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Abstract

Taurine (2-aminoethanesulfonic acid) is an abundant amino acid with complex roles in cellular homeostasis and redox regula-
tion. Beyond its cytoprotective and metabolic activities, emerging evidence indicates that taurine regulates autophagy, a major
defense and recycling mechanism governing cell fate, survival, aging, and death. Deviations from this balance contribute to
diseases including cancer and neurodegeneration. Taurine can promote autophagy to inhibit oxidative stress and rescue cells,
or attenuate it under toxic conditions to prevent apoptosis. In non-malignant cells, it induces autophagy to maintain normal
function, whereas in cancer it exerts anti-tumor activity via a ROS-dependent autophagy—mitochondrial apoptosis pathway.
Recent studies also show that taurine and its transporter help fuel cancer. To clarify these differential effects, this review
examines the relationships among taurine's physicochemical properties, signaling pathways, and key proteins regulating au-
tophagy and apoptosis, and interprets the links among taurine, cell death, and the Warburg effect.

Rezumat

Taurina (acidul 2-aminoetansulfonic) este un aminoacid abundent, cu roluri complexe in mentinerea homeostaziei celulare si
in reglarea echilibrului redox. Dincolo de efectele sale citoprotectoare si metabolice, dovezile emergente indica faptul ca taurina
moduleaza autofagia, un mecanism esential de aparare si reciclare celulard, implicat in controlul destinului celular, al supravi-
etuirii, imbatranirii si mortii celulare. Dezechilibrele acestui sistem sunt asociate cu numeroase patologii. Taurina poate stimula
autofagia pentru a reduce stresul oxidativ si a sustine supravietuirea celulara, dar poate si diminua acest proces in conditii toxice,
prevenind, astfel, declansarea apoptozei. In celulele non-canceroase, induce autofagia ca mecanism de mentinere a functiei
fiziologice normale. De asemenea, poate exercita efecte antitumorale prin activarea unei cai dependente de speciile reactive de
oxigen (ROS), care conecteaza autofagia la apoptoza mitocondriala. Totodatd, studii recente sugereaza ca taurina si transportorul
sdu pot contribui la sustinerea metabolicd a celulelor canceroase. Pentru a clarifica aceste efecte aparent contradictorii, acest
articol analizeaza relatiile dintre proprietatile fizico-chimice ale taurinei, céile de semnalizare implicate si proteinele implicate
in reglarea autofagiei si apoptozei, precum si interconexiunile dintre taurina, moartea celulara si efectul Warburg.
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Introduction as an antioxidant and reducing reactive oxygen spe-
cies (ROS) and reactive nitrogen species (RNS).
Taurine exerts its protective effects against oxidative
stress in mitochondria and other cellular compart-
ments (e.g., endoplasmic reticulum) that would oth-
erwise lead to multiple pathological conditions (3).
The inhibition of advanced glycation end products
(AGEs)-related conditions by taurine, which en-
hances glucose utilization and metabolism, is a

Taurine is not an essential amino acid in the strictest
nutritional sense, since it is not utilized in protein
synthesis. However, taurine has pluripotent properties
on the preservation of cellular homeostasis and pre-
vention of diseases such as neurodegeneration, in-
flammatory and toxicity-related conditions, as well
as cancer (1, 2). Taurine contributes to the preserva-
tion of mitochondrial health and function by acting
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sound example of disease prevention (4). Related
studies on diabetic nephropathy reveal that taurine
(similar to other antioxidants) prevents AGE-related
hypertrophy, which has been associated with inflam-
mation, fibrosis, and oxidative stress. Taurine exerts
its protective effects by blocking potentially harmful
signaling pathways such as the extracellular signal-
regulated kinase (ERK), the c-Jun N-terminal kinase
(JNK), and the p38 mitogen-activated protein kinase
(MAPK) pathways (5).

The mitochondrial generation of ROS and their sec-
ondary species regulate cellular signaling pocesses
and their disease outcomes, coordinating the survival
or death, as well as the malignant transformation of
normal cells (6). Moreover, ROS and their secondary
products (which are potent signaling molecules) in-
fluence immune self-defense pathways, again by in-
terfering with critical cellular signaling pathways
(7). In this view, taurine, by acting as a potential reg-
ulator of ROS and RNS, could, to some extent, exert
protective effects against deleterious cellular signal-
ing pathways that lead to disease.

The propagation of cell signaling pathways is closely
related to the regulation of autophagy, the cell’s pri-
mary self-defense machinery (8). Autophagy is a
complex recycling process and, although it generally
protects cells from damage and death, it also deter-
mines cell fate by either preventing or triggering var-
ious apoptotic pathways, especially under severe
stress. This dual role is particularly important in can-
cer. Cancer cells exploit autophagy and metabolic
reprogramming to resist chemotherapy, survive, or
undergo apoptosis (9). Therefore, taurine, by modu-
lating ROS and RNS levels and thereby regulating
the cell’s redox potential, may influence autophagy.
This regulation may provide survival mechanisms
for normal cells (10, 11) while promoting lethality in
cancer cells (12) through the modulation of various
signaling pathways, including the JNK and p38
MAPK phosphorylations.

Of foremost importance in the potential regulation of
autophagy by taurine, especially in cancer, is the in-
volvement of the taurine transporter SLC6A6 (TauT).
A crucial factor to address is the effect TauT exerts
on the tumor microenvironment. Cancer cells often
upregulate this transporter, thus allowing them to de-
plete the tumor microenvironment of taurine and
therefore making it unavailable to the resident im-
mune cells. Taurine deficiency in CD8+ T cells in-
creases ER stress, which in turn induces T cell ex-
haustion. This promotes immune evasion and in-
creases the potential for metastasis (13). While tau-
rine supplementation helps cancer cells resist oxida-
tive stress, it also, importantly, reinvigorates CD8+
T cells so they can effectively fight cancer in its
niche. The dilemma is in some ways similar to but
opposite from the dilemma faced with chemotherapy,
which can directly promote tumor cell death but also
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harms immune cells, preventing them from attacking
the tumor cells (14).

Therefore, it is of great importance to further analyze
the role of taurine in regulating various signaling
pathways, particularly those related to autophagy.
The balancing of cellular redox potential and oxida-
tive stress directly triggers and regulates autophagy.
Moderate stress signals autophagy initiation, while
severe stress activates autophagy for the removal of
damaged proteins and mitochondria (15). This has
severe implications for whether a normal cell will
overcome stressful conditions, or whether a cancer
cell finally dies or survives, through taurine’s inter-
actions. Taurine can either suppress or induce au-
tophagy, depending upon the cell type and the envi-
ronmental conditions (10, 11). The complex rela-
tionships between taurine and cell signaling and the
autophagy behaviors of normal and cancer cells are
thus investigated in depth.

In this paper, we investigate the ways in which tau-
rine finely regulates autophagy in order to a) main-
tain cellular health in non-cancerous conditions, and
b) become a strong anti-cancer activity modulator.
Regarding cellular oxidative status, by modulating
sensitive molecular switches, taurine influences au-
tophagic mechanisms to promote cellular health un-
der normal conditions. By contrast, in tumors, it
drives cancer cells to follow apoptotic pathways and
succumb to death. But this is not always the case, as
taurine and its transporter Slc6a6 can also promote
cancer (16). Therefore, we investigate the important
distinctions that can cause cells to follow an autoph-
agy-mediated death pathway to find clues and en-
lighten about the dual effects of taurine on cell sur-
vival and death. We discuss that taurine’s pro-cancer
effects may be due to intrinsic cancer cell autophagic
defects or to its transporter-mediated antioxidant ac-
tivities, rather than to taurine itself. Finally, we high-
light that taurine could interfere with the Warburg
effect, which increases lactate production in non-ma-
lignant conditions, and explain how this can further
impact anti-cancer therapy.

Autophagy and the converging signaling pathways

Autophagy is initiated under conditions of cellular
stress. These conditions encompass the depletion of
nutrient availability, increased oxidative stress (ROS
production), and subsequent activation of phosphor-
ylating signaling cascades. The activation of au-
tophagy may not only be lifesaving for the cell but
can also, under certain conditions, lead to its death.

The level of cellular stress acts as a primary rheostat
for cell fate. Low-to-moderate stress triggers pro-
survival autophagy. This allows the cell to recycle
nutrients and clear damaged organelles, restoring ho-
meostasis. When the damage exceeds a threshold,
autophagy shifts towards a pro-death mechanism, as
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mitochondria release cytochrome ¢ and caspases to
launch an apoptotic response (17).

Pro-survival Bcl-2 family proteins bind to Beclin-1
to inhibit autophagy. Under stress, Beclin-1 is re-
leased to initiate survival-oriented autophagy. How-
ever, if Beclin-1 is cleaved by caspases, its C-termi-
nal fragment translocates to the mitochondria to pro-
mote apoptosis (18). Atg5 and Atgl2 are essential
for autophagosome formation, but they can also be
diverted to death pathways through cleavage by cal-
pains (calcium-activated proteinases). Atgl2 can
bind to and inhibit pro-survival Bcl-2 members, di-
rectly triggering mitochondrial apoptosis (19).

The following section provides an overview of how
kinase-mediated phosphorylation regulates the in-
duction and progression of autophagy toward au-
tophagy-dependent cell death.

The interplay between autophagy and the cell’s
phosphorylating-signaling network

The cell is evolutionarily endowed with sophisti-
cated sensing mechanisms for external and internal
stimuli, such as growth hormones (insulin), amino
acids, and glucose, which initiate its signaling cas-
cades that ultimately regulate metabolic status
(growth), leading to either survival or death (20).
Central to these energy-sensing signaling cascades
are the phosphorylating kinases, which comprise
several pathways that deliver the final key messages
governing cellular metabolic fate (21). Mainly, the
phosphokinase cascades regulate the transcriptional
and translational control of metabolism, which, in
turn, modulates its autophagic behavior (22). The
phosphokinase interconnection with autophagy be-
havior probably plays the most important role in de-
termining whether malignant or non-malignant cells
follow survival or death pathways.

Amongst the most important regulatory kinase cas-
cades for autophagy signaling are the serine/threo-
nine mammalian target of rapamycin (mTOR) com-
plex, the AMP-activated protein kinase (AMPK),
and the mitogen-activated protein kinases, which
mainly comprise the ERK, MAPK, and JNK path-
ways (23).

The initial sensing of the cell by either the growth
factors (such as insulin), amino acids, and/or glucose
initiates the AMPK, the ERK via the phosphatidyl-
inositol (3,4,5)-trisphosphate (PIP3), and the Wnt/f-
catenin (important for embryogenesis and growth of
stem cells) signaling pathways, to ultimately control
the activity of the mTORC1 complex. The Wnt/f-
catenin pathway involves a kinase phosphorylation-
induced degradation step of the B-catenin co-tran-
scription activator (24).

The molecular events that initiate or inhibit autoph-
agy.

There are many short- and long-term molecular path-
ways that govern the initiation of autophagy, but
central to its initiation or inhibition are the activated
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forms of AMPK or mTORCI1. They both influence
the activation or the deactivation of the mammalian
autophagy-initiating kinase (Ulk1) (25). In general,
the activated AMPK initiates autophagy, whereas
the activated mTORCI inhibits autophagy. Both
AMPK and mTORCI exert their autophagy-initiat-
ing or inhibiting activities by directly phosphory-
lating different serine residues of ULK1.

However, more complex molecular events can inter-
vene; for instance, the ERK1/2 signaling pathway
has been shown to initiate autophagy independently
of, or in crosstalk with, the mTOR axis. In certain
contexts, ERK1/2 can overcome mTOR-mediated
inhibition to promote the initiation of autophagy
(26). Moreover, experiments with neuronal cells
showed that direct AMPK-mediated phosphoryla-
tion of ULK1 could overcome mTORC1-mediated
inhibition of autophagy (27). In other cell models,
AMPK is concurrently activated with mTORCI and
antagonizes its activity, helping maintain cellular
amino acid sufficiency through sustained autophagy
(28). Overall, energy stress activates AMPK, which
in turn promotes autophagy initiation through two
mechanisms: direct phosphorylation of the ULKI1
complex and indirect suppression of mTORCI activ-
ity via TSC1/2-mediated Rheb inactivation (29).
Furthermore, another major trigger for autophagy in-
itiation, independent of mTOR-ULKI1/2 interac-
tions, is the intracellular accumulation of lactate
(30), which is formed from pyruvate via lactate de-
hydrogenase (LDH) during glucose catabolism (31).
Both lactate and the ULK1/2 stimulate the assembly
of the Beclin-1 complex (8). The Beclin-1 is a potent
autophagy kinase stimulator, a member of the P13 ki-
nase (PI3K) complex that aids in the formation of
phosphatidylinositol 3-phosphate (PI(3)P), which is
an important lipid for the autophagosome membrane
formation (32). Upon the generation of PI(3)P, au-
tophagosomes are formed and become nucleated,
and autophagy is initiated (33). A negative feedback
loop for autophagy to get initiated is the liberation of
Beclin-1 from forming a strong complex with the
BCL-2 proteins in the cytoplasm (34). A molecular
event that causes the dissociation of Beclin-1 from
Bcl-2 is the activation of the JNK pathway, which
phosphorylates the Bcl-2 under oxidative stress con-
ditions (35). Furthermore, the phosphorylation of
Bcl-2 via activation of p38 MAPK under oxidative
stress is a causative factor for apoptosis to occur
(36). However, in both cases of either JNK or p38
MAPK activations, the phosphorylations of the Bcl-
2 molecules (Bcl-2 or Bcl-XL) are responsible for
the liberation of Beclin-1 from the Bcl-2 complex, to
induce autophagy.

The induction of apoptosis through the initiation and
elongation of autophagosomes is the focus of the fol-
lowing section, which describes how cells can also
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die despite the life-rescuing self-defense mechanism
of autophagy.

Autophagy and cell death.

Autophagy is normally a life-rescuing mechanism,
initiated under conditions of low nutrient and energy
availability to maintain cell survival. However, au-
tophagy also encompasses molecular mechanisms
that can promote cellular death via various apoptotic
pathways. Evidently, this dysfunction in autophagy
promotes diseases such as neurodegeneration (37).
The basis of this disease category is primarily mito-
chondrial impairment. However, the autophagy-de-
pendent cell death can be defined as circumstantial
and dependent on cell signaling (38). In this section,
we focus on cell death occurring concurrently with
autophagy rather than on cell death induced by au-
tophagy (apoptosis) (39).

Experimental evidence shows that central to autoph-
agy-mediated cell death is the activation of the RAS
oncogene by several growth factor signaling path-
ways and its downstream effects on cessation of
mTOR complex activity via, e.g., the activation of
the ERK pathway (8, 40, 41). In simple terms, when
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oncogenic RAS is activated, as in most cancer cells,
upon induction of autophagy, they do not adequately
express the necessary autophagy proteins to sustain
the recycling of materials essential for their survival.
Moreover, the upregulation of Beclin-1 during RAS-
induced autophagy, or of another BH3-containing
Bcl-2 family protein, NOXA, induces the autoph-
agy-dependent cell death.

Upon excessive stress conditions (as during oxida-
tive stress), NOXA competes with MCL-1 (a pro-
survival Bcl-2 protein that restricts apoptosis) and
promotes the cell’s death (42). The p53 upregulates
NOXA expression, and it is tightly associated with
increased death during autophagy (43). In conclu-
sion, although the cell death during apoptosis is a
complex phenomenon (44), rather, the aberrant re-
lease of Beclin-1 from the Bcl-2 complex initiates
and propagates autophagy, and other molecular fac-
tors, such as Bcl-2 family proteins, interplay. In con-
trast, the lack of the autophagy machinery could pro-
mote autophagy-mediated apoptosis, especially in
cancer cells (Figure 1).
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Figure 1.

Phosphorylating signaling and autophagy. A) The activation of AMPK in response to energy stress leads to direct
activation of the ULK1 complex and indirect activation via TSC1/2-mediated inhibition of mTORC1 (via Rheb
inactivation), thereby enabling autophagy initiation. In parallel, ERK/JNK signaling induces phosphorylation of
Bcl-2, disrupting Bcl-2/Beclin-1 binding and releasing Beclin-1. Under stress conditions, the AMPK and ERK/JNK
pathways can converge on the VPS34/Beclin-1 complex, thereby enhancing its activity and promoting autopha-
gosome nucleation and autophagy progression. B) Several factors, including aberrant autophagy initiation signal-
ing, p53 expression, and autophagy protein shortage, can shift the balance toward autophagy-mediated cell death

Beyond regulation of autophagy via the signaling
pathways, taurine potentially exerts anti-cancer
effects by enhancing mitochondrial health

Taurine has the molecular capacity and structural po-
tential to alleviate, or even balance, cellular oxidative
stress, thereby serving as a fine regulator of
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autophagic processes that may involve the apopto-
sis-autophagy pathway, leading to either cellular
death or survival.

The autophagy-signaling pathways and taurine.
Autophagy, the housekeeping cell defense mecha-
nism, is initiated by the activation of p38 mitogen-
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activated protein kinase (MAPK) signaling as a re-
sult of ROS (45). Similarly, in another MAPK sub-
family, namely JNK1/2/3, extracellular signal-regu-
lated kinase (ERK)1/2 phosphorylations (activa-
tions) occur during MAPK activation, resulting in
phosphorylation and nuclear translocation of the
transcription factors c-Jun and c-Fos. These tran-
scription factors are important for the induction of
autophagy as they dimerize and form the activating
protein-1 (AP-1) complex and concurrently induce
the expression of several autophagy-related (atg)
genes that further regulate the autophagy process
(46). However, the induction and propagation of au-
tophagy that lead to cell survival or apoptosis are
more complex processes, as they also involve acti-
vation of Beclin-1 expression, which is induced by
transcriptional activation by the c-Fos and C-Jun
transcription factors. The Beclin-1 protein holds a
key message response, as, when it becomes readily
bound to the Bcl-2 proto-oncogene (anti-apoptotic
protein), it blocks the initial steps of autophagy (47).
When the Bcl-2-Beclin 1 complex becomes un-
bound, the Beclin-1 forms a complex with hVps34-
protein X, and, when this complex (Beclin-1
hVps34-protein X) gets nucleated, it readily regu-
lates autophagy (48).

Nevertheless, the activity of Beclin-1 is also regu-
lated by caspase-mediated proteolytic cleavage.
Caspase-mediated cleavage disrupts the autophagy-
promoting function of Beclin-1, thereby reducing
autophagy. Moreover, when the cleaved C’-terminal
fragment of Beclin-1 translocates to mitochondria, it
can induce the release of pro-apoptotic proteins such
as cytochrome ¢ and HtrA2/Omi, potentially enhanc-
ing apoptosis (49). These mechanisms show how
cellular programs can shift from autophagy to apop-
tosis, with Beclin-1 redirected to enhance apoptotic
signaling.

The regulation of autophagy is further complicated
by the Nuclear factor erythroid 2—related factor 2
(Nrf-2) and its nuclear translocation activation. In-
deed, the Nrf-2/Kelch-like ECH-associated protein 1
(Keap-1)/p62/antioxidant resistance element (ARE)
(KEAP-1/p62/ARE) pathway axis is a crucial cellu-
lar system linking autophagy (cellular cleanup) with
the Nrf2 antioxidant response, highly important for
regulation of autophagy and apoptosis (50). Re-
search is increasingly focused on this antioxidant
signaling axis, particularly its involvement in the in-
itiation or maintenance of autophagy, which is
needed for cancer cell apoptosis, survival, and pro-
gression, as well as response to therapy.

Taurine and the Nrf-2-Keap-1 autophagy regulatory
pathway

Multiple studies have established that the Nrf-2,
apart from the regulation of oxidative stress, is a po-
tent transcription factor that, once it translocates to
the nucleus, regulates the initiation of autophagy and
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survival of cells (including cancer cells) (51). The
mechanism of Nrf-2-dependent regulation of au-
tophagy primarily originates from the protein struc-
tures of the Keap-1 protein and Nrf-2. When in the
cytoplasm, the Nrf-2, through its NH, N-terminal
domain, binds to and forms a complex with the
Keap-1, thereby disabling the Nrf-2 from translocat-
ing to the nucleus and exerting its antioxidant activ-
ity. When the complex is maintained in the cyto-
plasm, Nrf-2 is kept at low levels and is regularly
degraded via ubiquitination and proteasomal degra-
dation. Keap-1 is a catalyser-adaptor protein of the
Cullin-3 (Cul3)-RING ubiquitin E3 ligase complex
(CRL3) in autophagosomes (52).

The Keap-1 protein is highly sensitive to electro-
philic/oxidant stress, primarily due to its 27 cysteine
residues (in humans), dispersed in catalytic domains
of its structure (53, 54). The Keap-1 Kelch/DGR do-
main, which is responsible for binding Nrf-2, is fur-
ther regulated in its interaction with the NH2 domain
of Nrf-2 via the neighboring IVR (intervening re-
gion) domain. The IVR contains several cysteine
residues that catalyze the tight Nrf-2-Keap-1 com-
plex-forming interactions (55). Moreover, the BTB
domain of Keap-1, which is close to the IVR, is im-
portant for the Keap-1 association within the CRL3
complex. It also contains the redox potential-sensi-
tive cysteine residue Cys151 (56). The modification
of the Cys151 residue within Keapl is a critical
event that disrupts its interaction with Cul3, leading
to the dismantling of the CRL3 complex. The loss of
CRL3 complex interactions will increase the Nrf-2
levels in the cell. This upregulates the Nrf-2 tran-
scriptional activity and the induction of the cellular
antioxidant defense (55, 56).

Taurine’s structure sustains significant oxidations
upon its encounter with ROS (scavenging reactions).
Taurine’s reaction with hydrogen peroxide (H,0>) is
slow and depends on its high concentration in an ox-
idated cellular environment, where it induces the ac-
tivity of Nrf-2, reduces oxidative stress, raises the
cell’s antioxidant defences and lowers the inflamma-
tory responses, including those of Nuclear Factor
kappa-light-chain-enhancer of activated B cells (NF-
kB), and of inflammatory cytokines (such as IL-6,
IL-1P and IL-8) (57). In this context, taurine serves
a modulatory role in regulating autophagy and apop-
tosis, influencing cellular stress responses and sur-
vival pathways.

Myeloperoxidase (MPO) is an enzyme expressed by
neutrophils that produces hypochlorite (HOCI), a
powerful anti-microbial agent that can also be toxic
to host cells. Taurine can easily react with hypo-
chlorite, producing N-chlorotaurine as a product,
thereby preventing cellular damage, reducing in-
flammation, and boosting antioxidant defenses (58).
Hypochlorite is overexpressed in diseases like type
II diabetes associated nephropathy (59). Probably,
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the most robust reaction of taurine with ROS occurs
with HOCI (60). In the MPO system, during inflam-
mation, the HOCI, primarily produced by neutro-
phils, is captured by taurine in a highly efficient
manner to produce its chlorinated derivative, N-
Chlorotaurine (NCT or TauCl) (60). Similarly, in an
oxidative environment like that of neutrophils during
inflammation, taurine reacts readily with hypobro-
mous acid (HOBr) to produce its brominated deriva-
tive N-bromotaurine (NBrT or Tau-Br) (61).

Apart from taurine’s direct scavenging of potent
ROS that will lower the overall oxidative stress in
cells, both of the oxidized taurine derivatives, NCT
and NBrT, cause the dissociation of Nrf-2 from the
Keap-1/Nrf-2 complex, allowing its nucleation and
the downstream activation of the antioxidant re-
sponse elements (ARE) and heme oxygenase-1 (HO-
1) transcription for the reduction of inflammation
(60, 62). The anti-inflammatory function of NCT
and NBrT relies on the activation of HO-1 expres-
sion (62). Although the raised oxidative stress causes
the liberation of Nrf-2 from the Keap-1/Nrf-2 com-
plex (63), taurine and its derivatives have the poten-
tial to produce an alternative system of antioxidant
defense, which is essential for the endoplasmic retic-
ulum (ER) and inner mitochondrial membranes,
when there is raised oxidative stress. This will fur-
ther define the cell's autophagy status and the direc-
tion towards a pathogenic or non-pathogenic out-
come. The modulation of Nrf-2 and thus autophagy
is also necessary for preventing disease outcomes,
including cancer and neurodegeneration (64).

The potential regulation of Nrf-2 signaling by tau-
rine to balance the redox potential

As already described, the Keap-1 protein contains
key cysteine residues in its structural domains that
govern its association with or dissociation from Nrf-
2 in the cytoplasm. The Cys273 and Cys288 residues
in the IVR domain of Keap-1 are essential for hold-
ing the Keap-1/Nrf-2 complex in a firm state and
thus reducing Nrf-2 activity (55). Moreover, the
BTB domain contains the critical Cys151 residue,
which facilitates Keap-1 binding to Cul3, forming
the CRL3 complex that targets Nrf-2 for proteasomal
degradation. Adduction of Cys151 can inhibit Cul3
association with Keap-1, dismantling the CRL3
complex and ultimately inhibiting Nrf-2 pro-
teasomal degradation (56). Nrf-2 is active under ox-
idative conditions but remains quiescent under nor-
mal conditions.

The cysteine residues contain an active thiol group
that is subject to nucleophilic/oxidant attack. It has
been remarkably demonstrated that the chlorinated
derivative of taurine, NCT, markedly elevates the ac-
tivity of Nrf-2 and HO-1 by also inducing their ex-
pression (60). This happens because NCT lowers the
level of thiol group reduction through oxidative at-
tack, thereby enabling the dissociation of Nrf-2 from
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Keap-1. High oxidative stress, as in chronic inflam-
mation, will dismantle the Nrf-2 activity (65). Tau-
rine stands in the middle of the regulation of oxida-
tive stress through the Keap-1/Nrf-2 pathway by
providing a balance on thiol-disulfide interchange
reactions, which have multiple biological roles in
preserving the redox homeostasis (66).

The activity of NCT, and therefore of taurine’s phys-
iology on the lowering of thiol group (cysteine) re-
duction, becomes of great importance for the thiol
oxidation-based regulation of biological systems.
The thiol groups of the Keap-1 cysteine residues in
their oxidized state tend to form disulfide bridges. In
contrast, in their reduced state, these disulfide
bridges are converted to the previous thiol-SH free
state.

Moreover, the thiol-disulfide exchanges affect the
intracellular redox homeostasis and the overall cel-
lular signaling (66). Therefore, taurine and its deriv-
atives (NCT and NBrT) can provide a delicate mech-
anism of redox balancing between cysteine thiol ox-
idation and reduction states that permits regulation
of the Nrf-2 liberation from the Keap-1/Nrf-2 com-
plex and the CRL3 complex (avoiding further au-
tophagosome degradation of Nrf-2).

In a study conducted by Seol ef al. (60), the taurine-
NCT system enhanced both the nuclear translocation
of Nrf-2 and its expression and concentration in as-
trocyte cultures. Furthermore, the expression of
ARE-Nrf2-responsive genes was enhanced. Clearly,
the researchers found that the antioxidant cytopro-
tective effect of the taurine-NCT system used (200
uM NCT and 200 uM taurine) was due to the for-
mation of disulfide bonds between the thiol groups
of the Keap-1 protein. In other words, the increase of
Keap-1 structural rigidity by taurine and NCT
caused the liberation of Nrf-2 from the Keap-1 pro-
tein, and probably the liberation of Cul3 from the
Keap-1 protein to form the CRL3 complex. This was
confirmed by the subsequent addition of NCT (500
uM) to the cell cultures, which increased intracellu-
lar Nrf-2 concentrations, suggesting a halt in Nrf-2
autophagic degradation. Thus, the redox balancing
of thiol-disulfide formation is essential for further
explanations of the autophagic regulation by taurine
and its derivatives, as will be discussed in the fol-
lowing section on therapeutic effects. This thiol-di-
sulfide regulation may represent one step beyond the
standard p38 MAPK, ERK, and JNK signaling path-
ways. Although the scientific evidence is currently
scarce, taurine can plausibly regulate thiol-disulfide
exchange via its antioxidant activities, which influ-
ence glutathione oxidation, and by reducing lactic
acid production (67).

Several studies presented in Table I, including hu-
man studies on the direct measurement of thiol and
disulfide in patients' serum and taurine, indicate that
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taurine is possibly either an indirect or a direct regu-
lator of thiol-disulfide exchange.

Several studies indicate that taurine can play a potent
role in regulating thiol-disulfide exchange, particu-
larly in mitochondria, through its interplay with glu-
tathione and its induction of lactate production. A
plausible autophagy regulation by Keap-1 and BCL-

2 protein folding via taurine and its derivatives, NCT
and NBrT, is illustrated in Figure 2. Moreover, in
Figure 2, the possible mechanisms by which taurine
and its derivatives can exert a strong influence on au-
tophagy propagation through thiol-disulfide ex-
change regulation are illustrated.

Table I

Taurine intermediates as a thiol-disulfide exchange regulator

Study type Relationship with thiol — disulfide exchange regulation Reference
Cross-sectional study, 132 Taurine attenuates skeletal muscle senescence and protects against skele-
obese individuals aged >65 tal muscle disorders, indicating regulation of the thiol-disulfide redox (68)
years balance
Taurine supplementation prevents oxidative stress induced by GSH de-
Rabbits pletion. Taurine reverses GSH oxidation (i.e., increases GSH/GSSG ra- (69)
tio) and increases mitochondrial GSH levels.
An in vitro redox state-electron
transfer study reconstituting the | A reduced GSH state promotes efficient disulfide bond formation and the
. . . . o . . . (70)
inner mitochondrial membrane folding of oxidized mitochondrial proteins.
disulfide relay
During taurine depletion, the level of serum thiol increases in patients
.. suffering from type II diabetes, cardiovascular disease, hypercholesterol-
Human clinical study emia, an% hypert:]eision. During taurine depletion, the san}g patients show 7
high levels of lipid peroxidation (malondialdehyde) in blood.
A small dose of taurine (0.05 g) before strength-enhancing workouts may
Systematic review reduce muscle exhaustion and elevate antioxidant enzymes; taurine sup- (72)
plementation (1 g) before or after exercise reduces blood lactate levels.
During acute mesenteric ischemia, the increase in serum lactate levels
Wistar albino rats coincides with an overall decrease in serum and native thiol levels, indi- (73)
cating a disturbance of thiol-disulfide hemostasis (TDH).
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Figure 2.

Taurine and its derivatives, NCT and NBrT, can serve as a delicate redox-balancing mechanism during oxidative
stress, modulating autophagy. A. Taurine and its derivatives, through ROS and RNS scavenging, reduce oxida-
tive stress. This has the potential to modulate the stimulation of the p38 MAPK, ERK 1/2, and JNK 1/2 signaling
pathways by ROS, thereby inducing autophagy. B. Furthermore, the oxidation of cysteine thiol groups in the key
Keap-1 and Bcl-2 proteins by taurine and its derivatives can lead to the liberation of Nrf-2 from Keap-1 and Be-
clinl from Bcl-2. These events ultimately initiate and propagate autophagy

The autophagic mechanisms regulated by taurine
and their protective roles

Apart from Keap-1, a cysteine-thiol-rich sensor
plausibly involved in taurine-mediated autophagy
signaling, the anti-apoptotic mitochondrial protein
Bcl-2 is another important molecular regulator of the
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balance between autophagy and apoptosis, which
can be influenced by taurine. The cellular redox state
determines whether key cysteine residues of Bcl-2
that affect binding to partner proteins such as Beclin-
1 and ERK1/2 become oxidized and form disulfide
bridges, or remain reduced and thus remain in their
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free-thiol configuration (74, 75). This process is par-
ticularly important in the context of cancer progres-
sion, as described by Zajac et al. in their glioma-re-
lated study (75). The oxidation of Bcl-2 cysteine res-
idues could regulate cancer cells’ survival through
autophagy or death through apoptosis.

The following sections unravel the existing scientific
evidence for the influence of taurine on autophagic
or apoptotic propagation in human physiology and
cancer. This evidence also identifies the therapeutic
potential of taurine’s antioxidant activities through
autophagy. Additionally, this evidence plausibly
identifies a thiol-disulfide exchange and thus altered
protein folding due to taurine regulation of key cys-
teine residues (oxidized or reduced states).
Additionally, taurine can trigger programmed cell
death (apoptosis) in various cancer cells by enhanc-
ing pro-apoptotic proteins, such as Bax and the p53
upregulated modulator of apoptosis (PUMA), and by
decreasing anti-apoptotic ones (Bcl-2), activating
mitochondrial pathways, while simultaneously pro-
tecting normal cells from damage by reducing oxi-
dative stress and supporting immune function. The
Bcl-2 Homology Domain 3 (BH3) is a critical pro-
tein-protein interaction motif in the Bcl-2 family of
proteins, acting as a central mediator of programmed
cell death (apoptosis) by binding to anti-apoptotic
members like Bcel-2, and either activating or releas-
ing pro-apoptotic partners (like BAX/BAK) to trig-
ger cell death, functioning as a key "death domain"
that senses stress and promotes apoptosis in response
to cellular damage.

Under normal redox potential conditions, the Bcl-2,
by binding to the Beclin-1 (at its BH3 domain), in-
hibits autophagy and its associated apoptosis (34).
Moreover, under normal redox conditions in mito-
chondria, the Bcl-2 associates closely with pro-apop-
totic proteins such as Bax (76), whilst the PUMA re-
mains inactive, and cells are prevented from pursu-
ing apoptosis (77). However, under elevated oxida-
tion conditions, the PUMA becomes activated and
associates with Bcl-2, whilst letting the Bax free to
induce pores in mitochondrial membranes and in-
duce autophagy that leads to apoptosis (74). This is
a redox-sensitive mechanism in cells that prevents
further pathogenic effects, such as tumorigenesis.
How taurine intervenes in the autophagy propaga-
tion that leads to disease through Bcl-2.

One of the best examples for analyzing the role of
taurine in the propagation of autophagy under vari-
ous conditions of oxidative stress in cells is its inter-
ference with the anti-apoptotic Bcl-2 proteins (Bcl-
2, Bcel-2 XL) and the pro-apoptotic proteins BAX,
BAK, and BAD. These proteins constitute a sensi-
tive cellular signaling mechanism which ultimately
regulates the intracellular Ca?* concentration and
cell fate, favoring either survival or death (78).
These proteins regulate one another (via affinity
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bindings) through their Bcl-2 BH3 domains (79).
These are redox-sensitive interactions (80) modu-
lated by the oxidative states of the cysteine residues
located in their interacting BH3 domains (81).

A study by Tu et al. showed that taurine has the po-
tential to inhibit the proliferation of lung cancer cell
lines in a concentration-dependent manner (82). In
these experiments, taurine upregulated PUMA and
Bax expression and downregulated Bcl-2 expres-
sion. Similarly, the same team showed that inhibition
of xenograft tumors in nude mice treated with tau-
rine was also due to the downregulation of Bcl-2 and
upregulation of PUMA and Bax. In this context, the
Bcl-2, PUMA, and Bax pattern could induce apopto-
sis in cancer cells by initiating autophagy, highlight-
ing that a high Bax/Bcl-2 ratio could be a therapeu-
tically important milestone in cancer therapy (83).
However, beyond the transcriptional anti-cancer
control that taurine may have exerted (e.g., by in-
creasing the levels of p53 in cancer (84) and reduc-
ing the levels of NF-kB (85), the observed downreg-
ulation of Bcl-2 and upregulation of Bax could have
occurred through translational and post-translational
control of the BH3 binding domains of the BH3-only
PUMA, or the Bid or the Bad proteins with Bcl-2
(86). The proteins PUMA, Bim, and Bad are com-
petitors of Bax for binding to Bcl-2 but have distinct
regulatory properties. The binding of Bcl-2 with
Bim, for example, initiates the proteasomal degrada-
tion of Bcl-2 (87). However, these are all redox-sen-
sitive proteins because of their cysteine residues in
the BH3 domain, as mentioned before, and similar
studies have shown that alterations in the cellular ox-
idative status can render PUMA and Bax as p53-in-
dependent apoptosis-signaling molecules (88).
Therefore, taurine and its derivatives, NCT and
NBrT, as redox potential modifiers, may have con-
tributed to oxidative or reductive modifications of
cysteine residues within the aforementioned BH3
domains (88), and, through potential structural rear-
rangements involving disulfide bond formation (by
oxidations) or release to free thiols (by reductions),
may have influenced conformational states that reg-
ulate interactions between Bcl-2 and Bax.
Furthermore, the potential anti-cancer pro-apoptotic
effects of taurine on lung cancer cells are consistent
with observations in breast cancer. In breast cancer,
taurine can exert its apoptotic (breast cancer cell
death) stimulus by downregulating the Bcl-2 and up-
regulating the PUMA and Bax (89). However, in
both cases of taurine’s potential anti-cancer effect on
lung and breast cancer, taurine’s influence on meta-
bolic reprogramming must be emphasized. Taurine
modulates glucose metabolism and decreases lactate
accumulation in breast cancer cells. This may point
to interference by taurine with the Warburg effect,
which is associated with cancer cell invasion and
metastasis (90). The ongoing Warburg effect, i.e.,
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ongoing aerobic glycolysis in the tumor microenvi-
ronment, supports cancer cell proliferation and pro-
gression and can interact with autophagy-related
processes that contribute to tumor survival, partly by
limiting apoptotic responses (91).

The effects of taurine on apoptosis regulation, how-
ever, are reversed in non-malignant, but injured
nerve cells. During injury, either by 2,5-hexanedione
(a derivative of hexane) (92) or by H202 treatment
(93), the elevated oxidative stress in the PC12 cell
line used in both studies was reversed by taurine
treatment. Moreover, apoptosis was prevented in
both studies by stabilizing and normalizing Bcl-2
levels through a mitochondria-dependent pathway.
Finally, it should be noted that redox parameters dif-
fer between normal (even immortalized) cells and
cancer cells. Cancer cells suffer inherently from ox-
idative stress (94). Thus, it may be that taurine and
its derivatives act differently and exert a distinct
modulation of the redox balance of cancer cells,
leading to autophagy or apoptosis. During non-ma-
lignant oxidative stress conditions, taurine, by re-
storing anti-apoptotic conditions (through stabiliza-
tion of Bcl-2 levels), attenuates further cellular dam-
age.

Taurine’s modulation of autophagy via the JNK and
ERK signaling pathways

Autophagy and apoptosis are two distinct molecular
mechanisms: autophagy promotes cell survival,
whereas apoptosis leads to cell death. However, they
both share common molecular switches that high-
light their tight intercommunication (for review see
(95)). One of the main orchestrators deciding be-
tween the cellular autophagic response and apoptosis
is the Bcl-2 (Bcl-xL, Mcl-1) anti-apoptotic protein
family and their partner-interacting proteins (Beclin-
1, Bax, PUMA, Bid, Bad). During oxidative stress in
lung epithelial cells, the oxidation of Bcl-2 cysteine
residues (Cys158 and Cys229) downregulates the
Bcl-2 functions and induces apoptosis (96).
Importantly, the interaction between Bcl-2 and the
MAPK/ERK 1/2 pathway that suppresses apoptosis
is disrupted during oxidative stress. Cysteine oxida-
tions of Bcl-2 lead to conformational changes (e.g.,
through the formation of disulfide bridges) in the
anti-apoptotic protein and help determine whether
cells undergo apoptosis (74, 75). However, this is
evidence of how oxidative stress influences, through
signaling pathways, the apoptotic or autophagic be-
havior of the cell. Therefore, taurine has the potential
to act, by being a potential redox modifier, as an ad-
juster of the cell’s fate via the signaling pathways.
During cancer, ROS have the ability to activate both
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the ERK1/2 and JNK1/2 pathways and induce au-
tophagy and apoptosis (97). Regarding taurine, how-
ever, it is important to include that the formation of
the taurine derivative NCT may influence ERK1/2
activation, potentially via oxidative mechanisms in-
volving the Epidermal Growth Factor Receptor
(EGFR) (97).

In general, an activated JNK1/2 cascade, via com-
plex molecular switches, would lead to ERK1/2 de-
activation (98). However, according to Fey et al.
(99), there is potentially a sustained positive interac-
tion between the ERK and JNK cascades via the dual
specificity phosphatases (DUSPs) 4/16, which
dephosphorylate JNK, thereby modulating its activ-
ity. Such enhanced JNK activation may contribute to
increased apoptotic signaling in cells (99). Neverthe-
less, enhanced activation of p38 MAPK can reverse
ERK/JNK-induced apoptosis by deactivating ERK
signaling.

During previous experiments (12), taurine showed a
strong dose-dependent inhibition of proliferation on
multiple human cancer (breast, colon, cervical, and
skin) cell lines. The in vitro growth-inhibitory/cyto-
toxic effect of taurine was consistent with the in vivo
tumor inhibition in colon cancer xenografts. It was
concluded that taurine’s anticancer activity was as-
sociated with the hyperactivation of the JNK1/2
pathways. In contrast, the ERK1/2 MAPK pathway
remained consistently activated compared with the
negative control cells (i.e., was not affected in its ac-
tivation). This signaling hyperactivation likely in-
duced mitochondrial-related autophagy and apopto-
sis in cancer cells, influenced by the elevated oxida-
tive stress status of these cells.

The concentrations of taurine derivatives formed
during cancer cell cultures or in xenograft tumors in
vivo were not measured in these experiments. It
would be worthwhile and revealing to do so in simi-
lar future experiments. However, taurine itself was
observed to exert a strong signaling influence on the
INK pathway, during which the p38 MAPK re-
mained inactive, and the activation of the ERK path-
way remained relatively constant. Similar findings
of signaling pathway activations, which induce can-
cer cell death via autophagy-related apoptosis, are
described in a study conducted by Wong et al. (97).
Figure 3 illustrates the influence of taurine in normal
cells, promoting cell survival, and in malignant cells,
promoting autophagy-mediated cell death via apop-
tosis. Taurine’s influence on cell survival (normal
cells) and cell death (malignant cells) is mediated by
regulating key autophagy proteins, including Bcl-2
and p53.
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The effects of taurine on apoptosis in the cases of non-malignant and malignant cells. A. Taurine, during non-
malignancy, can stabilize the Bcl-2 anti-apoptotic proteins, maintaining the Bcl-2-Bax complex and downregu-
lating PUMA.. This enhances cellular survival and prevents injuries caused by apoptosis. 1B. During malignancy,
cancer cells are in a constant state of stress. Taurine upregulates pS3 expression, which enhances the expression
of NOXA proteins that downregulate Bcl-2 to induce apoptosis. 2B. During malignancy, taurine downregulates
the Bel-2 and upregulates Bax and PUMA. This enhances apoptosis of cancer cells. 3B. Moreover, the hyper-
activation of the JNK1/2 signaling pathway, the upregulation of ERK1/2 through modulating oxidations of
EGFR via taurine’s derivative NCT, and the loss of p38 MAPK activation can contribute to apoptosis of cancer

The expression of SIC6A6 and AZGP1 genes impacts
taurine’s pro-cancer effects

The gene SIC6A6 encodes the taurine transporter,
Na*/Cl-dependent transporter (TauT), that is re-
sponsible for taurine as well as B-alanine, y-amino-
butyric acid (GABA), and hypotaurine transport
across plasma membranes. The SIC6A6 expression
is finely tuned by positive and negative feedback
loops, as described in our previous review authored
by members of this study (100). Some cancers, such
as acute myeloid leukemia (AML), present increased
expression of SIC6A6 due to hyperactive proto-on-
cogenes (101). As a result, taurine accumulates at a
1.7-fold higher level in leukemic bone marrow than
in control bone marrow, a finding associated with the
progression of leukemia. Interestingly, although
AML cells initially require autophagic processes for
survival, at later stages, leukemic stem cells (LSCs),
which support leukemia progression, no longer re-
quire autophagy for survival (102). Therefore, tau-
rine’s previous influence on autophagy-mediated
apoptosis (103) described in previous sections,
seems unrelated to LCS cell progression. Thus, it is
possible that, initially, AML cells benefit from tau-
rine’s over-accumulation due to TauT over-expres-
sion, but later stage LSCs, that do not use autophagy
to survive, avoid the pro-apoptotic effects of taurine.
The AZGP1 gene expresses the alpha-2-glycopro-
tein 1, zinc-binding protein (known as ZAG), which
is an adipokine related to heart disease (104) (coro-
nary disease, atherosclerosis, and stroke), to acute
kidney disease (105), and to cancer progression

cells.
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(106). The ZAG-mediated metabolism in cancer en-
hances the mechanistic target of rapamycin (mTOR)
P13/Akt signaling pathway, thereby increasing cell
survival through autophagy (107). However, when
overexpressed, it can downregulate the mTOR sig-
naling pathway and repress tumor formation (108).
Taurine, as well as proline, has been found for cer-
tain types of lung cancer to correlate with low ZAG
expression rates and poor prognosis outcomes (108).
To the best of our knowledge, the finding that taurine
metabolism is associated with low ZAG expression
requires further studies in this field, as low ZAG ex-
pression is frequently observed in other cancer cell
types (109,110). This is due to an inherent genetic
dysregulation in the cancer genome, independent of
any taurine or proline treatment in these cells.

The dual effects of taurine in cancer inhibition or
promotion

Taurine-mediated activation of autophagy has an
anti-tumor effect in nasopharyngeal carcinoma
(NPC). Both in vitro and in vivo studies described an
upregulation of p53, LC3, and Beclin-1 by taurine,
resulting in the shrinkage of NPC solid tumors
(111,112).

Nevertheless, it cannot be ignored that taurine can
also fuel cancer. The studies on AML and lung can-
cer promotion by taurine are, without doubt, serious
clinical evidence. However, the central issue is: what
key differentiator determines whether taurine pro-
motes or inhibits cancer? Beyond the specific type
of cancer cell or its level of differentiation, which
controls whether it can utilize taurine beneficially to
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proliferate (as is the case for leukemia cells), is the
tumor microenvironment (TME) and the influence
that taurine can have on it.

In the context of leukemogenesis, the recent study
by Sharma et al. (113) showed that taurine and its
transporter play a crucial role in the proliferation of
aggressive myeloid cancers. This is due to mTOR
upregulation and the subsequent increase in glyco-
lytic rate induced by taurine uptake in the TME. This
seems paradoxical because in other contexts, such as
autoimmunity, taurine corrects CD4+ abnormalities
by reducing mTORCI signaling. Furthermore, alt-
hough taurine has evident inhibitory activity against
breast cancer, a recent study showed that taurine also
plays a pro-proliferative role in this type of cancer
(16). As the researchers of this study concluded, it is
the cancer-promoting role of the taurine transporter,
Slc6ab, that leads to uncontrolled proliferation in the
TME by potentially exerting antioxidant capacity
that enables cancer cells to survive and proliferate.
In summary, taurine is the identical molecule that
may eradicate cancer and alleviate tumor-induced
side effects, such as muscle atrophy, by functioning
as an anti-inflammatory agent in the tumour micro-
environment; yet, due to its concurrent transporter
functions, taurine can also enhance cancer progres-
sion (114). Therefore, more studies on taurine dose
and availability dependence in cancer are needed to
elucidate these phenomena.

Taurine, the Warburg effect, and Autophagy.

In previous sections, it has been described how tau-
rine, potentially by balancing redox potential during
oxidative stress, can modulate autophagy, through
which cancer cells die by apoptosis, mainly through
Bcl-2 and scavenging of ROS (115). Relating tau-
rine’s physiological activities to the Warburg effect,
Otto Warburg described that cancer cells survive
even in the presence of oxygen by maximizing aero-
bic glycolysis, to produce ATP and metabolic inter-
mediates (116). This describes the Warburg effect.
However, during the Warburg effect, cancer cells
vastly and rapidly metabolize glucose to produce
lactate (an anaerobic glycolysis, lactic acid fermen-
tation process), which is a low-energy-producing
process, producing only two ATP molecules as com-
pared to aerobic respiration in mitochondria that pro-
duces up to 32 ATP molecules (117). Nevertheless,
due to the accelerated metabolism of glucose to lac-
tate, cancer cells rapidly gain the energy they require
to survive. In contrast, normal (non-malignant) cells
utilize ATP more efficiently through oxidative phos-
phorylation, which is typically carried out by mito-
chondria.

Subsequently, cancer cells produce excess lactate
and pyruvate via their glycolytic pathways (118).
However, as established, non-malignant cells
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influenced by cancer cells follow a similar glycolytic
pathway, producing lactate and pyruvate. The induc-
tion of the Warburg effect in non-malignant cells by
cancer cells has been termed the reverse Warburg ef-
fect (119,120). In both malignant and non-malignant
cells, the Warburg effect and the reverse Warburg
effect, respectively, involve oxidative stress and an
underlying mitochondrial dysfunction. Autophagy
can be induced under various conditions associated
with the Warburg effect, and it is particularly im-
portant for cancer cell survival and for protection
against worse outcomes in other non-malignant dis-
ease conditions (120).

In the recent study performed by Kurtz et al. (121),
that has reviewed several studies on taurine supple-
mentation and exercise, one of the most striking
findings is that taurine results in reduced lactate lev-
els in muscles and blood.

Furthermore, iron overload is one of the major com-
plications of p-thalassemia, resulting in ROS-
dependent apoptosis (ferroptosis) due to increased
oxidative stress (122). Concurrently increased lac-
tate levels (lactic acidosis) can modulate ferroptosis,
a process particularly important for cancer progres-
sion and survival (31). Therefore, therapeutic agents
that can modulate lactic acidosis are valuable for dis-
ease prevention and for avoiding further deteriora-
tion in iron overload.

Moreover, in a recent study, a case of a patient with
a P-thalassaemia trait was described who suffered
from an iron homeostasis imbalance after mRNA
COVID-19 vaccination (123). The patient had no
recorded malignancy during the time of investiga-
tion. Regular and chronic taurine supplementation in
this patient ameliorated iron overload, as evidenced
by a reduction in blood ferritin levels (hyperfer-
ritinemia), and helped prevent lactic acidosis, which
would further worsen the patient’s hematological
condition. The patient’s low a-ketoglutarate and
other TCA cycle metabolite levels relate to increased
production of ROS in mitochondria, which leads to
ferroptosis (31). Furthermore, in our previous exper-
imentations on cancer cells, as already mentioned, it
was found that taurine propagated autophagy by up-
regulating the JNK 1/2 pathway (12). The upregula-
tion of JNK signaling under oxidative stress (ROS
production) induces the autophagy-related proteins
(Atg) and Beclin-1 (124). These proteins were also
found to be upregulated by taurine during our cancer
experimentations (12). Moreover, the upregulation
of the Atg7 autophagic inducer protein is known to
inhibit the Warburg effect and control cancer growth
by maintaining autophagy (125).

Potentially, although further experimentation is
needed to demonstrate the effect of taurine in con-
trolling lactic acidosis, it is plausible that inhibition
of the Warburg or reverse Warburg effect may have
occurred in our patient’s case (123). The induction
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of the p53 tumor suppressor protein, as shown in our
cancer study with taurine (12), has recently been
found to suppress the Warburg effect (126). Interest-
ingly, the patient described in the case study (123)
also had elevated and long-lasting anti-p53 antibod-
ies in the blood. Finally, taurine is known to reduce
the expression of hypoxia-inducible factor 1o (HIF-
la) and other glycolytic enzymes, thereby reducing
lactate production, which may contribute to the inhi-
bition of the Warburg effect (127).

Conclusions

Taurine and its derivatives, NCT and NBrT, can
modulate autophagy by influencing the redox poten-
tial of the cellular environment during oxidative
stress. Several studies on thiol-disulfide exchange
regulation point to taurine being either an indirect or
a direct regulator. The increased oxidation of key
cysteine residues in proteins such as Keap-1 and Bcl-
2 may trigger the release of Nrf-2 and Beclin-1 from
their respective complexes, promoting the initiation
and propagation of autophagy. Moreover, taurine’s
influence on thiol-disulfide bridge balancing can
also regulate apoptosis. The known stabilization of
Bcl-2 and downregulation of PUMA by taurine in
non-malignant cells exert a potential protective ef-
fect on injured cells against further injury induced by
apoptosis. In contrast, taurine can downregulate Bcl-
2 and upregulate Bax and PUMA in malignant cells,
thereby driving cancer cells toward apoptosis via au-
tophagy. In malignant cells, taurine synergistically
contributes to the hyperactivation of the JNK1/2
pathway but does not appear to upregulate the p38
MAPK pathway. Meanwhile, the taurine derivative
NCT can upregulate the ERK 1/2 pathway, inducing
a potent apoptotic response across various cancer
cell types. Moreover, the hyper-activation of the
JNK 1/2 pathway in cancer cells by taurine can also
activate the ERK 1/2 pathway to induce apoptosis, a
process better characterized as autophagy-mediated
cell death (apoptosis).

Inherent genetic dysregulation in cancer cells, such
as SIC6A6 and AZGP1 gene expression, along with
autophagy defects found in LSCs, may explain tau-
rine’s anticancer effects. In some cases, taurine ap-
pears to fuel certain cancers, such as AML, primarily
through the SLC6AG6 transporter and upregulation of
glycolysis in the TME. Nevertheless, in other types
of cancer, such as nasopharyngeal carcinoma and
breast cancer, taurine inhibits tumor proliferation
and kills tumor cells by apoptosis and via autophagy-
mediated cell death. Finally, as the evidence pre-
sented suggests that taurine prevents lactic acidosis
in non-malignant conditions, and several other studies
report systemic reductions in lactate, further studies
could explore whether taurine’s anti-cancer efficacy
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is also attributable to inhibition of the Warburg effect
through regulation of autophagy-mediated cell death.
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