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Abstract
Only a few investigations, to our knowledge, have examined the bioenergetics of Tamoxifen (TMX) resistant individuals 
and reported altered mitochondrial activity and metabolic profile. The primary cause of TMX resistance is firmly suggested 
to be metabolic changes. Metabolic variations and hypoxia have also been linked in a bidirectional manner. Increased 
hypoxic levels correlate with early recurrence and proliferation and have a negative therapeutic impact on breast cancer (BC) 
patients. Hypoxia, carcinogenesis, and patient death are all correlated, resulting in more aggressive traits, a higher chance 
of metastasis, and TMX resistance. Consequently, we sought to investigate the possible role of the metabolic/hypoxial axis 
Long non-coding RNA (LncRNA) Taurine up-regulated 1 (TUG-1), Micro-RNA 186-5p (miR-186), Sirtuin-3 (SIRT3), 
Peroxisome Proliferator Activator Receptor alpha (PPAR-α), and Hypoxia-Inducible Factor-1 (HIF-1) in the development 
of TMX resistance in BC patients and to correlate this axis with tumor progression. Interestingly, this will be the first time 
to explore epigenetic regulation of this axis in BC.
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Abbreviations
AMPK  AMP-activated protein kinase
ATP  Adenosine tri-phosphate
BC  Breast cancer
ER  Estrogen receptor
FAO  Fatty acid oxidation
HER2  Human Epidermal growth factor Receptor-2
HIF-1  Hypoxia-Inducible Factor alpha
LncRNA  Long non-coding RNA

miR-186  Micro-RNA 186-5p
PPAR-α  Peroxisome Proliferator Activator Receptor 

alpha
ROS  Reactive oxygen species
SERM  Selective estrogen receptor modulator
SIRT3  Sirtuin-3
TMX  Tamoxifen
TUG-1  Taurine up-regulated 1

Tamoxifen treatment in breast cancer

Tamoxifen (TMX), a triphenylethylene derivative, was the 
predominant hormonal-based treatment for both adjuvant 
and metastatic BC. It is still one of the most effective treat-
ments for extending both recurrence-free and overall sur-
vival [1]. Among the several anticancer medications used 
today, TMX merits special consideration. TMX was first 
classified as an anti-estrogen, because it inhibits estrogen 
receptors in breast tissue, limiting the effects of estrogen. 
TMX, on the other hand, operates as an agonist for estrogen 
receptor (ER) in certain body locations such as the endo-
metrium, liver, and bone [2]; as a result, it was classed as a 
selective estrogen receptor modulator (SERM). This drug 
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has been widely used to treat BC and as a preventative treat-
ment in women at high risk of getting the condition [3].

ER-positive cases account for almost two-thirds of all BC 
cases. Because the receptor promotes mammary epithelial 
cell proliferation, it is an important target in anti-hormo-
nal cancer treatment. TMX, which has assisted millions of 
women since its discovery 50 years ago, is one of the most 
often recommended ER antagonists for first-line treatment. 
TMX is known to have direct and indirect impacts on cel-
lular lipid metabolism in addition to its primary anti-cancer 
actions. It has been demonstrated to lower blood choles-
terol levels and protect against cardiovascular disease [4, 5]. 
Table 1 clearly summarizes the main pros and cons of TMX.

Treatment with SERMs, particularly TMX, has reduced 
BC mortality by 25–30%. Approximately 30% of women 
treated with TMX face recurrence in the next decade due to 
the development of late resistance after continuous exposure 
to the medication, particularly in the metastatic situation 
[6]. It is suggested that BC cells can develop TMX resist-
ance by deregulation of several cellular pathways, depend-
ing on their genetic profile. Different mechanisms of TMX 
resistance in BC include alterations in ER, ER signaling cas-
cade, metabolic alterations, and mitochondrial bioenerget-
ics [7–9]. Several molecular processes, often involving the 
replacement of the pro-proliferative ER signaling by other 
signaling pathways like EGFR/HER2 or IGFR, have been 
hypothesized as the cause of TMX resistance. The partici-
pation of ER36, a structurally distinct isoform of ER that is 
enhanced in TMX-resistant cells, is suggested by other data. 
On the other hand, it has been proposed that breast tumors 
expressing low amounts of another ER isoform (ER) may 
be resistant to TMX therapy. Additionally, several research 
indicate that TMX-resistant cells have dysregulated micro-
RNA expression profiles.

Indeed, several micro-RNAs show direct modulation of 
the ER pathway (miR18a, miR-18b, miR-22, miR-193b, 
miR- 206, miR-221/222, miR-301a, and miR-302c), linking 
them with the acquisition of resistance to TMX treatment. 
Additionally, data proposing involvement of p130Cas/Src 
signaling as well as NFκB pathway in the resistance has 
been published [8]. Tamoxifen metabolism varies between 

individuals, which may affect therapeutic efficacy and the 
levels of metabolites in the serum [10]. Tamoxifen also 
downregulates hypoxia-regulated genes.

Association of metabolic/mitochondrial/
hypoxial axis with TMX function

Recently, incorporated mitochondrial bioenergetics and 
metabolic alterations are strongly introduced as one of the 
major factors of TMX resistance [8]. The biology of rap-
idly growing tumors often results in increasing metabolic 
demand, necessitating the utilization of a more effective 
energy source for continuous growth. New cancer studies 
demonstrate that mitochondrial respiration still plays a sub-
stantial role in carcinogenesis despite the fact that aerobic 
glycolysis has long been recognized as a crucial character-
istic of cancer cells [11]. For instance, various tumor cells 
including BC cells have been shown to rely on mitochondrial 
respiration [12]. Furthermore, mitochondrial metabolic path-
ways or activities, such as glucose metabolism, lipogenesis, 
amino acid metabolism, and nucleotide biosynthesis, are 
thought to contribute to tumor growth [13]. Mitochondria 
produce carcinogenic metabolites, which can change cancer 
cells' epigenetic states. Furthermore, mitochondria produce 
reactive oxygen species (ROS), which promote DNA altera-
tions and tumor growth [14]. Figure 1 shows a schematic 
diagram summarizing the mitochondrial metabolic function 
in BC tumor cells.

The function of the mitochondria can be directly impacted 
by TMX. It preferentially gathers in cellular membranes, and 
its accumulation within mitochondria affects vital processes 
like respiration, fatty acid oxidation (FAO), production and 
replication of mitochondrial DNA, and expression of mito-
chondrially encoded components of the electron transport 
chain. Figure 2 shows a schematic diagram summarizing 
the effect of TMX on mitochondrial/ metabolic function in 
BC tumor cells [15].

Knowing that one of the primary causes of TMX resist-
ance is metabolic dysregulations and hypoxia involvements 
[8], since it is still not entirely apparent, investigating the 
mechanism of TMX resistance in BC patients is crucial.

Additionally, there is a gap in the market for a trustworthy 
biomarker for TMX resistance in BC patients. It is proposed 
that the BC cells can acquire TMX resistance by dysregu-
lations of different cellular pathways, dependent on their 
individual molecular phenotypes.

Modifications to TMX’s direct targets as well as the 
activation of alternate signaling pathways are examples of 
resistance mechanisms. Differential gene expression and 
pathway analysis demonstrated that, depending upon the 
cell type, TMX resistance is not caused by a single com-
mon mechanism but instead includes a number of functional 

Table 1  Tamoxifen pros and cons

Tamoxifen pros Tamoxifen cons

Decreases recurrence 40% of patients eventually relapse
Reduces cell proliferation Development of recurrent tumors
Prevents the development of 

cancer
Resistance develops over time

Induces apoptosis
Reduces the risk of developing 

invasive breast cancer
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Fig. 1  Schematic diagram of mitochondrial metabolic function in breast cancer tumor cells

Fig. 2  Schematic diagram showing the effect of tamoxifen on mitochondrial/metabolic function in breast cancer tumor cells
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pathways. The activation of oncogenes, the inactivation of 
anti-oncogenes, changes in ER expression, changes in co-
regulatory proteins, and the involvement of growth factor 
signal pathways are only a few of the components that are 
connected to TMX resistance mechanisms. Figure 3 shows 
a schematic diagram summarizing mechanisms of TMX 
resistance in BC [16, 17].

Non-coding RNAs' capacity to regulate gene expression 
makes them potential targets or important regulators of the 
tumor TMX resistance. The activation or deregulation of 
several pathways involved in the emergence of TMX resist-
ance is frequently caused by the control of gene expression 
by micro-RNAs. Figure 4 shows a schematic diagram sum-
marizing the effect of different non-coding RNAs on TMX 
resistance [18].

Moreover, dysregulations in hypoxia-related genes can 
lead in turn to TMX resistance. The effect of different 
hypoxic genes on TMX resistance was previously illustrated 
in several trials. A clinical trial of 187 patients with BC 
found that overall response to TMX treatment decreased 
with increased tumor Hypoxia-Inducible Factor alpha 
(HIF-1) [19]. Furthermore, a previous study revealed that 
increased HIF-1 expression was associated with TMX resist-
ance [20].

HIF-1 can lead to BC resistance to endocrine drugs 
as TMX and cytotoxic drugs through upregulation of 
autophagy [21]. TMX also downregulates hypoxia‐regulated 

genes and increases vascularization in PDAC tissues [22]. 
When ERα+ BC cells were transduced with HIF-1, the can-
cer cells became much more resistant to TMX [23].

Accordingly, we chose this particular mitochondrial/
metabolic axis as a novel pathway to address TMX resist-
ance in BC patients from the epigenetic state to the protein 
state of cancer cells.

Taurine up‑regulated 1

Long non-coding RNA (LncRNA) has been shown to have a 
key role in the genesis, progression, and anti-estrogen resist-
ance in BC. Furthermore, a novel molecular categorization 
of BC has been proposed based on LncRNA expression, and 
nearly two-thirds of the LncRNAs expressed in BC were 
shown to be localized in enhancer areas [3].

Recent research has found that nuclear-encoded LncR-
NAs affect mitochondrial dynamics. LncRNAs can govern 
cell metabolism and cancer cell survival by influencing 
mitochondrial components such as complexes I–IV and 
other subunits such as ATPase on the mitochondrial inner 
membrane. In addition to gene transcription, LncRNAs can 
direct protein translation to affect cancer metabolism and 
mitochondrial function. So far, LncRNAs have been investi-
gated as possible cancer molecular biomarkers, contributors 
to treatment resistance and disease progression, and prospec-
tive therapeutic targets along the metabolic route [24].

Fig. 3  Schematic diagram summarizing mechanisms of tamoxifen resistance in breast cancer
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A 7,598-nucleotide LncRNA sequence known as Tau-
rine up-regulated 1 (TUG-1) was detected on chromosome 
22q12.2 during a genomic search of taurine-treated mouse 
retinal cells. TUG-1 is substantially associated with growing 
tumor size, advanced clinical stage, and distant metastasis. It 
has been shown that TUG-1 is elevated in BC [25]. Recent 
research suggests that TUG-1 regulates genes through a 
number of different methods, notably by acting as a micro-
RNA sponge [26, 27]. It was also poorly controlled in the 
carcinogenesis process as either an oncogene or a potential 
tumor inhibitor [28].

Targeting micro-RNAs, TUG-1 works as a competitive 
endogenous RNA to block their biological actions [29]. 
This leads to changes in the expression level of downstream 
target genes [30]. TUG-1 may alter gene expression by dis-
tinct mechanisms controlling different biological processes. 
These processes include but are not limited to the following 
[31];

1. Cell migration, invasion, differentiation, and death.
2. Resistance to drugs and radiation.
3. Angiogenesis
4. Mitochondrial bioenergetics.
5. Epithelial-mesenchymal transition.
6. The control of blood–tumor barrier permeability.

The curative effect of conventional carcinogenic drugs 
like TMX is established by TUG-1’s high tendency for their 
severe adverse effects. Inventive research that compared the 
plasma levels of TUG-1 in the two groups discovered that 
patients who were resistant to TMX had substantially greater 
TUG-1 levels than people who were TMX responsive [28]. 
TUG-1 downregulation can be used as a distinguishing fea-
ture of cancer therapy, because TMX medication was shown 
to reduce TUG-1 expression [32]. The results of recent stud-
ies supported the roles of TUG-1 in myocardial infarction, 
possibly through mitochondrial dysfunction and pyroptosis 
mediated by increased ROS generation [33].

Micro‑RNA 186‑5p

Several micro-RNAs with oncogenic potential have been 
discovered in BC. Oncogenic micro-RNAs demonstrate 
their oncogenic potential by increasing cell proliferation, 
cancer, and/or metastasis, as well as boosting angiogenesis 
[34]. Micro-RNAs are unregulated in cancer and can func-
tion as tumor suppressors, inhibiting tumor development, or 
as oncogenes (termed oncomiRs), which are overexpressed 
in cancer and promote tumor formation. Micro-RNAs have 
been proposed as crucial prognosticator indicators in BC, 

Fig. 4  Schematic diagram summarizing the effect of different non-coding RNAs on tamoxifen resistance
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and several current investigations are attempting to uncover 
micro-RNAs with the capacity to predict TMX response [3].

Overall, micro-RNA-based treatments have demonstrated 
significant therapeutic potential for cancer and infectious 
disorders. So far, various methods based on micro-RNA 
mimics or micro-RNA inhibitors have entered clinical trials. 
The human Saos-2 cell line was the site of the 2003 discov-
ery of Micro-RNA 186-5p (miR-186). It is crucial to under-
stand the mechanisms underlying the conflicting findings 
on miR-186's role in cancers, since doing so might delay the 
usage of this target for diagnostic and therapeutic purposes 
[35]. miR-186 reverses TMX resistance in BC by increas-
ing cell death and decreasing cell proliferation. It should 
be noted that glycolysis is adversely regulated in BC that is 
resistant to TMX by miR-186-mediated reduction of epireg-
ulin [36]. Through genomic and nongenomic/membrane-ini-
tiated pathways, estrogens and other ER ligands like TMX 
and endocrine disruptors control a variety of physiological 
consequences that change the cellular expression of micro-
RNAs. There have been reports of micro-RNA alterations 
in fish, mice, rats, and human BC cells in response to TMX; 
however, the precise processes underlying these reactions 
have received very little attention [37].

Moreover, miR‐186 may also affect the Hypoxia-Induc-
ible Factor alpha (HIF-1)-dependent lung structure main-
tenance program [38]. Micro-RNAs may play a key role in 
the development of tumors and the spread of cancer, accord-
ing to research showing their participation in the control of 
vital cellular homeostasis pathways. It is becoming more and 
more obvious that metabolic re-programming is important 
for tumor development and metastasis [39]. Strong evidence 
points to the crucial role that micro-RNAs play in energy 
metabolism, namely in the lipid and glucose metabolism as 
well as the production of amino acids. Additionally, micro-
RNAs have the ability to recognize and alter metabolic ele-
ments at the transcriptional level, which is crucial for both 
non-cancerous and cancerous cells [40]. Changes in mito-
chondrial micro-RNAs, a key regulator of mitochondrial 
functioning, have been discovered in several pathologies, 
including BC. Complex processes govern how mitochondrial 
micro-RNAs affect mitochondrial activity in cancer [41].

Sirtuin‑3

Sirtuins are mitochondrial proteins that regulate the func-
tion of several mitochondrial metabolic proteins. Sirtuin-3 
(SIRT3) specifically deacetylates and controls the activities 
of many proteins involved in mitochondrial biogenesis, ROS 
homeostasis, and metabolic pathways in mitochondria [42].

Previous research has shown that SIRT3 regulates the 
mitochondrial adenosine tri-phosphate (ATP) synthesis 
machinery via effects on the respiratory chain, implying 
that SIRT3 may be a critical mediator of energy required 

under a variety of stress circumstances. Essentially, SIRT3 
may govern ATP generation, at least in the heart and mus-
cle, via regulating AMP-activated protein kinase (AMPK), 
a sensor of cellular energy status. Once activated, AMPK 
promotes catabolic pathways, primarily through increasing 
oxidative metabolism and mitochondrial biogenesis to cre-
ate ATP, while suppressing anabolic pathways that entail 
ATP consumption [43]. Recently, SIRT3’s role as a mito-
chondrial localized tumor suppressor was identified. It is 
crucially demonstrated that SIRT3 overexpression is suffi-
cient to prevent HIF-1 stabilization under hypoxia and to 
suppress carcinogenesis, revealing a unique role for SIRT3 
in the upkeep and development of cancer [44]. SIRT3 is now 
identified as a human-related protein that regulates cellular 
energy metabolism at both the transcriptional (nucleus) and 
post-transcriptional (mitochondria) levels. SIRT3 appears 
to play a dual role in cancer cells, acting as both a tumor 
suppressor and a promoter. Indeed, it is downregulated in 
many malignancies, including prostate, hepatocellular, and 
breast carcinomas, but overexpressed in head and neck squa-
mous carcinoma, where it regulates ROS to a level capable 
of blocking apoptosis and ensuring an aggressive and pro-
liferative tumor phenotype [45]. SIRT3 might be considered 
as a potential target for overcoming TMX resistance in treat-
ment of breast cancer [46].

Peroxisome proliferator activator receptor alpha

Peroxisome proliferator-activated receptors’ proteins belong 
to superfamily of proteins termed nuclear hormone fac-
tors [47]. The family of Peroxisome Proliferator Activator 
Receptors is represented by the following three members: 
Peroxisome Proliferator Activator Receptor alpha (PPAR-α), 
Peroxisome Proliferator Activator Receptor -δ, and Peroxi-
some Proliferator Activator Receptor -γ. They play an essen-
tial role in energy metabolism; however, they differ in the 
spectrum of their activity [48].

It has been demonstrated that PPAR-α regulates glucose 
metabolism, lipoprotein metabolism, liver inflammation, 
amino acid metabolism, and hepatocyte proliferation. Syn-
thetic Peroxisome Proliferator Activator Receptor agonists 
reduce plasma triglycerides while increasing plasma high-
density lipoprotein levels, and are consequently used thera-
peutically to treat dyslipidemia [49].

Depending upon the type of ligand or tissue of origin, 
activation of PPAR-α either potentiates or attenuates tumor 
progression [50]. Extensive PPAR-α activation has been 
linked to tumor development progression in a variety of 
malignancies, including triple-negative BC. As a result, 
this route may be important in carcinogenesis, particularly 
in BC [51].

Peroxisome Proliferator Activator Receptor modula-
tors, which include agonists and antagonists, may provide a 
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unique technique for preventing and treating a variety of can-
cers. As a result, they are linked to cancer cell proliferation, 
differentiation, and death, lending credence to the antican-
cer potential of Peroxisome Proliferator Activator Receptor 
modulators. In terms of Peroxisome Proliferator Activator 
Receptor agonists, they play a vital role in the prevention of 
several malignancies, including BC [52]. PPAR-α agonists 
reduced hypoxia-induced HIF-1 expression and activity in 
cancer cells before hypoxia, and the addition of a PPAR-α 
antagonist lessened the suppression of HIF-1 signaling [53].

PPAR-α is highly expressed in metabolically active tis-
sues, such as liver, heart, skeletal muscle, intestinal mucosa, 
and brown adipose tissue [54]. In vivo and In vitro stud-
ies demonstrate that PPAR-α plays a central role in lipid 
and lipoprotein metabolism, and thereby decreases dyslipi-
demia associated with metabolic syndrome [55]. The tri-
carboxylic acid cycle and oxidative phosphorylation were 
two genes whose expression was lowered by overexpres-
sion of PPAR-α, which also caused mitochondria to become 
disorganized, modify their cristae density and architecture. 
These findings imply that altered mitochondrial structure 
and metabolic function are associated with aberrant PPAR-α 
expression [56].

Hypoxia‑inducible factor alpha

The major effector of the hypoxia pathway is Hypoxia-
Inducible Factor, a heterodimer protein consisting of a sta-
ble hypoxia-inducible factor-1β sub-unit along with HIF-
1, which undergoes ubiquitin-mediated degradation under 
normal oxygen levels. Upon stabilization, HIF-1 forms a 
complex with Hypoxia-inducible factor-1β, which along 
with cofactors like CBP and p300 activate the transcription 
of several genes involved in processes that are vital for the 
survival and spread of tumor cells to metastatic sites [57].

HIF-1 is the functional sub-unit that is degraded by pro-
teasomes under normoxia, which stabilizes and accumulates 
under hypoxia [58]. It has been shown that the activation 
of the hypoxia pathway is crucial for the development of 
angiogenesis, extracellular matrix remodeling, the forma-
tion of a pre-metastatic pool, invasion, and extravasation at 
the metastatic site in BC as well as other solid tumors. In 
addition to affecting the alternative splicing of pre-micro-
RNA transcripts, hypoxia has been shown to affect the tran-
scriptional activity of genes controlled by HIF-1. Numerous 
investigations revealed a connection between hypoxia and 
cancer development, metastasis, unsuccessful therapy, and 
patient death [59, 60].

The TMX resistance of hypoxic BC cells was demon-
strated, and TMX sensitivity was recovered by inhibiting 
HIF-1. Epithelial growth factor receptor, which is related to 
TMX resistance, was discovered to interact with HIF-1 to 
cause TMX resistance [20].

By increasing the expression of metabolic enzymes, 
HIF-1 modifies energy metabolism. As a result, it is 
thought to be the primary force behind metabolic adapta-
tion to hypoxia. These HIF1-dependent genes regulate how 
much glucose is used by cells and cut down on oxygen con-
sumption to lessen the need for oxygen during metabolism 
while keeping proper ATP levels. Additionally, by boosting 
mitophagy and reducing mitochondrial biogenesis, HIF-1 
can lower the bulk of the mitochondria. Therefore, at times 
of low oxygen supply, HIF1 plays a key role in regulating 
cellular metabolic strategy. It is interesting to note that cer-
tain HIF-1 hydroxylases can control metabolic processes 
through different ways [61].

Conclusion

Evidence is mounting that non-coding RNAs are essential 
for the epigenetic control of target genes. Consequently, they 
are considered potential therapeutic targets and diagnostic 
indicators in BC [62]. Indeed, a number of LncRNAs and 
micro-RNAs exhibit direct regulation of anomalies in mito-
chondria and metabolism [63]. Intriguingly, study on LncR-
NAs, micro-RNAs, and TMX resistance in BC has advanced 
recently, highlighting the novel function of LncRNAs and 
micro-RNAs in endocrine therapy in BC [64, 65]. In BC 
patients, it is critical to search for TMX resistance mecha-
nisms. Additionally, it is critical to look for a marker that 
can effectively manage BC patients who are TMX-resistant.

Examining the remarkable effects that TMX resistance 
has on BC patients is vital to comprehend, observe, and 
predict disease processes. The past 10 years have seen an 
increase in knowledge regarding the function of LncRNAs 
in cancer. Outstanding efforts have aided in the identifica-
tion of potent drugs and potential targets for the therapy of 
BC patients.

LncRNAs are good predictive markers for BC and also 
function as oncogenes and tumor suppressors [62]. The iden-
tification of TUG-1 as an important regulator of BC devel-
opment suggested that it might function as an indicator for 
the detection and management of BC [66]. Future studies on 
TUG-1 indexing mechanisms in cancer cells could lead to a 
variety of inventive medicinal strategies for the management 
of tumors. The focus of present and future studies must be 
on comprehending the fundamental molecular mechanisms 
of TUG-1 [31]. TUG-1 has also been discovered to be up-
regulated in cardiac cells that are oxygen-deprived [67].

Growing data demonstrated that micro-RNAs play critical 
roles in both the formation of tumors and the progression 
of malignancy, and that micro-RNA-based novel antican-
cer treatments are currently being developed [68]. Earlier 
research showed that miR-186 was increased in a number of 
cancers, where it increased cell growth and motility while 
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blocking a number of targets to prevent apoptosis [35]. 
Recent research suggests that SIRT3 is a novel factor in BC 
cells' TMX resilience [8]. SIRT3 promotes drug resistance 
in TMX-resistant BC cells [69].

In a similar vein, numerous Sirtuins have been shown to 
influence HIF-1 function; SIRT3 specifically destabilizes it. In 
several tumor forms, inhibiting the HIF-1 enzyme is a poten-
tial therapeutic target [70]. Hypoxia has been demonstrated to 
affect the response to TMX in numerous BC cell lines and to 
down-regulate ER in ER-positive BC patients [71].

To reduce fatalities and improve quality of life, research 
into early diagnostic markers is continuing, and non-invasive 
methods of forecasting TMX resistance are of critical impor-
tance. As a result, the objective of this study was to research 
and examine any potential contributions to TMX resistance 
in BC patients made by the novel mitochondrial and meta-
bolic axis TUG-1, miR-186, SIRT3, PPAR-α, and HIF-1. 
These various contributions and correlations are clearly 
summarized in Fig. 5. This could aid in a greater compre-
hension of the crucial function that altered mitochondrial 
and metabolic pathways play in TMX resistance.

As shown in Fig. 5, letter A shows all contributions 
between TMX and our axis as follows; inventive research 
that compared the plasma levels of TUG-1 in the two 
groups discovered that patients who were resistant to 
TMX had substantially greater TUG-1 levels than peo-
ple who were TMX responsive [28]. Thus, high TUG-1 

levels lead to TMX resistance in BC. Through genomic 
and nongenomic/membrane-initiated pathways, estrogens 
and other ER ligands like TMX and endocrine disrup-
tors control a variety of physiological consequences that 
change the cellular expression of micro-RNAs. There have 
been reports of miR-186 alterations in fish, mice, rats, and 
human BC cells in response to TMX [37]. SIRT3 might 
be considered as a potential target for overcoming TMX 
resistance in treatment of breast cancer [46]. Thus, low 
SIRT3 levels lead to TMX resistance in BC. Epithelial 
growth factor receptor, which is related to TMX resist-
ance, was discovered to interact with HIF-1 to cause TMX 
resistance [20]. Thus, high HIF-1 levels lead to TMX 
resistance in BC.

On the other hand, letter B shows all correlations between 
our axis components as follows;

Recently, studies showed TUG-1 to function as a sponge 
for miR-186 [72, 73]. SIRT3 overexpression is sufficient to 
prevent HIF-1 stabilization under hypoxia and to suppress 
carcinogenesis [44]. Earlier cancer studies indicated that 
miR-186 may target HIF-1 [74]. SIRT3 was a direct, posi-
tively regulated target of PPAR-α [75]. To sustain PPAR-α 
translation, HIF-1 may additionally collaborate with other 
hypoxia-modified transcriptional regulators [76].

Accordingly, future large-scale and experimental studies 
are required to unravel the molecular mechanism underlying 
the clinical actions of TMX in BC. Future studies should be 

Fig. 5  Possible contributions to TMX resistance by the novel mitochondrial metabolic axis
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aimed to identifying the role of TUG-1 and miR-186 within 
the confines of well-known tumor suppressor and metabolic 
pathways. Last but not least, physicians may start to use 
micro-RNAs and LncRNAs as new non-invasive biomarkers 
instead of traditional ones for early detection of BC.

Author contributions All authors have contributed to designing, writ-
ing, and revising the manuscript.

Funding Open access funding provided by The Science, Technology & 
Innovation Funding Authority (STDF) in cooperation with The Egyp-
tian Knowledge Bank (EKB). No funding was received to prepare this 
review.

Availability of data and materials All data are included in the 
manuscript.

Code availability Not applicable.

Declarations 

Conflict of interest The authors have no conflicts of interest to declare.

Ethical approval Not applicable.

Consent to participate Not applicable.

Consent for publication Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Clifford RE, et al. Does tamoxifen have a therapeutic role out-
side of breast cancer? A systematic review of the evidence. Surg 
Oncol. 2020;33:100–7.

 2. Escudero C, Rodríguez-Mozaz S, Ferrando-Climent L. Tamox-
ifen: occurrence, fate, transformation products, and non-conven-
tional treatment technologies. In: Fate and effects of anticancer 
drugs in the environment. Cham: Springer International Publish-
ing; 2020. p. 71–86.

 3. Rondón-Lagos M, et al. Tamoxifen resistance: emerging molec-
ular targets. Int J Mol Sci. 2016. https:// doi. org/ 10. 3390/ ijms1 
70813 57.

 4. Hultsch S, et al. Association of tamoxifen resistance and lipid 
reprogramming in breast cancer. BMC Cancer. 2018;18(1):850.

 5. Haque MM, Desai KV. Pathways to endocrine therapy resistance 
in breast cancer. Front Endocrinol (Lausanne). 2019;10:573.

 6. Clarke R, et al. Molecular and pharmacological aspects of antiestro-
gen resistance. J Steroid Biochem Mol Biol. 2001;76(1–5):71–84.

 7. Dorssers L, et al. Tamoxifen resistance in breast cancer. Drugs. 
2001;61:1721–33.

 8. Tomková V, et al. Mitochondrial fragmentation, elevated mito-
chondrial superoxide and respiratory supercomplexes disassem-
bly is connected with the tamoxifen-resistant phenotype of breast 
cancer cells. Free Radical Biol Med. 2019;143:510–21.

 9. Ring A, Dowsett M. Mechanisms of tamoxifen resistance. Endocr 
Relat Cancer. 2004;11(4):643–58.

 10. Cronin-Fenton DP, Damkier P, Lash TL. Metabolism and trans-
port of tamoxifen in relation to its effectiveness: new perspectives 
on an ongoing controversy. Future Oncol. 2014;10(1):107–22.

 11. Israelsen WJ, Vander Heiden MG. Pyruvate kinase: function, reg-
ulation and role in cancer. Semin Cell Devel Biol. 2015;43:43–51.

 12. LeBleu VS, et al. PGC-1α mediates mitochondrial biogenesis and 
oxidative phosphorylation in cancer cells to promote metastasis. 
Nat Cell Biol. 2014;16(10):992–1003.

 13. Ahn CS, Metallo CM. Mitochondria as biosynthetic factories for 
cancer proliferation. Cancer Metab. 2015;3(1):1.

 14. Sullivan LB, Gui DY, Vander Heiden MG. Altered metabolite lev-
els in cancer: implications for tumour biology and cancer therapy. 
Nat Rev Cancer. 2016;16(11):680–93.

 15. Fiorillo M, et al. Mitochondrial “power” drives tamoxifen resist-
ance: NQO1 and GCLC are new therapeutic targets in breast can-
cer. Oncotarget. 2015;8:20309–27.

 16. Wang X, Wang S. Identification of key genes involved in tamox-
ifen-resistant breast cancer using bioinformatics analysis. Transl 
Cancer Res. 2021;10(12):5246.

 17. Hultsch S, et al. Association of tamoxifen resistance and lipid 
reprogramming in breast cancer. BMC Cancer. 2018;18:1–14.

 18. Tian J-H, et al. The role of non-coding RNAs in breast cancer drug 
resistance. Front Oncol. 2021;11: 702082.

 19. Generali D, et al. Hypoxia-inducible factor-1α expression predicts 
a poor response to primary chemoendocrine therapy and disease-
free survival in primary human breast cancer. Clin Cancer Res. 
2006;12(15):4562–8.

 20. Jögi A, et al. Expression of HIF-1α is related to a poor prognosis 
and tamoxifen resistance in contralateral breast cancer. PLoS One. 
2019;14(12): e0226150.

 21. Cook KL, Shajahan AN, Clarke R. Autophagy and endo-
crine resistance in breast cancer. Expert Rev Anticancer Ther. 
2011;11(8):1283–94.

 22. Cortes E, et al. Tamoxifen mechanically reprograms the tumor 
microenvironment via HIF-1A and reduces cancer cell survival. 
EMBO Rep. 2019;20(1): e46557.

 23. Yang J, et al. Estrogen receptor-α directly regulates the hypoxia-
inducible factor 1 pathway associated with antiestrogen response 
in breast cancer. Proc Natl Acad Sci. 2015;112(49):15172–7.

 24. Lin W, et al. LncRNAs regulate metabolism in cancer. Int J Biol 
Sci. 2020;16:1194–206.

 25. Zeng B, et al. LncRNA TUG1 sponges miR-145 to promote cancer 
progression and regulate glutamine metabolism via Sirt3/GDH 
axis. Oncotarget. 2017;8(69):113650–61.

 26. Khalil AM, et al. Many human large intergenic noncoding RNAs 
associate with chromatin-modifying complexes and affect gene 
expression. Proc Natl Acad Sci USA. 2009;106(28):11667–72.

 27. Lin PC, et al. Long noncoding RNA TUG1 is downregulated in 
non-small cell lung cancer and can regulate CELF1 on binding to 
PRC2. BMC Cancer. 2016;16:583.

 28. Azzam HN, et al. Metabolic/hypoxial axis predicts tamoxifen 
resistance in breast cancer. Sci Rep. 2022;12(1):1–13.

 29. Tang T, et al. Long non-coding RNA TUG1 sponges miR-197 
to enhance cisplatin sensitivity in triple negative breast cancer. 
Biomed Pharmacother. 2018;107:338–46.

 30. Thomson DW, Dinger ME. Endogenous microRNA sponges: evi-
dence and controversy. Nat Rev Genet. 2016;17(5):272–83.

 31. Zhou H, Sun L, Wan F. Molecular mechanisms of TUG1 in the 
proliferation, apoptosis, migration and invasion of cancer cells. 
Oncol Lett. 2019;18(5):4393–402.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms17081357
https://doi.org/10.3390/ijms17081357


1886 H. N. Azzam et al.

1 3

 32. Dehghan MH, et al. Tamoxifen triggers apoptosis of papillary 
thyroid cancer cells by two different mechanisms. Gene Rep. 
2021;24: 101266.

 33. Wang Y-W, et al. HIF-1α-regulated lncRNA-TUG1 promotes 
mitochondrial dysfunction and pyroptosis by directly binding to 
FUS in myocardial infarction. Cell Death Discov. 2022;8(1):178.

 34. Tang J, Ahmad A, Sarkar FH. The role of microRNAs in 
breast cancer migration, invasion and metastasis. Int J Mol Sci. 
2012;13(10):13414–37.

 35. Xiang Y, et al. The dual role of miR-186 in cancers: oncomir battling 
with tumor suppressor miRNA. Front Oncol. 2020;10:233–233.

 36. Wang Z, Sha H-H, Li H-J. Functions and mechanisms of miR-186 
in human cancer. Biomed Pharmacother. 2019;119: 109428.

 37. Klinge CM. miRNAs regulated by estrogens, tamoxifen, and 
endocrine disruptors and their downstream gene targets. Mol Cell 
Endocrinol. 2015;418:273–97.

 38. Lin L, et al. MicroRNA-186 is associated with hypoxia-inducible 
factor-1α expression in chronic obstructive pulmonary disease. 
Mol Genet Genomic Med. 2019;7(3): e531.

 39. Tomasetti M, et al. MicroRNA in metabolic re-programming and 
their role in tumorigenesis. Int J Mol Sci. 2016;17(5):754.

 40. Alshahrani SH, et al. Metabolic reprogramming by miRNAs in the 
tumor microenvironment: focused on immunometabolism. Front 
Oncol. 2022. https:// doi. org/ 10. 3389/ fonc. 2022. 10421 96.

 41. Ortega MA, et al. The regulatory role of mitochondrial micro-
RNAs (MitomiRs) in breast cancer: translational implications 
present and future. Cancers (Basel). 2020;12(9):2443.

 42. Prati C, et al. Treatment with the arginase inhibitor Nw-hydroxy-
nor-L-arginine restores endothelial function in rat adjuvant-
induced arthritis. Arthritis Res Ther. 2012;14(3):R130.

 43. Huh J-E, et al. Sirtuin 3 (SIRT3) maintains bone homeostasis by 
regulating AMPK-PGC-1β axis in mice. Sci Rep. 2016;6:22511.

 44. Bell E, et al. SirT3 suppresses hypoxia inducible factor 1α and 
tumor growth by inhibiting mitochondrial ROS production. Onco-
gene. 2011;30(26):2986–96.

 45. Mautone N, et al. Sirtuin modulators: where are we now? A 
review of patents from 2015 to 2019. Expert Opin Ther Pat. 
2020;30(6):389–407.

 46. Zhang L, et al. Identification of Sirtuin 3, a mitochondrial protein 
deacetylase, as a new contributor to tamoxifen resistance in breast 
cancer cells. Biochem Pharmacol. 2013;86(6):726–33.

 47. Oliveira AC, et al. Antinociceptive and antiedematogenic activities 
of fenofibrate, an agonist of PPAR alpha, and pioglitazone, an ago-
nist of PPAR gamma. Eur J Pharmacol. 2007;561(1–3):194–201.

 48. Evans RM, Barish GD, Wang YX. PPARs and the complex jour-
ney to obesity. Nat Med. 2004;10(4):355–61.

 49. Kersten S, Desvergne B, Wahli W. Roles of PPARs in health and 
disease. Nature. 2000;405(6785):421–4.

 50. Gao J, et al. PPARα regulates tumor progression, foe or friend? 
Eur J Pharmacol. 2015;765:560–4.

 51. Suchanek KM, et al. Peroxisome proliferator-activated receptor 
alpha in the human breast cancer cell lines MCF-7 and MDA-
MB-231. Mol Carcinog. 2002;34(4):165–71.

 52. Tan Y, et al. PPAR-α modulators as current and potential cancer 
treatments. Front Oncol. 2021;11: 599995.

 53. Zhou J, et al. Activation of peroxisome proliferator-activated recep-
tor α (PPARα) suppresses hypoxia-inducible factor-1α (HIF-1α) 
signaling in cancer cells. J Biol Chem. 2012;287(42):35161–9.

 54. Grygiel-Górniak B. Peroxisome proliferator-activated receptors 
and their ligands: nutritional and clinical implications-a review. 
Nutr J. 2014;13:1–10.

 55. Tyagi S, et al. The peroxisome proliferator-activated receptor: A 
family of nuclear receptors role in various diseases. J Adv Pharm 
Technol Res. 2011;2(4):236.

 56. Lee T-W, et al. PPARs modulate cardiac metabolism and mito-
chondrial function in diabetes. J Biomed Sci. 2017;24(1):1–9.

 57. Pant D, et al. Hypoxia-induced changes in intragenic DNA methyl-
ation correlate with alternative splicing in breast cancer. J Biosci. 
2020. https:// doi. org/ 10. 1007/ s12038- 019- 9977-0.

 58. Tang HW, et al. In vivo longitudinal and multimodal imaging of 
hypoxia-inducible factor 1α and angiogenesis in breast cancer. 
Chin Med J (Engl). 2020;133(2):205–11.

 59. Rankin EB, Nam JM, Giaccia AJ. Hypoxia: signaling the meta-
static cascade. Trends Cancer. 2016;2(6):295–304.

 60. Semenza GL. 2016 The hypoxic tumor microenvironment: a driv-
ing force for breast cancer progression. Biochim et Biophys Acta 
(BBA) Mol Cell Res. 1863;3:382–91.

 61. Taylor CT, Scholz CC. The effect of HIF on metabolism and 
immunity. Nat Rev Nephrol. 2022;18(9):573–87.

 62. Yousefi H, et al. Long noncoding RNAs and exosomal lncRNAs: 
classification, and mechanisms in breast cancer metastasis and 
drug resistance. Oncogene. 2020;39:953–74.

 63. Lekka E, Hall J. Noncoding RNAs in disease. FEBS Lett. 
2018;592(17):2884–900.

 64. Lei B, et al. Long non-coding RNA MVIH is associated with 
poor prognosis and malignant biological behavior in breast cancer. 
Tumour Biol. 2016;37(4):5257–64.

 65. Li X, et al. Long non-coding RNA UCA1 enhances tamoxifen 
resistance in breast cancer cells through a miR-18a-HIF1α feed-
back regulatory loop. Tumour Biol. 2016;37(11):14733–43.

 66. Li T, et al. Long non-coding RNA TUG1 promotes cell prolif-
eration and metastasis in human breast cancer. Breast Cancer. 
2017;24(4):535–43.

 67. Wu Z, et al. LncRNA TUG1 serves an important role in hypoxia-
induced myocardial cell injury by regulating the miR-145-5p-
Binp3 axis. Mol Med Rep. 2018;17(2):2422–30.

 68. Mishra S, Yadav T, Rani V. Exploring miRNA based approaches 
in cancer diagnostics and therapeutics. Crit Rev Oncol Hematol. 
2016;98:12–23.

 69. Zahedipour F, Jamialahmadi K, Karimi G. The role of noncoding 
RNAs and sirtuins in cancer drug resistance. Eur J Pharmacol. 
2020;877: 173094.

 70. Gaál Z, Csernoch L. Impact of sirtuin enzymes on the altered 
metabolic phenotype of malignantly transformed cells. Front 
Oncol. 2020;10:45–45.

 71. Kronblad A, et al. ERK1/2 inhibition increases antiestrogen treat-
ment efficacy by interfering with hypoxia-induced downregulation 
of ER??: a combination therapy potentially targeting hypoxic and 
dormant tumor cells. Oncogene. 2005;24:6835–41.

 72. Che X, Qian Y, Li D. Suppression of disheveled-axin domain 
containing 1 (DIXDC1) by microRNA-186 inhibits the prolif-
eration and invasion of retinoblastoma cells. J Mol Neurosci. 
2018;64(2):252–61.

 73. Sun WJ, Zhang YN, Xue P. miR-186 inhibits proliferation, migra-
tion, and epithelial-mesenchymal transition in breast cancer cells 
by targeting Twist1. J Cell Biochem. 2018;120:10001.

 74. Liu L, et al. MiR-186 inhibited aerobic glycolysis in gastric cancer 
via HIF-1α regulation. Oncogenesis. 2016;5(5): e224.

 75. Zong X, et al. SIRT3 is a downstream target of PPAR-α implicated 
in high glucose-induced cardiomyocyte injury in AC16 cells. Exp 
Ther Med. 2020;20(2):1261–8.

 76. Taylor CT, et al. Phosphorylation-dependent targeting of cAMP 
response element binding protein to the ubiquitin/proteasome 
pathway in hypoxia. Proc Natl Acad Sci. 2000;97(22):12091.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.3389/fonc.2022.1042196
https://doi.org/10.1007/s12038-019-9977-0

	The role of mitochondrialmetabolic axis in development of tamoxifen resistance in breast cancer
	Abstract
	Tamoxifen treatment in breast cancer
	Association of metabolicmitochondrialhypoxial axis with TMX function
	Taurine up-regulated 1
	Micro-RNA 186-5p
	Sirtuin-3
	Peroxisome proliferator activator receptor alpha
	Hypoxia-inducible factor alpha

	Conclusion
	References




