in CRC

(Figure 3). This dual role affects a fragile balance that significantly

influences cancer initiation, progression, and response to therapy. On

the one hand, autophagy acts as a pro-survival mechanism in all cell

types, including cancer cells, by promoting the degradation of dam-

aged organelles and misfolded proteins, thereby mitigating cellular

stress and fostering cell survival (Dalby et al., 2010; S. Y. Wang

et al., 2011). On the other hand, autophagy exhibits tumor-

suppressive properties by facilitating the removal of damaged cellular

components and preventing the accumulation of genomic aberrations

(S. Y. Wang et al., 2011; White & DiPaola, 2009). In relation to intesti-

nal epithelial cells, this means that a promotion of autophagy is bene-

ficial to prevent healthy cell's degeneration and to protect them from

cancer initiation (S. Y. Wang et al., 2011). Therefore, autophagy is con-

sidered as a tumor suppressor mechanism in early stages of tumori-

genesis (Chavez-Dominguez et al., 2020).

However, these survival mechanisms are also used by cancer cells

in the early stages of CRC resulting in a pro-tumorigenic aspect,

because autophagy can contribute to the maintenance of cellular

homeostasis and the sustenance of cancer cell viability under adverse

conditions (S. Y. Wang et al., 2011). Hence, inhibition of autophagy in

early tumor cells can reduce their metabolism and thus proliferation

as well as EMT capacity (Manzoor et al., 2022).

Especially, the role of autophagy in advanced tumor stages is con-

troversially discussed in the literature. On the one hand, there is evi-

dence of a cancer-promoting effect of autophagic processes through

stress reduction in the TME (Chavez-Dominguez et al., 2020). But, on

the other hand, autophagy is also known to act as a safeguard against

uncontrolled CRC cell proliferation, supporting the elimination of

malignant cells (Mahgoub et al., 2022). Given this context, the

advanced promotion or progression stage of CRC can be disrupted by
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over-activation of autophagy (Figure 3), which triggers pro-death sig-

naling leading to an apoptosis-like cell elimination (S. Y. Wang

et al., 2011). While apoptosis is called programmed cell death type I,

autophagy in cancer cells is therefore also known as programmed cell

death type II (Dalby et al., 2010; Thorburn, 2008). This systematic

division shows that lysosome-related autophagy and

caspase-dependent apoptosis occur as separate mechanisms, but they

are closely related and can induce each other.

In addition to apoptosis and autophagy, cellular senescence repre-

sents a third barrier mechanism against carcinogenesis. Despite cellu-

lar senescence acting hand in hand with apoptotic as well as

autophagic cascades to prevent promotion and progression of neo-

plastic cancer cells (Kuilman & Peeper, 2009), it must be clearly distin-

guished from these cell death mechanisms according to the

Nomenclature Committee on Cell Death 2018, because this term

describes an irreversible loss of proliferation capacity while maintain-

ing the viability of a cell (Galluzzi et al., 2018). Specifically, this state

of irreversible cell cycle arrest is assumed in response to cellular stress

caused by epigenetic or DNA damages (Young et al., 2009). Alongside

several subgroups, replicative senescence and stress-induced prema-

ture senescence are known as major subtypes. Similar to autophagy, a

two-sided regulation must also be considered in the context of senes-

cence, because while replicative senescence is involved in cancer pre-

vention, stress-induced senescence can promote inflammation by

inducing the senescence-associated secretory phenotype, thereby

contributing to cancer development. Due to this complexity, it is the

subject of current research to identify how health-promoting senes-

cence can be initiated or health-damaging senescence can be elimi-

nated in cancer patients (Galluzzi et al., 2018). Through the

connection via numerous commonly used signaling pathways, autop-

hagy can be activated during senescence and can mediate it

(Cassidy & Narita, 2022; Kang & Elledge, 2016; Young et al., 2009).

Moreover, autophagy is now recognized as a switchover between

apoptosis and cellular senescence. In this context, Patschan et al.

demonstrated that pharmacological inhibition of autophagy prevented

the development of premature senescence but resulted in an

increased rate of apoptosis in human umbilical vein endothelial cells

(Patschan et al., 2008). Overall, a functional triangle of tumor control

appears here with extensive regulatory significance in CRC cells

(Figure 3).

Due to its double-edged sword properties, there are reports of

successful suppression of tumor cells through both inhibition or

induction of autophagy. The clinical studies with CRC patients have

so far mainly examined the effects of suppressing autophagic pro-

cesses (Mahalingam et al., 2014). Such a pharmacological intervention

appears to prevent early senescence but leads to a noticeable increase

in apoptosis (Patschan et al., 2008). From the perspective of preclini-

cal research, the focus is currently on the induction of autophagic

F IGURE 3 Pro-tumorigenic or tumor-suppressive role of autophagy depending on colorectal cancer (CRC) progression stage. Autophagy
plays a dual role in CRC progression. In early stages, autophagy demonstrates tumor-suppressive properties by aiding in the elimination of
damaged cellular components and preventing the accumulation of genomic aberrations. However, these survival mechanisms are also exploited
by cancer cells during the early stages of CRC, leading to a pro-tumorigenic activity. On the other hand, in advanced stages, autophagy serves a
dual role, acting as both a tumor promoter by reducing stress in the TME and as a tumor suppressor by eliminating tumoral cells. APC:
adenomatous polyposis coli; BAX: Bc-l2-associated X, apoptosis regulator; BRAF: v-raf murine sarcoma viral oncogene homolog B; CDC4: cell
division control protein 4; IGFR2: insulin-like growth factor 2 receptor; KRAS: Kirsten rat sarcoma; SMAD4: SMAD family member 4; TGFBR2:
transforming growth factor beta receptor 2. Created with Biorender.com.

3534 BROCKMUELLER ET AL.

 10991573, 2024, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ptr.8220 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [17/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.Biorender.com


cascades, which can be triggered, for example, by phytopharmaceuti-

cals such as curcumin.

Autophagy is related to the modulation of several signaling path-

ways, where mTOR/PI3K/Akt plays a central role. Negative feedback

in the mTOR pathway correlates with autophagy induction during

stress-induced senescence, suggesting a mechanistic link between

mTOR signaling and autophagy induction (Young et al., 2009). Espe-

cially for CRC, different genes such as ULK3, DAPK1, ATG101, TSC1,

MAP1LC3C, and SERPINA1 are associated with a poor outcome prog-

nosis through their immunosuppressive influence on the intestinal

TME (Y. Wang et al., 2021), but their overexpression is able to induce

autophagy (Young et al., 2009). Furthermore, Beclin-1 as well as light

chain 3 (LC3) proteins that correlate with advanced CRC disease and

influence the response to chemotherapeutic agents (G. F. Guo

et al., 2011), are known as parameters for autophagosome formation

(Patschan et al., 2008).

Balancing the intricate processes of senescence induction and

autophagy could prevent tumor initiation or trigger self-destruction in

CRC cells (Figure 3). It is therefore a challenge to establish a modulat-

ing medical agent that can be used both prophylactically as well as co-

therapeutically and is also well tolerated. Natural substances are

offered in this context and several studies in recent years have

assessed the potential of curcumin to regulate autophagy in several

tumor types, including CRC, but results have been controversial. In

the following section, we therefore summarize the trigger or inhibitory

effect of curcumin on several key autophagy-related pathways of cell

death.

5 | CURCUMIN AS MODULATOR OF
AUTOPHAGY IN CRC CELLS: A DOUBLE-
EDGED SWORD?

While autophagy is in general a double-edged sword, capable of

either causing cell death or promoting cell survival (White &

DiPaola, 2009), the majority of studies suggests that curcumin-

induced autophagy acts as a pro-death signal in several tumor types,

with the PI3K/Akt/mTOR and MAPK pathways playing a central role

(Shinojima et al., 2007). mTOR is a serine/threonine kinase that

interacts with several proteins to form mTOR complexes (mTORC)

1 and 2. mTORC1 deactivates the established autophagy-regulatory

complex via phosphorylation, thereby impacting autophagosome

production and suppressing autophagy (C. H. Jung et al., 2010; Zou

et al., 2020). Interestingly, Aoki et al. demonstrated that curcumin

inhibits the Akt/mTOR/p70S6K pathway and activates the

MEK/ERK1/2 signaling, resulting in induction of autophagy in

in vitro and in vivo models of malignant glioma (Aoki et al., 2007).

Similar results have been demonstrated in thyroid cancer (L. Zhang

et al., 2022) and lung cancer cells (F. Liu et al., 2018). Consistent with

these findings, co-treatment with curcumin and resveratrol, a stil-

bene phytoalexin, inhibited the PI3K/Akt/mTOR pathway, thereby

promoting autophagy in breast and salivary cancer cells (Arena

et al., 2021). In contrast, curcumin has been reported to function as a

MEK inhibitor, enhancing apoptosis and autophagy specifically in

KRAS-mutant CRC cells treated with regorafenib, a potent multi-

kinase inhibitor, while showing no significant effects in KRAS-

wild-type cells (Wu et al., 2019). Although these findings are prelimi-

nary, they suggest that the natural polyphenol could induce synthetic

lethality with regorafenib in KRAS-mutant cells (Wu et al., 2019).

Furthermore, the combination of curcumin and crocin, a hydrophilic

carotenoid from Crocus Sativus Linnaeus, induced autophagy in

SW480 CRC cells by modulating the expression of several

autophagy-related genes, such as Akt1, JAK2 and STAT3 (Hosseini

et al., 2022). Taken together, the results of these studies reinforce

the idea that curcumin induces autophagy by inhibiting PI3K/Akt

and activating MAPK pathways (Figure 4 and Table 1).

Although in normal cells, the wild-type p53 protein acts as a

tumor suppressor, in tumor cells, the mutated variant may exhibit

oncogenic properties (X. Chen et al., 2022). The p53 transcription fac-

tor plays a dual role in autophagy. Within the nucleus, it activates the

transcription of several genes involved in cell cycle arrest, apoptosis,

and autophagy. However, under various conditions that induce cell

death, p53 translocates to the cytoplasm, where it triggers outer mito-

chondrial membrane permeabilization, leading to apoptosis. Addition-

ally, cytoplasmic p53, but not its nuclear counterpart, can suppress

autophagy by inhibiting AMPK, a positive regulator of autophagy, and

activating the mTOR pathway. It is worth noting that both the activa-

tion of apoptosis and the inhibition of autophagy contribute to the

effectiveness of p53 as a tumor suppressor (Green & Kroemer, 2009).

At transcriptional level, p53 can concurrently regulate autophagy and

apoptosis by upregulating genes associated with apoptosis and modu-

lating AMPK-mTORC1 signaling (J. Xu et al., 2020). Specifically, p53

promotes the activation of AMPK, a recognized repressor of

mTORC1, thus inducing autophagy in CRC cells (X. Song et al., 2014).

Curcumin acts as a direct AMPK agonist, enhancing AMPK phosphor-

ylation and activation (Z. Liu et al., 2017). In this context, it was found

that the phytopharmaceutical induced autophagy in Caco-2 cells by

the repression of the insulin receptor substrate-1/Akt/PRAS40/

mTOR signaling cascade and the activation of the AMPK and MAPK

pathways (Kaur & Moreau, 2021). Similarly, curcumin induced autop-

hagy in human lung adenocarcinoma cells through AMPK phosphory-

lation together with an increase in microtubule-associated protein

1 LC3-II levels (Xiao et al., 2013) (Table 1). Moreover, due to its ability

to elevate p53 expression (L. D. Guo et al., 2013; G. Song et al., 2005),

the turmeric-compound can indirectly stimulate AMPK, leading to the

promotion of autophagy. Importantly, the AMPK/mTOR signaling

pathway has been demonstrated to be activated in response to ROS

production (G. H. Li, Lin, et al., 2015), and curcumin has been shown

to induce this ROS generation, thereby promoting apoptosis in CRC

(Bhaumik et al., 1999; Su, Lin, Li, et al., 2006) (Figure 2). Nevertheless,

it is widely acknowledged that ROS, as well as reactive nitrogen spe-

cies, can also initiate and sustain autophagic processes in tumor cells

(Azad et al., 2009; Filomeni et al., 2015; L. Li, Tan, et al., 2015). The

production of ROS plays a pivotal role in inducing ER stress, a cellular

condition associated with the disruption of ER homeostasis. The accu-

mulation of misfolded or unfolded proteins within the ER triggers the
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UPR, a cellular mechanism aimed at restoring ER function and main-

taining proteostasis (L. Zhao & Ackerman, 2006). The redox-

independent interplay between autophagy and the antioxidant

response, facilitated via the p62/Kelch-like ECH-associated protein

1 (Keap1)/NRF2 axis, is also a crucial regulatory mechanism in cellular

homeostasis. Under conditions of oxidative stress, the accumulation

of p62 promotes its interaction with Keap1, disrupting the

Keap1-mediated degradation of NRF2. Consequently, stabilized NRF2

translocates to the nucleus, where it orchestrates the transcriptional

activation of antioxidant and stress response genes, bolstering the

cell's defense against oxidative damage (Filomeni et al., 2015).

Curcumin-associated ROS trigger the conversion of LC3-I to LC3-II,

leading to autophagy activation and cell death in HCT116 CRC cells

(Basile et al., 2013; Y. J. Lee et al., 2011) (Figure 4 and Table 1).

F IGURE 4 An overview of curcumin-modulated signaling pathways in autophagy and senescence. Multiple pathways such as PI3K/Akt and
RAS/MEK/ERK signaling can regulate mTORC1, an inhibitor of autophagy, or directly influence autophagy-associated factors. In cancer cells,
curcumin suppresses PI3K/Akt/mTOR signaling, inducing autophagy, with p53 activation recognized as a potential initiator. By upregulating p53
expression after DNA damage or ROS production, curcumin may trigger autophagy and senescence induction. AMPK activation is crucial for
inducing autophagy in CRC, and its expression is intricately regulated by reactive oxygen species (ROS) or p53. Curcumin activates AMPK,
promoting autophagy induction in CRC. Additionally, curcumin induces endoplasmic reticulum (ER) stress, leading to unfolded protein response
(UPR) and autophagy. Curcumin induces autophagy in CRC cells by inhibiting the JAK2/STAT3 pathway. Additionally, it promotes autophagy in
CRC CSCs and enhances autophagic activity in CRC cells by inhibiting several miRNAs. Notably, autophagic mechanisms can be activated during
senescence induction and play a critical role in establishing senescence. Finally, curcumin triggers the NRF2 signaling pathway, leading to the
induction of cellular senescence. CSC: cancer stem cells. Green arrows: curcumin activating effects. Red arrows: curcumin inhibitory effects.
Created with Biorender.com.
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Additionally, several studies have suggested that the UPR may

promote autophagy by inhibiting mTOR and upregulate the expres-

sion of pro-autophagic genes, including Activating transcription factor

4 and C/EBP homologous protein (CHOP) (Senft & Ronai, 2015). In

this context, Rivera and colleagues demonstrated that curcumin

induces ER stress-mediated apoptosis in PC3 prostate cancer cells, in

a process involving cell cycle arrest, increased ROS levels, autophagy,

and UPR induction (Rivera et al., 2017). Here, the induction of autop-

hagy after curcumin treatment was demonstrated by an increased

expression of LC3B, a common autophagic marker. In fact, Sala de

Oyanguren et al. have shown that the pharmaceutical primarily local-

izes at the ER and lysosomes, destabilizing these compartments and

triggering stress responses, including the UPR and lysosomal stress

(Sala de Oyanguren et al., 2020). Interestingly, in breast and salivary

cancer cell lines, the combination of curcumin and resveratrol

promoted cytotoxic effects by forcing ROS production, stronger ER

stress and upregulation of CHOP, the pro-death UPR molecule, lead-

ing to autophagy (Arena et al., 2021) (Figure 4 and Table 1). Under

oxidative stress conditions, heat shock proteins (HSPs) have been

reported to work hand in hand with the antioxidant system to inhibit

or neutralize the cellular effects of ROS. They not only assist in the

proper folding of proteins affected by oxidative damage but also par-

ticipate in the clearance of damaged cellular components through

chaperone-mediated autophagy (Ikwegbue et al., 2017). Notably,

HSP27 knockdown contributes to curcumin resistance in CRC cells by

decreasing the production of ROS after treatment and consequently

reducing apoptosis and autophagy. In fact, CRC cells exhibiting ele-

vated levels of HSP27 expression demonstrate greater sensitivity to

curcumin treatment compared to cells with lower HSP27 expression.

These results suggest that HSP27 may be a promising selective target

TABLE 1 Curcumin's autophagy modulation in cancer cells in vitro and in vivo.

Experimental model Treatment and dose Mechanisms of action Reference

U87-MG and U373-MG malignant

glioma cell lines Subcutaneous

xenograft model of U87-MG cells

Curcumin (20 and 40 μM in

vitro/100 mg/kg in vivo)

Akt/mTOR/p70S6K signaling inhibition

ERK1/2 signaling activation

(Aoki et al., 2007)

BCPAP thyroid carcinoma cell line Curcumin (0–50 μM) PI3K/Akt/mTOR/p70S6K signaling

inhibition ERK1/2 signaling

activation

(L. Zhang

et al., 2022)

A549 non-small cell lung cancer cell line Curcumin (0-40 μM) PI3K/Akt/mTOR signaling inhibition (F. Liu

et al., 2018)

HCT116 and HT29 CRC cell lines Curcumin (0–30 μM) MEK inhibition (Wu et al., 2019)

SW480 CRC cell line Curcumin (6.29 μM) + Crocin (6.29 μM) JAK2/STAT3 signaling inhibition Akt1

signaling inhibition

(Hosseini

et al., 2022)

SALTO-5 salivary gland cancer cell line

TUBO mammary cancer cell line

Curcumin (15 μM) + Resveratrol (15 μM) PI3K/Akt/mTOR signaling inhibition

ER-stress induction

(Arena

et al., 2021)

Caco-2 CRC cell line Curcumin (20 μM) Akt/mTORC1 signaling inhibition

AMPK signaling activation IRS-1

inhibition

(Kaur &

Moreau, 2021)

A549 lung adenocarcinoma cell line Curcumin (50 μM) AMPK signaling activation (Xiao et al., 2013)

HCT116 CRC cell line Curcumin (0–40 μM) ROS production (Y. J. Lee

et al., 2011)

HCT116 CRC cell line Bis-DeHydroxy Curcumin (30 μM) ER-stress induction (Basile

et al., 2013)

PC3 prostate cancer cell line Curcumin (5 μg/ml) ROS production ER-stress induction

UPR activation

(Rivera

et al., 2017)

HT29 and DLD-1 CRC cell line DLD-1

HSP27-KD CRC cell line

Curcumin (0–20 μM) ROS production (Liang

et al., 2018)

HCT116 CRC cell line Curcumin (0–20 μM) TFEB activation, nuclear translocation

and transcriptional activity increase

Akt/mTOR signaling inhibition

(J. Zhang

et al., 2016)

N2a and SH-SY5Y neuroblastoma cell

lines Adult male Sprague–Dawley

rats

Curcumin (10 μM) C1 curcumin derivative

(1 μM in vitro/25-mg/kg in vivo)

TFEB activation (J. X. Song

et al., 2016)

HCT116 and SW620 CRC cell lines Curcumin (0–30 μM) Inhibition of YAP expression (Zhu et al., 2018)

Abbreviations: Akt: protein kinase B; AMPK: AMP-activated protein kinase; mTOR: mammalian target of rapamycin; p70S6K: p70S6 kinase; ERK1/2:

extracellular signal-regulated kinase 1/2; PI3K: phosphoinositide-3-kinase; MEK: mitogen-activated protein kinase; JAK2: Janus kinase 2; STAT3: signal

transducer and activator of transcription 3; ER: endoplasmatic reticulum; mTORC1: mammalian target of rapamycin complex 1; IRS-1: insulin receptor

substrate 1; ROS: reactive oxygen species; UPR: unfolded protein response; TFEB: transcription factor EB; YAP: yes-associated protein.
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in patients with CRC undergoing curcumin treatment (Liang

et al., 2018). Additionally, under stress conditions or upon mTOR inhi-

bition, transcription factor EB (TFEB) is activated and translocated to

the nucleus, promoting the transcription of several genes related to

autophagy induction and lysosome activation (Settembre et al., 2012).

Curcumin directly binds to this transcription factor, increasing its

activity and thereby enhancing lysosomal function in either a mTOR-

dependent (J. Zhang et al., 2016) or -independent manner (J. X. Song

et al., 2016).

Curcumin's influence on the NF-κB-NRF2 interplay is also inter-

esting, as the modulation of this signaling pathway is involved in the

regulation of inflammation as well as autophagy. In this context, a

downregulated NRF2 can activate the pro-inflammatory NF-κB cas-

cade (Wardyn et al., 2015), which is particularly relevant in tumor

cells. However, the natural substance curcumin can have a health-

promoting effect by inducing the expression of NRF2 in cancer cells,

thereby suppressing a cytokine storm and the resulting inflammatory

reaction. Ultimately, this regulation contributes to the initiation of

cancer cell death (Garufi et al., 2020). Additionally, curcumin has been

shown to reverse cytostatic-induced neurotoxicity by balancing NRF2

signaling, autophagic processes and suppressing oxidative as well as

ER stress (Liao et al., 2023). Especially for CRC cells, it is further

known that curcumin also uses the NRF2 signaling pathway to induce

cellular senescence, leading to a reduced proliferation and metastasis

capacity (C. Liu et al., 2023). CSCs play a key role in treatment resis-

tance, as well as in the progression, metastasis, and EMT of CRC

(Du & Shim, 2016; Hervieu et al., 2021; Najafi et al., 2019). Mao and

colleagues demonstrated that a suppression of the proliferation of

rapidly cycling LGR5(+) CRC CSCs by curcumin-related autophagy

(Mao et al., 2021). In contrast, Kantara et al. had previously found that

curcumin unexpectedly promoted the survival of a subset of

DCLK1-positive CSCs by the induction of autophagy, suggesting that

the combination of curcumin with RNA interference-mediated silenc-

ing of DCLK1 (DCLK1-siRNA) demonstrates synergistic inhibitory

effects on both apoptotic and autophagic pathways. In conclusion, the

study proposes a strategy using a combination of curcumin and

DCLK1-siRNA to effectively target CSCs positive for Lgr5/DCLK1/

CD44 (Kantara et al., 2014) (Figure 4).

miRNAs also play a crucial role in the regulation of autophagic

machinery (J. Li, Chai, et al., 2022), and curcumin has been shown to pro-

mote the activation of autophagy in HCT116 CRC cells by inhibiting

miR-21-3p and miR-21-5p, which increased the levels of autophagy-

related protein (ATG) 10 (J. Li, Chai, et al., 2022). In contrast, a recent

study demonstrated a curcumin-associated inhibition of the proliferation

of renal cell carcinoma cells by regulating the miR-148/ADAMTS18 axis

through the suppression of autophagy (B. Xu et al., 2023).

Finally, the natural polyphenol reduced proliferation and pro-

moted autophagy in CRC cells, as evidenced by increased levels of

LC3-II and p62, through the inhibition of Yes-associated protein (YAP)

(Zhu et al., 2018), a negative regulator of autophagy in CRC (Jin

et al., 2021). Mechanistically, YAP induces activation of the

Akt/mTOR signaling pathway by suppressing PTEN in a Hippo-

pathway-dependent manner, which corresponds to autophagy in lung

adenocarcinoma cells (W. Xu et al., 2021). Moreover, YAP also upre-

gulates the transcription of the apoptosis-inhibitory protein Bcl-2,

which may subsequently facilitate cell survival by suppressing

autophagy-related cell death in CRC cells (Jin et al., 2021). Interest-

ingly, Bcl-2 has been found to exert a complex role in autophagy regu-

lation. In certain cellular contexts, Bcl-2 can inhibit autophagy by

sequestering Beclin-1, a key autophagy regulator, thereby preventing

the formation of the Beclin-1-VPS34 complex, which is essential for

autophagosome nucleation (H. D. Xu & Qin, 2019) (Figure 4).

It is important to highlight that curcumin-induced autophagy also

allows tumor-initiating cells to survive and either differentiate

(Zhuang et al., 2012) or become senescent (Mosieniak et al., 2012). In

CRC, the crosstalk between autophagy and senescence is multiface-

ted and context-dependent, as it is influenced by genetic alterations,

microenvironmental cues, and therapeutic interventions (Ma

et al., 2023). Autophagic mechanisms could be activated during the

induction of senescence and, in turn, play a critical role in the estab-

lishment of senescence. Indeed, a subset of autophagy-related genes

is upregulated during senescence, including ULK3, which induces both

autophagy and senescence (Cassidy & Narita, 2022; Rajendran

et al., 2019; Young et al., 2009). In this context, Moseniak et al. ele-

gantly demonstrated that curcumin-induced cell senescence and

growth inhibition in both p53-positive and p53-negative HCT116 cells

were preceded and accompanied by autophagy. Moreover, decreased

expression of ATG5, a gene involved in autophagy, inhibited senes-

cence in curcumin-treated cells (Mosieniak et al., 2012). The same

research group has shown that this phenomenon could be, at least in

part, attributed to the fact that CRC cells treated with curcumin

acquire double-strand DNA breaks due to mitotic disturbances. These

disruptions, in turn, activate the DNA damage response pathway and

induce senescence (Mosieniak et al., 2016). Similarly, in accordance

with findings by Young and colleagues, the inhibition of autophagy

delays senescence and senescence-associated secretion (Young

et al., 2009) (Figure 4). In addition, Chen et al. showed that low-dose

curcumin (5 μM) induces senescence in CRC cells without affecting

apoptosis. Furthermore, silencing the long noncoding RNA PANDAR

in curcumin-treated cells enhanced apoptosis and reduced senes-

cence, possibly through PUMA proapoptotic gene expression stimula-

tion (T. Chen et al., 2017).

Compelling evidence indicates that many chemotherapeutic drugs

currently used in clinical practice can induce cellular senescence.

Although senescence can be triggered in response to treatment

designed to hinder the spread of cancer cells through cell cycle arrest,

numerous studies have found that persistent populations can utilize

senescence as an adaptive pathway to reinitiate proliferation and

assume a more aggressive drug-resistant phenotype (Guillon

et al., 2019). Hence, eliminating senescent tumor cells may be a prom-

ising therapeutic strategy to prevent tumor recurrence in patients. In

this regard, it has been shown that curcumin can induce apoptosis

in HCT116 CRC cells with doxorubicin-induced senescence (El-Far

et al., 2020). In particular, the curcumin analog EF24 was identified as

a potent and broad-spectrum senolytic agent that can selectively elim-

inate senescent cells (W. Li et al., 2019).
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In conclusion, the findings from all these studies confirm the intri-

cate role of curcumin in regulating autophagy in CRC cells (Figure 4 and

Table 1). The collective evidence suggests that the ability of curcumin to

stimulate an autophagic cascade adds another layer to its potential as an

agent of cancer prevention. Nevertheless, we must acknowledge that

our current understanding is based only on preclinical studies, and fur-

ther preclinical and clinical investigation is imperative to validate these

findings and translate them to human applications. Specifically, there is a

need for comprehensive studies that corroborate the role of curcumin in

inducing autophagy in CRC. Additionally, the potential capacity of curcu-

min to eliminate senescent cells warrants further attention. This dual

focus on autophagy induction and senolysis could pave the way for inno-

vative therapeutic strategies in CRC, highlighting the importance of con-

tinued research in this promising area.

6 | AUTOPHAGY-RELATED CLINICAL
TRIALS WITH CRC PATIENTS

By harnessing the dual nature of autophagy, researchers can design

interventions that either stimulate or inhibit autophagy based on the

specific stage of CRC progression (Z. Li, Si, et al., 2022). The role of

autophagic processes in CRC has been investigated in six clinical trials

since 2009 (Table 2).

Initially, a histological examination (Table 2) demonstrated

damage to the liver tissue caused by anti-CRC standard chemother-

apeutic agents and an associated inhibition of the self-renewal

activities in hepatocytes, noticeable through altered expression of

the autophagy markers Beclin-1 and LC3-II as well as the

apoptosis-regulatory Bcl-2 protein (Domart et al., 2009). Then, a

first trial investigated the effectiveness of a combined vorinostat/

hydroxychloroquine (HCQ) treatment in patients with solid malig-

nant tumors, including 12 CRC affected (Table 2). HCQ is a well-

known autophagy-suppressor commonly used in the treatment of

rheumatoid arthritis, malaria or HIV (M. B. Carroll et al., 2016;

Lukas et al., 2019) and represents the currently most favored chem-

ically substance to achieve a pharmacological control in this regard

(Karasic et al., 2022). Moreover, vorinostat is the first inhibitor of

histone deacetylases (HDACs) approved for cancer therapy.

Although adverse effects such as nausea, diarrhea and fatigue were

registered, more in-depth research into this drug combination was

recommended especially in CRC patients, after observing a suc-

cessful tumor response (Mahalingam et al., 2014). On the other

hand, considering the side effects of standard CRC therapy, an

additional study found that patients with mutations/

polymorphisms in the autophagy gene FIP200 had an elevated risk

of developing high blood pressure in response to 5-fluorouracil

+ folinic acid + irinotecan (FOLFIRI)/bevacizumab treatment

(Berger et al., 2017). Interestingly, in blood samples of patients with

KRAS-mutated CRC tumors, an increase in LC3 levels was found

after co-infection with oncolytic reovirus (Jiffry et al., 2021).

In recent years, research has focused on supplementation with the

autophagy-inhibitory drug HCQ. On this occasion, the previously men-

tioned combination of vorinostat and HCQ was confirmed for its effec-

tiveness against CRC with a favorable safety profile. However, this

combination, when compared to regorafenib a multikinase inhibitor

with autophagy-repressor properties presented an inferior progression-

free survival (Arora et al., 2022). However, the proposal of a triple com-

bination containing HCQ, regorafenib, and entinostat, an HDAC-

inhibitor, failed because the CRC patients developed unbearable side

TABLE 2 Clinical trials (phase I-III) with CRC patients considering autophagy.

CRC
patients Therapy selection Main results

Study
phase

Publication
year Reference

n = 20 HCQ/regorafenib/entinostat The triple therapy scheme was

accompanied by severe side effects and

no benefit for CRC patients.

I 2022 (Karasic

et al., 2022)

n = 42 400 mg vorinostat/day and 600 mg

HCQ/day or 160 mg regorafenib/day

Both autophagy-targeting therapy

schemes improved the anti-CRC

immunity.

II 2022 (Arora

et al., 2022)

n = 8 Pelareorep hijacks Oncolytic reovirus infection promoted

autophagy in KRAS-mutated CRC cells.

I 2021 (Jiffry

et al., 2021)

n = 234 FOLFIRI and bevacizumab Polymorphisms in the autophagy-

associated FIP200 gene at CRC

patients led to hypertension.

III 2017 (Berger

et al., 2017)

n = 12 200–400 mg vorinostat/day and 400–
1000 mg HCQ/day

CRC was receptive to therapy with this

drug combination despite observation

of side effects.

I 2014 (Mahalingam

et al., 2014)

n = 61 Conventional chemotherapy CRC chemotherapy led to liver damage

and suppressed the autophagy of

hepatocytes resulting in unbalanced

expression of Beclin-1, LC3-II, and Bcl-

2.

? 2009 (Domart

et al., 2009)

Abbreviations: Bcl-2, B-cell lymphoma 2; CRC, colorectal cancer; FOLFIRI, 5-fluorouracil + folinic acid + irinotecan; HCQ, hydroxychloroquine; n, number.
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effects such as severe fatigue and rapid weight loss, so that they could

not benefit from the therapy (Karasic et al., 2022). Overall, these clinical

studies highlight the importance of autophagy regulation in CRC and at

the same time show the dose limitation in the use of chemical sub-

stances due to intense adverse effects (Table 2).

To the best of our knowledge, although clinical studies have explored

the potential of curcumin in cancer prevention and treatment, our litera-

ture search did not yield any clinical trials specifically targeting curcumin to

investigate autophagy metabolism, either in CRC or in other physiological

or pathological health conditions. Nonetheless, it is noteworthy that cer-

tain trials indirectly showcased evidence of curcumin's impact on autop-

hagy, despite this not being the primary focus of the studies.

In humans, several clinical trials have evaluated the efficacy of

curcumin in suppressing the development of colon premalignant

lesions (Table 3). Interestingly, curcumin (480 mg) combined with

quercetin (20 mg) orally three times a day for 6 months was associ-

ated with a 60% reduction in the number and size of polyps in

patients with familial adenomatous polyposis (Cruz-Correa

et al., 2006). However, in a double-blind randomized trial of patients

with this disease, no difference was found in the mean number or size

of lower intestinal tract adenomas between patients given curcumin

(3.000 mg/day) and those given placebo for 12 weeks (Cruz-Correa

et al., 2018). A further interesting study showed a reduction of aber-

rant crypt foci, early microscopic lesions in the colon and rectum that

serve as precursors to CRC, by 40% in the intestine of healthy sub-

jects after a 30-day intake period of 4 g curcumin daily (Table 3),

resulting in a significant decrease in precancerous lesions without any

signs of toxic side effects (R. E. Carroll et al., 2011). Moreover, curcu-

min as a single agent has also been shown to inhibit the recurrence of

ulcerative colitis, thereby preventing the development of CRC (Hanai

et al., 2006). In the context of chemotherapy, two early phase trials

performed by Howells' team reported that the addition of curcumin,

at doses of up to 2 g daily, is a secure and well-tolerated complement

to FOLFOX chemotherapy in CRC patients with liver metastases

(Howells et al., 2019; James et al., 2015).

The possibility of biomonitoring patients, analysis of biomedical

material to determine hazardous substances, their metabolites or their

biochemical or biological effect parameters, serves as a basis for the

following clinical investigations into the effects of curcumin on CRC

patients. Thereby, those patients affected from therapy-refractory

advanced disease tolerated well a daily intake of 3.6 g of the phyto-

pharmaceutical for 4 months. In addition (Table 3), a reduction of

inflammation-related prostaglandin E (PGE) 2 in blood serum was

observed and metabolites in both blood and urine emerged as suitable

biomarkers for the systemic activity of curcumin (Sharma et al., 2004).

As clinical research into curcumin's influences on CRC began over

20 years ago, the initial focus was on its anti-inflammatory and thus

autophagy-related tumor-inhibiting effect, which had been identified in

in vitro experiments. In fact, inflammation and autophagy are closely

interconnected processes. Autophagy regulates inflammation by remov-

ing damaged cellular components and pathogens, thereby controlling the

inflammatory response. Conversely, inflammation can impact autophagy

by interfering with its normal function, leading to the exacerbation of

inflammatory diseases and contributing to cancer progression (Qian

TABLE 3 Clinical trials (phase I-III) with patients at CRC-risk or CRC-disease receiving curcumin-supplementation with a possible autophagy-
modulating effect.

Study participants Therapy selection Main results
Study
phase

Publication
year Reference

n = 5, advanced CRC-disease 0.45–3.6 g curcumin/day for

4 months + standard

chemotherapy

Inflammatory blood parameters

were decreased by curcumin

co-treatment.

I 2004 (Sharma

et al., 2004)

n = 5, CRC-risk: familial

adenomatous polyposis

480 mg curcumin + 20 mg

quercetin/day for 6 months

Both the size and number of

polyps were reduced by

polyphenol-therapy.

? 2006 (Cruz-Correa

et al., 2006)

n = 19, CRC-risk: colitis

ulcerosa

Sulfasalazine or mesalamine

+ 2 g curcumin or placebo/

day for 6 months

The maintenance of remission

was promoted by curcumin

supplementation.

? 2006 (Hanai

et al., 2006)

n = 19, CRC-risk: smoking

+ aberrant crypt foci in

colonoscopy

2 g or 4 g curcumin/day for

30 days

Precancerous crypt lesions were

suppressed in patients who

consumed 4 g curcumin/day.

IIa 2011 (R. E. Carroll

et al., 2011)

n = 126, CRC-disease 360 mg/day for 30 days

+ surgery

Inflammatory blood levels as

well as general quality of

health were improved by co-

administration of curcumin.

? 2011 (He et al., 2011)

n = 67, CRC-disease 500 mg curcuminoids or

placebo/day for 8 weeks

+ surgery + standard

chemotherapy

Inflammatory blood parameters

as well as quality of life were

improved by curcuminoid

capsules.

? 2021 (Panahi

et al., 2021)

Note: ? - There is no information about the study phase in this manuscript.

Abbreviations: CRC, colorectal cancer; n, number.
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et al., 2017). An initial study confirmed that curcumin treatment reduced

the levels of COX-2 and PGE2 in the blood of healthy subjects (Plummer

et al., 2001). Furthermore, patients with advanced CRC were orally sup-

plemented with Curcuma extracts and here too, the PGE2 levels in the

blood were reduced in a dose-dependent manner, though without clear

signs of significance (Plummer et al., 2001). The interpretability of these

results remained questionable, as pure curcumin was used during the

in vitro tests, but only weakly concentrated Curcuma extract was used in

the patient trial.

In the meantime, as part of a new study (Table 3), patients were

treated with curcuminoid capsules (500 mg daily intake) over a period

of 8 weeks and their effects were compared with those in a placebo

group. Alongside an improved erythrocyte sedimentation rate, the

curcuminoids provided a significant reduction of inflammation repre-

sented by a decrease in the serum levels of IL-1α as well as C-reactive

protein. Interestingly, the treatment also resulted in increased func-

tional and overall quality of life for CRC patients (Panahi et al., 2021).

In addition, it should be mentioned that very recent studies indicate a

complex modulation induced by curcumin in the interaction between

biomarkers of inflammation and metabolism, which are related with

CRC oncogenesis including autophagic processes (Macis et al., 2023).

Ultimately, a goal of every cancer treatment is to induce a

senescence-related cell cycle arrest as well as controlled cell death in

tumor cells and this is also the focus in rapidly proliferating CRC. A

clinical examination (Table 3) demonstrated the anti-inflammatory and

apoptosis-inducing regulatory ability of curcumin via downregulation

of TNF-α levels in the blood serum and simultaneous induction of the

p53 signaling pathway (He et al., 2011).

Taken together, these results underline the importance of early

and CRC-preventive modulation by natural polyphenols such as curcu-

min and it seems sensible to investigate the role of senescence as well

as apoptosis induction in this context against the background of a suc-

cessful influence on autophagy-associated signaling pathways by this

phytotherapeutic. The fact that autophagic processes have numerous

health-promoting functions in normal cells and the entire body, the ful-

fillment of which must not be negatively influenced by CRC treatment,

should be taken into account as a major challenge of cancer therapy.

7 | DISCREPANCIES AND SUGGESTED
SOLUTIONS

The detailed mechanisms of autophagic cascades in CRC cells are a

subject of the current research at both the preclinical as well as the

clinical level. Due to the complexity of this topic, there are different

findings that could lead to confusion and in order to organize them, it

is advisable to consider different perspectives.

On the one hand, a reduced autophagic effectiveness is known to

favor a malignant degeneration of healthy cells with the consequence

of cancer development. On the other hand, an autophagic machinery

is able to support CRC cells to become resilient and resistant against

classical chemotherapeutic agents. Therefore, a pharmacological inhi-

bition of autophagy was initially investigated in patients suffering

from advanced CRC and this was accompanied by therapy-limiting

side effects (Karasic et al., 2022).

Very interestingly, the phytopharmaceutical curcumin is well tol-

erated by humans. To the best of our knowledge, only few side

effects and no toxic doses are described so far. Multiple antitumor

effects of curcumin against CRC have been demonstrated in vitro and

also a significant tumor reduction in clinical settings (Brockmueller,

Samuel, et al., 2023). Its induction of apoptosis is undisputed in this

regard, but while an initiation of caspase-dependent programmed cell

death type I is illuminated in quite detail (W. Xu & Shen, 2024), curcu-

min's mechanisms of autophagy modulation are discussed contradic-

torily (Mahalingam et al., 2014). In contrast to clinical trials

investigating the antitumor effects of autophagy inhibitors such as

HCQ (Mahalingam et al., 2014), the majority of preclinical authors

detected a curcumin-related promotion of autophagy in CRC cells

in vitro. Furthermore, a treatment with curcumin can induce DNA

damages in cancer cells leading to a senescence-associated interrup-

tion of the cell cycle (Mosieniak et al., 2016).

After summarizing the current literature, we believe that these

opposing views can be reconciled by taking the different metabolic

states of the oncogenic stages (initiation, promotion, progression) into

account. Against this background, we advocate for an identification of

the phase examined as accurately as possible in future publications as

this would enable better comparison of their conclusive statements.

The majority of observations about autophagy promotion by cur-

cumin is consistent with the fact that most studies examine advanced

CRC situations and is strongly supported by the proven tumor-

inhibiting induction of autophagy by curcumin in other types of cancer

such as glioma (Aoki et al., 2007), prostate (Rivera et al., 2017), breast,

and salivary cancer (Arena et al., 2021). Through the knowledge of the

sensitively balanced regulation of autophagy processes, targeted phar-

macological autophagy acceleration has so far been avoided in clinical

studies for understandable reasons. The use of modulatory phyto-

pharmaceuticals could represent a safe and cost-effective bridge for

the co-treatment of different cancer types including CRC. However, it

is important to highlight that the poor absorption and water solubility

of curcumin, as well as its rapid metabolism and systemic elimination,

limits its bioavailability and makes its clinical use a therapeutic chal-

lenge. That is why the optimization options for these parameters have

been investigated for years. First of all, it has been shown that the

addition of piperine, the main component of pepper, increases curcu-

min's bioavailability in humans by up to 2000%, for example when 2 g

curcumin were combined with 20 mg piperine (Shoba et al., 1998). In

the meanwhile, several strategies have been explored to overcome

this low bioavailability, such as the use of new bioavailable formula-

tions as well as curcumin analogues and derivatives (Dei Cas &

Ghidoni, 2019; Stohs et al., 2020). Especially nano-formulations and a

new γ-cyclodextrin curcumin appear to lead to a strong improvement

in bioavailability, which is reflected in a significant increase in blood

plasma levels (Purpura et al., 2018; Sasaki et al., 2011). Overall, the

presented and summarized data in this review emphasized the benefit

of curcumin as a co-therapeutic agent for CRC. In comparison to other

authors who have already reviewed the relevant findings on the
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general mechanisms of action of the natural product (Ojo et al., 2022),

this review incorporates the previous findings on curcumin's autop-

hagy modulation from the current literature. Despite the euphoria due

to confident future prospects, it should be considered that a plant

compound can never be used to cure cancer as a single substance.

Rather, the focus is on its importance as a continuous prophylactic or

complementary supplement to cytostatic therapy. To ensure that a

patient or even a healthy person takes a phytotherapeutic regularly,

a high level of compliance is required. For this reason and in order to

establish this, a great deal of understanding and the imparting of

knowledge within the framework of educational courses would be

necessary among the affected population.

8 | SUMMARY AND CONCLUSION

The clinical trials of autophagy regulation underscore its central

importance for cancer treatment at all stages of CRC. After reviewing

the current literature, curcumin's multifunctional CRC-inhibiting

potential was described. Regarding this, the striking qualities of the

natural polyphenol against inflammation, proliferation, metastasis,

CSC development and imbalances in the gut microbiota as well as cell

death mechanisms were particularly noticeable. The previous findings

can be expanded to emphasize the significance of curcumin treatment

in autophagy modulation, as the phytopharmaceutical is able to main-

tain self-renewal processes in healthy intestinal cells but also to inter-

rupt it in CRC affected cells. Thus, influencing the autophagic balance

leading to the initiation of senescence as well as programmed cell

death seems to crystallize as a key mechanism. Although both the

clinical relevance of autophagy and the autophagy-regulating effect of

curcumin on CRC cells are already known, this knowledge has not yet

been combined in clinical studies. This opens up a wide potential for

future investigations into a possible co-therapeutic and autophagy-

targeting property of the phytotherapeutic agent. Specifically, curcu-

min could be used as a natural dietary supplement in the daily lifestyle

to maintain a healthy gut and counteract the development of tumor

cells. Another vision would be to administer the phytopharmaceutical

in addition to chemical autophagy modulators or classic cancer thera-

peutics to CRC patients in order to support their effectiveness on the

one hand and mitigate their limiting side effects on the other. Overall,

it could be worthwhile to expand future research questions in this

regard, especially by transferring the preclinical knowledge from

bench to bedside, to establish the clinical efficacy of curcumin.
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