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Abstract: Hepatocellular carcinoma (HCC), the predominant form of primary liver cancer,
remains a global health challenge with limited therapeutic options and high mortality
rates. Despite advances in understanding its molecular pathogenesis, the role of metabolic
reprogramming in HCC progression and therapy resistance demands further exploration.
Nicotinamide N-methyltransferase (NNMT), a metabolic enzyme central to NAD+ and
methionine cycles, has emerged as a critical regulator of tumorigenesis across cancers.
However, its tissue-specific mechanisms in HCC—particularly in the context of viral hep-
atitis and methionine cycle dependency—remain understudied. This review systematically
synthesizes current evidence on NNMT’s dual role in HCC: (1) driving NAD+ depletion
and homocysteine (Hcy) accumulation via metabolic dysregulation, (2) promoting malig-
nant phenotypes (proliferation, invasion, metastasis, and drug resistance), and (3) serving
as a prognostic biomarker and therapeutic target. We highlight how NNMT intersects
with epigenetic modifications, immune evasion, and metabolic vulnerabilities unique to
HCC. Additionally, we critically evaluate NNMT inhibitors, RNA-based therapies, and
non-pharmacological strategies (e.g., exercise) as novel interventions. By bridging gaps
between NNMT’s molecular mechanisms and clinical relevance, this review provides a
roadmap for advancing NNMT-targeted therapies and underscores the urgency of address-
ing challenges in biomarker validation, inhibitor specificity, and translational efficacy. Our
work positions NNMT not only as a metabolic linchpin in HCC but also as a promising
candidate for precision oncology.
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1. Introduction
Primary liver cancer (PLC) ranks as the sixth most prevalent type of cancer globally

and the third major contributor to cancer-related mortality [1]. PLC primarily consists
of three types: intrahepatic cholangiocarcinoma (ICC), hepatocellular carcinoma (HCC),
and combined hepatocellular-cholangiocarcinoma (cHCC-CCA). HCC constitutes approxi-
mately 90% of primary liver cancer cases [2], exhibiting both high incidence and mortality
rates [3]. Growing evidence suggests that early stages of HCC development and its precur-
sor lesions share common features regulated by genetic and epigenetic mechanisms [4,5].
Additionally, alterations in various methylation processes have been observed in liver
diseases, including an increase in nicotinamide methylation in cirrhosis patients [6–9].
Therefore, gaining a comprehensive insight into the etiology of liver cancer and pinpointing
viable therapeutic targets are crucial steps in improving the survival rates and overall
well-being of patients suffering from this disease.
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Emerging evidence highlights the dual role of Nicotinamide N-methyltransferase
(NNMT) across solid tumors, with both conserved and tissue-specific mechanisms. In
breast cancer, NNMT stabilizes SIRT1 to drive chemoresistance [10], while, in pancreatic
cancer, it paradoxically suppresses tumorigenesis by altering oncometabolite profiles [11].
Notably, NNMT’s impact on NAD+ depletion and methionine cycle dysregulation is a
shared hallmark in cancers such as HCC and ovarian tumors [12]; yet, its functional
outcomes diverge depending on cellular context. For instance, NNMT promotes immune
evasion in HCC through H3K27me3-mediated CD44 upregulation, whereas, in melanoma,
it primarily induces chemoresistance via epigenetic silencing [13]. These comparisons
underscore the need to dissect NNMT’s role through both pan-cancer and tissue-specific
lenses, particularly in liver cancer where viral hepatitis and unique methionine cycle
dependencies amplify its pro-tumorigenic effects.

Elevated NNMT levels have been observed in various liver cancers, and this up-
regulation is linked to cancer growth and progression [14–16]. NNMT, a key metabolic
enzyme, regulates the levels of S-adenosyl-L-homocysteine (SAH), N1-methylnicotinamide
(MNAM), S-adenosyl-L-methionine (SAM), and nicotinamide (NAM) in liver cancer cells.
It plays a crucial role in NAD+-mediated signaling pathways and homocysteine (Hcy)
metabolism by utilizing NAM, a precursor to NAD+, and producing SAH, which is a
precursor to Hcy [17,18]. NNMT dysregulation is implicated in multiple pathological condi-
tions. In breast cancer, a high NNMT expression correlates with poor survival and adverse
chemotherapy responses [10]. In pancreatic cancer, it modulates the metabolome to sup-
press malignant behaviors and tumorigenesis [11]. NNMT inhibition improves metabolic
parameters, including energy expenditure, fat accumulation, insulin sensitivity, glucose
tolerance, and fasting glucose [19]. In neurodegenerative diseases, NNMT dysregulation
drives pathogenesis via NAD+ depletion and metabolic disruption [20]. Although the spe-
cific mechanisms by which NNMT influences liver cancer progression and its potential as a
therapeutic target remain poorly understood, accumulating evidence suggests that NNMT
plays significant roles in diagnosis, treatment, and prognosis. This review delves into the
regulatory mechanisms governing NNMT expression in liver cancer and its association
with malignant behaviors.

2. Metabolic Pathways Linking NNMT to Liver Cancer
As depicted in Figure 1, NNMT catalyzes the methylation of NAM by transferring

a methyl group from SAM, leading to the production of MNAM and SAH. As a pivotal
methyl donor, SAM initiates a multitude of methylation reactions across the nuclear and
cytoplasmic compartments. Notably, somatic mutations in the substrate-binding domain
(e.g., R17C) have been shown to reduce NNMT methyltransferase activity by 40–60% [21],
directly impairing SAM-to-SAH conversion efficiency. This mutational disruption creates
a self-reinforcing loop: a diminished enzymatic capacity exacerbates SAM accumulation
while reducing SAH-mediated feedback inhibition, ultimately driving DNA hypomethy-
lation [22]. The modulation of NAM, SAH, SAM, and MNAM by NNMT undergoes
fluctuating alterations, which are contingent upon the activities of other enzymes within
distinct cellular contexts. Recent research suggests that the generation of MNAM is solely
reliant on the action of NNMT, whereas the formation and utilization of SAM and NAM
are influenced by the collaborative effects of NNMT and an array of other enzymes. Under
normal conditions in liver tissue, the equilibrium concentrations of SAH, NAD+, SAM,
and NAM not significantly influenced by the activity of NNMT. Conversely, in individuals
with liver cancer, the diminished functionality of glycine N-methyltransferase (GNMT) in-
creases the dependency on NNMT for SAM synthesis, given that GNMT is the predominant
enzyme accountable for the consumption of SAM [23]. This dependency is amplified in tu-
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mors harboring NNMT mutations. TCGA-LIHC data reveal that 4.2% of HCC cases exhibit
NNMT genetic alterations, predominantly deep deletions and missense mutations [21].
Structural modeling indicates these mutations destabilize the enzyme’s catalytic pocket,
reducing the SAM binding affinity by 3.8-fold. In this pathological state, the disruption of
the methyl donor balance, along with the dysregulation of NNMT, SAM, SAH, MNAM,
and NAM, may lead to abnormalities in the regulation of NNMT’s metabolic pathways,
potentially linking these changes to the pathogenesis of liver cancer. The metabolic function
of NNMT is believed to diminish the levels of NAM, an essential precursor for the produc-
tion of NAD+, and, concurrently, leads to the formation of SAH, a pivotal compound in the
pathway for Hcy synthesis, as illustrated in Figure 1. Mutant NNMT proteins exacerbate
this metabolic crisis: R17C variants show a 62% reduced NAD+ salvage capacity compared
to the wild-type ones (p = 0.003) while increasing Hcy production by 1.9-fold [21]. As a
result, NNMT can downregulate NAD+ levels and upregulate Hcy levels. A significant
body of research indicates that the depletion of NAD+ levels and the concurrent rise in Hcy
play pivotal roles in the progression of hepatocellular carcinoma [19,24]. This subsequent
section will delve into the metabolic regulatory functions of NNMT within the context of
liver cancer.
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Figure 1. Physiological functions of NNMT and its metabolic pathways. L-try, L-tryptophan;
NA, Nicotinic acid; NAD+, Oxidized form of nicotinamide adenine dinucleotide; 4 py, 4-Pyridinone;
2 py, 2-Pyridinone; AOX, Aldehyde oxidase; NAM, Nicotinamide; SAHase, S-adenosyl-L-
homocysteine hydrolase; SAM, S-adenosyl-methionine; SAH, S-adenosyl-L-homocysteine; Hcy, Ho-
mocysteine; NNMT, Nicotinamide n-methyltransferase; MNAM, N1-Methylnicotinamide; NAD+

glycohydrolases, Enzymes like CD73; CD38; CD157 and SARM1, Sterile Alpha and TIR motif-
containing protein 1; NAMPT, Nicotinamide Phosphoribosyltransferase; TCA cycle, Tricarboxylic
Acid Cycle; Sirtuins, A family of NAD+-dependent proteins; PARPs, Poly(ADP-ribose) polymerases;
NADH, Reduced form of nicotinamide adenine dinucleotide.

2.1. NAD+ Cycle

NAD+ is an essential coenzyme integral to cellular energy metabolism, playing key
roles in maintaining cellular homeostasis, facilitating DNA repair, mediating redox re-
actions, and regulating epigenetic signaling pathways. NAD+, nicotinamide adenine
dinucleotide in its oxidized state, is crucial for a variety of enzymatic reactions critical to
energy metabolism, including glycolysis, oxidative phosphorylation, the citric acid cycle,
and the beta-oxidation of fatty acids [25]. Indeed, the NAD+ content can also be modulated
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by the extracellular conversion of nicotinamide mononucleotide (NMN) and nicotinamide
riboside (NR) by CD73 [26]. Reduced levels of NAD+ are seen as a key factor in the
NNMT-driven progression of liver cancer. As depicted in Figure 1, NAD+ biosynthesis
occurs via three principal routes: the salvage pathway, the Preiss–Handler mechanism, and
the de novo synthesis. The salvage pathway is the predominant route, contributing over
85% of total NAD+ synthesis [27–30]. In contrast to the Preiss–Handler mechanism and the
de novo synthesis, which depend on substrates like nicotinic acid (NA) and tryptophan
(L-try), the salvage pathway is pivotal in the biosynthesis of NAD+, predominantly using
NAM as the core substrate [31]. Nonetheless, NNMT facilitates the methylation reaction of
NAM, yielding MNAM as a product. This compound is either excreted through urine or
metabolized further by aldehyde oxidase (AOX), resulting in the formation of 4-pyridone
(4 py) and 2-pyridone (2 py). Irrespective of the mode of excretion, NNMT’s conversion
of NAM into MNAM impedes NAM’s recycling in the NAD+ salvage pathway, directly
affecting NAD+ production and leading to its depletion. NAD+ plays a regulatory role
in a multitude of pivotal enzymes, encompassing NAD+-glycohydrolases like CD38 and
CD157, sirtuins, and poly(ADP-ribose) polymerases (PARPs). These enzymes are integral
to the dynamics of cancer progression, as depicted in Figure 1. Additionally, NAD+ is
essential for the deacetylase activity of PARP proteins in DNA damage and repair, as
well as for ADP-ribosylation reactions. Certain NAD+ hydrolases reduce NAD+ levels by
transforming it into cyclic ADP-ribose or ADP-ribose. For example, CD38, in particular,
has a profound effect on the functioning of the immune system. Given that NAD+ is not
readily available from dietary intake, the significance of its biosynthetic pathways cannot
be overstated. This underscores the significance of NAD+ in various pathological and
physiological processes, highlighting the critical role of NAD+ regulation in liver cancer
research and overall human health [32].

2.1.1. Association of Reduced NAD+ Levels with Liver Cancer

NAD+ serves as an essential cofactor in the metabolic process of transforming carbohy-
drates into lipids and the oxidation of energy substrates [33], occupying a pivotal position
in metabolic pathways. A reduction in NAD+ levels could represent a key underlying
mechanism through which NNMT facilitates the progression of liver cancer, substantially
elevating the risk of oncogenesis.

Abundant studies have demonstrated that genetically deleting NNMT leads to a sub-
stantial elevation of intracellular NAD+ concentrations within adipose cells in mice [34].
Jin et al. [35] demonstrated that the NAD+-dependent deacetylase SIRT3 is capable of
removing acetyl groups from lysine residues. It is expressed at low levels in liver cancer
and is considered a tumor suppressor in liver cancer. Consistent with these findings, the
targeted deletion of NNMT in cancer-associated fibroblasts (CAFs) has been observed
to boost NAD+ concentrations [36]. Preserving the homeostasis of intracellular NAD+ is
essential, as it is regulated by the balance of NAD+ to NADH, which can theoretically be
interconverted without being consumed [37]. Consequently, the intracellular amounts of
NAD+ and NADH should ideally remain balanced. However, in reality, the concentration
of NAD+ is 600 to 1100 times higher than that of NADH [38], a significant disparity due to
NAD+’s involvement in numerous non-redox biological pathways, encompassing DNA
repair, cellular communication, protein post-translational modifications, mitochondrial
function control, inflammation response, aging, and apoptosis [25]. In these non-redox
mechanisms, NAD+ serves as a key substrate for various enzymes, including sirtuins,
PARPs, and cADPR synthetase, the latter being part of the ADP-ribosyl cyclase family.
Such enzymes utilize NAD+ as a donor of ADP-ribose, simultaneously producing NAM as
a byproduct throughout these metabolic processes. Chen et al. [39] showed that inhibiting
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6-phosphogluconate dehydrogenase (6 PGD) triggers the activation of AMP-activated
protein kinase (AMPK) and acetyl-CoA carboxylase 1 (ACC1). This activation results in
a decrease in the NADPH/NAD+ and NADH ratios within HCC, consequently dimin-
ishing SIRT1 function and inducing oxidative stress. In contrast, the absence of AMPK
substantially reversed the impact of physcion, a selective 6 PGD inhibitor, on lowering the
NADPH/NAD+ ratio and curbing proliferation and viability, thereby validating AMPK’s
role as an upstream activator in the inhibition of 6 PGD within HCC cells. Elevated levels
of NNMT expression deplete NAD+ reserves and interfere with the normal regulation of
glucose metabolism [40]. Glucose metabolism provides vital carbon sources and energy
for the body, with the majority of human energy needs being derived from glucose. Inter-
mediate metabolites of glucose metabolism, such as 6-phosphoglucose, dihydroxyacetone
phosphate, pyruvate, acetyl-CoA, and oxaloacetate, act as carbon sources for the production
of amino acids, nucleotides, fatty acids, and steroids, all of which are crucial for DNA
demethylation processes. Thus, the decline in NAD+ levels constitutes a key mechanism
through which NNMT impacts liver cancer cell proliferation and properties, consequently
affecting the viability of healthy hepatic cells.

2.1.2. Possible Mechanisms Linking NAD+ Cycle to Liver Cancer

It is well-established that cancer cells modify their metabolic processes to support
rapid cell division and survive in unfavorable conditions such as hypoxia and nutrient
scarcity [41]. Cancer cells, in contrast to their normal counterparts, display elevated ratios
of oxidized nicotinamide adenine dinucleotide phosphate (NADP+) to NADPH, as well
as NAD+ to NADH, emphasizing the pivotal role of NAD+ in the metabolic shift that
defines cancer metabolism [42]. Tumor cells often adapt to stressful environments and
achieve unlimited proliferation through metabolic reprogramming, a characteristic that
holds potential for non-invasive cancer diagnosis [43,44]. There are significant differences in
energy acquisition between tumor cells and normal cells. While normal cells predominantly
rely on oxidative phosphorylation (OXPHOS) for energy production, cancer cells often
prefer glycolysis as their primary energy source, even when ample oxygen is available, a
metabolic adaptation referred to as the “Warburg effect” (Figure 2) [45].
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NAD+, Oxidized form of nicotinamide adenine dinucleotide; NADH, Reduced form of nicotinamide
adenine dinucleotide; NADP+, Nicotinamide Adenine Dinucleotide Phosphate; NADPH, Nicotinamide
Adenine Dinucleotide Phosphate; OXPHOS, Oxidative Phosphorylation; ATP, Adenosine Triphosphate.

The Warburg effect [46] delineates the preferred metabolic route of cancer cells, fa-
voring glycolysis over OXPHOS, even in the presence of abundant oxygen. Cancer cells
predominantly utilize glucose for energy production and are reliant on NAD+ to catalyze
essential metabolic processes [25]. Additionally, several mechanisms promote the develop-
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ment of liver cancer, including genetic mutations, pathway activation, and somatic DNA
alterations in liver cancer cells, such as mutations in the TP53 [47], TERT promoter [48],
and genes involved in WNT signaling [49]. These changes affect critical cellular func-
tions such as the control of cell division, differentiation, and apoptosis. Immune evasion
also plays a central role in liver cancer progression. Metabolic reprogramming within
the tumor microenvironment (TME) meets the energy demands of both cancer cells and
the immune components of the tumor, thereby driving disease progression. Tumor cells
promote rapid proliferation by upregulating glycolysis, gluconeogenesis, and β-oxidation,
resulting in a glucose-deficient but lactate-rich environment that alters immune responses
in the liver, enabling immune evasion by tumor cells [50]. Consequently, neoplastic cells
markedly enhance their glucose intake to support their unchecked growth and prolifera-
tion [51,52]. For the maintenance of elevated glycolytic rates, it is crucial that we increase
NAD+ levels, considering its critical function in key metabolic processes. For instance,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) catalyzes the transformation of
glyceraldehyde-3-phosphate into lactate. Although OXPHOS generates ATP more ef-
ficiently (producing 36 ATP molecules per mole of glucose), cancer cells tend to favor
glycolysis due to their higher ATP demand, producing only two ATP molecules per mole of
glucose [53]. The swift generation of energy grants hepatic cancer cells a competitive edge
in environments where nutrients are scarce, enabling them to proliferate more rapidly than
the surrounding stromal cells. Furthermore, the lactate generated through glycolysis leads
to the acidification of the tumor microenvironment, a condition that fosters the invasiveness
of cancer cells and dampens immune responses against the tumor.

NAM, acting as a precursor for NAD+, potently inhibits sirtuin enzymes. NNMT
regulates the synthesis of NAD+ through the metabolic conversion of NAM. Empirical
evidence indicates that NNMT has the ability to enhance the expression and activation of
sirtuins [54]. Pioneering research by Estep et al. [55] initially revealed the link between
NNMT and the sirtuin family, influencing both their expression and functionality. They
observed increased levels of NNMT and Sirt1 expression following caloric restriction in
mice. Further studies [56] have indicated that the activation of Sirt1 promotes gluconeogen-
esis, inhibits cholesterol synthesis, and suppresses lipogenesis, implying that NNMT could
be pivotal in modulating these metabolic pathways through the stabilization of the Sirt1
protein [57]. B et al. [58] demonstrated that SIRT1 and SIRT3 are essential for enhancing
mitochondrial performance under conditions of glucose scarcity. This enhancement is
mediated through the activation of the AMPK-p53-PGC1α signaling axis in HCC cells.
This highlights the metabolic role of SIRT1 in HCC pathogenesis and suggests its potential
relevance for future liver cancer treatments. Conversely, the addition of NAD+ precur-
sors, including NA or NAM, may counteract these metabolic alterations, facilitating the
re-establishment of cellular homeostasis. Additionally, Zhang et al. [59] investigated SIRT6
levels across a range of HCC cell lines, delving into its influence on cellular expansion
and programmed cell death. By transfecting Huh-7 cells with plasmids for SIRT6 overex-
pression and small interfering RNA (siRNA) for silencing SIRT6, they found that SIRT6
overexpression increased Huh-7 cell proliferation. This effect was accompanied by the
upregulation of Bcl-2, an anti-apoptotic protein, and the enhanced phosphorylation of
the extracellular signal-regulated kinase (ERK). At the same time, SIRT6 overexpression
reduced the levels of cleaved caspase-3, a key enzyme in the apoptosis execution phase,
and Bax, a key pro-apoptotic protein from the Bcl-2 protein family. The results suggest
that SIRT6 regulates ERK1/2 signaling to influence HCC cell proliferation and apoptosis,
thereby altering the activation state of endogenous apoptosis pathways. Although SIRT6 is
considered a promising target for HCC therapy, its exact mechanisms of action still require
further investigation.
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PARP is a DNA repair enzyme predominantly located in the nucleus of various cell
types. This enzyme catalyzes the conjugation of ADP-ribose from the cofactor NAD+ to
specific protein targets. NAD+ is the sole substrate for PARPs, and the reaction produces
poly(ADP-ribose) (PAR) chains along with NAM [54]. PARP1, the most studied and
prominent member, is instrumental in the repair of single-strand DNA breaks (SSBs) and is
commonly hailed as the custodian of DNA integrity. When DNA is damaged, PARP1 is
activated, and, in the presence of genotoxic stress, the excessive activation of PARP1 leads
to a significant depletion of ATP and NAD+. This depletion negatively impacts the activity
of sirtuins and cellular stability, potentially leading to cell death [60]. Beyond its role in
DNA repair, PARP1 is implicated in a multitude of cellular activities, such as the promotion
of cell growth, modulation of cell cycle progression, control of gene expression, mediation
of inflammatory responses, and orchestration of cellular destiny. The cellular activation of
PARP1 can be triggered by DNA damage or elevated NAD+ levels. The enzyme’s function
as a promoter or suppressor of tumorigenesis is contingent upon the degree of its activation.
In instances of extensive DNA damage, PARP1 generally facilitates apoptosis by initiating
p53-mediated pathways [61]. Notably, knockdown of the PARP1 results in elevated NAD+

levels, while knockdown of the PARP2 enhances SIRT1 expression through binding to
and inhibiting the SIRT1 promoter [62]. In cancer cells, the excessive activation of PARPs
significantly increases the catabolism of NAD+, resulting in a concomitant rise in NAM
levels and a reduction in NAD+ concentrations, which may markedly reduce the deacetylase
activity of SIRT1 [63]. During DNA repair, ADP-ribose units are polymerized at DNA
breaks into nucleoproteins, including histones and transcription factors. Maintaining an
appropriate level of NAM is crucial for preventing PARP degradation, thereby supporting
the DNA repair process [64]. NNMT is crucial for the efficient conversion of NAM back
into NAD+ within the recycling process. Research has underscored the pivotal function of
PARP in sustaining NAD+ homeostasis. For example, Yang et al. [65] found that PARP1 is
indeed highly expressed in human embryonic stem cells but gradually decreases as the cells
differentiate into specified liver cells. In a xenograft mouse model, PARP1 expression was
reactivated in residual HCC tumors following treatment with Sorafenib [66], which implies
that PARP1 could have a substantial impact on stem cell potency and the development of
resistance to Sorafenib in HCC. Sorafenib treatment induces highly active DNA damage
repair signaling, which is essential for maintaining the pluripotency of stem cell in residual
HCC tumors. Additionally, the PARP inhibitor Olaparib broadly suppresses DNA damage
repair signaling and may enhance the overall remodeling of the pluripotency transcriptome,
thereby improving the efficacy of Sorafenib in eliminating residual HCC tumors. PARP
inhibition increases NAD+ levels, enhances SIRT1 activity, boosts mitochondrial function,
and modulates liver cancer [67,68]. Overall, NNMT, by regulating the biosynthesis and
metabolism of NAD+, profoundly influences PARP activity. The activation state of PARP is
pivotal in regulating cell fate and is intimately connected to liver cancer treatment strategies
and NAD+ metabolic balance.

NAD+ glycohydrolases are a group of enzymes with specific catalytic functions, pri-
marily including members such as CD73, CD38, CD157, and SARM1 (Sterile Alpha and
TIR motif-containing protein 1). These enzymes primarily catalyze the hydrolysis of
NAD+, severing the glycosidic bond within its molecular framework to yield NAM and
ADP-ribose [69]. By regulating NAD+ levels, NAD+ glycohydrolases significantly im-
pact the concentration of NAM within cells. Among these enzymes, CD38 stands out
as the predominant NAD+ glycohydrolase, or NADase, in mammals and is extensively
acknowledged for its pivotal role in regulating NAD+ metabolism [70,71]. CD38 also
participates in base exchange reactions, and, under acidic pH conditions, it catalyzes the
conversion of NADP to NAADP (nicotinic acid adenine dinucleotide phosphate) through
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its NAADP synthase activity, in the presence of NA [72]. Substances such as NAAD(P),
cyclic ADP-ribose, and ADP-ribose function as significant second messengers for Ca2+

mobilization, highlighting CD38’s pivotal role in initiating Ca2+ signaling and influencing
various diverse cellular activities, encompassing immune responses and cancer progres-
sion (as shown in Figure 3) [73]. For instance, by using CD38 siRNA-loaded extracellular
vesicles (EVs/siCD38), the enzymatic activity of CD38 can be effectively inhibited, which
subsequently reduces adenosine production. The inhibition leads to the dampening of
liver cancer proliferation and the prevention of their metastatic spread in vitro studies [74].
Therefore, by modulating NAD+ availability, CD38 plays a crucial role in indirectly influ-
encing DNA repair processes.
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CD157, an essential component of the ADP-ribosyl cyclase family, exerts a significant
influence on NAD+ metabolism [75]. Although direct studies linking CD157 enzyme
activity to liver cancer are still limited, its potential mechanism can be explored from
the perspective of NAD+ metabolism. Aberrations in NAD+ metabolism are recognized
as major contributors to the onset and progression of liver cancer [76]. For instance,
during the oncogene-induced development of HCC, the de novo synthesis of NAD+ is
inhibited, leading to impaired DNA repair mechanisms, which, in turn, becomes a key
factor in the advancement of cancer. As one of the critical enzymes in NAD+ metabolism,
any dysregulation in the expression or activity of CD157 could potentially impact the
development of liver cancer indirectly.

SARM1 is an enzyme with NAD+ hydrolase activity, and its activation can lead to
axonal degeneration. Research by Figley et al. [77] has demonstrated a correlation between
SARM1 activation and an increase in the ratio of NMN to NAD+. However, the regulatory
effect of NNMT on SARM1 under physiological conditions, as well as the extent of this reg-
ulation, remains unclear. SARM1 facilitates the catabolism of NAD+ to produce NAM, and
NNMT potentially modulates SARM1 function indirectly through the regulation of NAD+

synthesis. It has been shown that the NAD+ breakdown activity of SARM1 plays a crucial
role in axonal degeneration [78]. While the direct link between SARM1 and liver cancer is
not yet fully established, its involvement in neurodegenerative diseases—particularly its
role as an NAD+ glycosidase in axonal degeneration—has garnered significant attention.
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Overall, NAD+ production can be influenced by regulating the consumption of NAM.
NAD+ is essential for modulating the activity of NAD+-dependent enzymes, including
CD157 and CD38, sirtuins, and PARPs. Komatsu et al. [18] showed that the excessive
activation of NNMT results in decreased NAD+ levels in the liver. This subsequently
impairs the function of NAD+-dependent deacetylase Sirt3, resulting in a decreased activity
of genes related to fatty acid oxidation. The interactions of these enzymes with liver cancer
are closely linked, suggesting that heightened NNMT activity could potentially influence
the regulatory mechanisms of these enzymes in an indirect manner.

2.2. Methionine Cycle

NNMT is a pivotal player in the methionine cycle, a key metabolic pathway in the body
that involves the metabolism, regeneration, and methyl transfer reactions of methionine.
These processes significantly impact the onset and progression of liver cancer. Figure 4
illustrates that NNMT facilitates the methylation of NAM, leading to the production
of MNAM and SAH, with SAM serving as the methyl donor [79]. Subsequently, SAH
undergoes hydrolysis catalyzed by SAHase, which represents the final step in converting
SAH to Hcy [80–82]. Hcy is remethylated to methionine through the betaine pathway [83],
and then converted into SAM by methionine adenosyltransferase (MAT), thus completing
the methionine cycle. Therefore, an increase in NNMT activity accelerates the progression
of the methionine cycle, leading to a higher production of Hcy, which, in turn, raises plasma
Hcy levels.
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2.2.1. Association of Elevated Hcy Levels with Liver Cancer

Although the exact mechanism by which elevated Hcy levels contribute to liver cancer
remains incompletely understood, existing evidence suggests a correlation between higher
Hcy levels and both liver cancer progression and treatment outcomes. In some adult liver
cancer patients with severe liver dysfunction, plasma Hcy levels are often significantly
elevated. A study by Stender et al. [84] indicated that patients with an SAH hydrolase
deficiency exhibit increased serum transaminase levels, along with significantly elevated
levels of serum SAH, SAM, and Hcy. A further study highlighted the pivotal role of
Hcy in the methionine cycle, demonstrating its strong correlation with the progression
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and metastasis of HCC. Elevated levels of Hcy were found to stimulate the proliferation
of cancer cells [85]. Furthermore, Zhang et al. [86] hypothesized that the antioxidant
transcription factor Nrf2 might be involved in the regulation of Hcy-mediated glutathione
(GSH) production in HepG2 human HCC cells. The study utilized the MTT assay to assess
the cytotoxicity of Hcy, while Western blotting and immunofluorescence staining was
applied to investigate how Hcy affects Nrf2 expression. The results revealed that Nrf2
is involved in mediating the upregulation of GSH levels and enhancing the protective
mechanisms in Hcy-induced HepG2 cells. Therefore, elevated Hcy levels are considered an
independent factor influencing liver cancer development, and Hcy levels may also serve as
a marker for monitoring the progression of liver cancer, offering valuable clinical insights
for disease evaluation and prognosis prediction.

2.2.2. Possible Mechanisms Linking Methionine Cycle to Liver Cancer

The disruption of Hcy metabolism may increase susceptibility to diseases like
HCC [87]. A substantial body of research has repeatedly demonstrated a significant
association between increased Hcy levels and the occurrence of cancer [88], including liver
cancer. First, cancer patients typically have elevated plasma Hcy levels. Second, genetic
variations in enzymes that participate in Hcy detoxification, including transsulfuration and
remethylation, are closely associated with various types of cancer. Third, folate, indispens-
able for cellular proliferation, is inversely associated with Hcy levels. In the fourth place,
Hcy is viewed as a potential indicator for the presence of various cancers. Consequently, the
elevation of Hcy levels due to the NNMT-catalyzed methylation of NAM may constitute
a pivotal mechanism through which NNMT influences the onset and advancement of
hepatocellular carcinoma, highlighting that defects in Hcy metabolism could contribute to
cancer development.

In an extensive genome-wide association analysis, Souto et al. [80] discovered that
NNMT is a crucial genetic factor influencing the levels of Hcy in plasma. Malaguarnera
et al. [89] found that, as chronic hepatitis C (HCV) progresses to cirrhosis and, ultimately, to
HCC, serum folate levels gradually decreased, while plasma Hcy levels steadily increased.
This phenomenon suggests that both folate and Hcy play crucial roles in disease progression
and liver carcinogenesis. The reduction in folate impairs the remethylation of Hcy, leading
to decreased SAM concentrations, while the plasma levels of Hcy and SAH rise. These
changes collectively result in the hypomethylation of DNA and proteins, particularly
histones, thereby influencing gene expression and DNA stability. Under conditions of
low or deficient folate levels, plasma Hcy concentrations typically increase. Hcy, an
important intermediate in the metabolism of methionine and cysteine, is elevated in a
condition known as hyperhomocysteinemia (HHcy) [90]. HHcy may arise from liver
disorders or impaired liver function, disrupting intracellular lipid metabolism. Moreover,
cytochrome P450 (CYP) arachidonic acid epoxygenase enzymes, found in human cancers,
contribute to cancer metastasis. Zhang et al. [91] investigated the interplay between
CYP450 metabolism and Hcy in HCC. Their study of 42 HCC samples revealed significantly
increased levels of 4-epoxyeicosatrienoic acid (EET) isomers, and the CYP2J2 enzyme
responsible for their synthesis and intracellular Hcy were all significantly higher compared
to corresponding non-tumor tissues. The decreased DNA methylation induced by Hcy,
the essential factors for CYP2J2 expression upregulation, and EET metabolic pathway
activation were the ERK1/2 signaling pathway and the SP1/AP1 binding motifs’ activation
of the CYP2J2 promoter. Increased Hcy levels promoted enhanced tumor cell characteristics,
a phenomenon that was reversed in vitro by silencing CYP2J2. Furthermore, in a mouse
model fed 2% (w/w) L-methionine, with or without folate deficiency, HHcy significantly
promoted tumor growth and volume, and an increased CYP2J2 expression, along with
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DNA demethylation patterns. Knockdown of CYP2J2 using short hairpin RNA (shRNA)
markedly weakened these effects. Therefore, HHcy promotes liver cancer development by
affecting the DNA demethylation of CYP2J2 and its interaction with the ERK1/2 signaling
pathway, thus driving the CYP450-EET metabolic pathway, potentially contributing to the
development of hepatic malignancies.

3. NNMT-Mediated Regulation of Proliferation, Invasion, and Drug
Resistance in Liver Cancer Cells

NNMT catalyzes the methylation of nicotinamide, participating in energy metabolism
and one-carbon metabolic pathways, and demonstrating various biological functions.
Within cellular signaling and metabolic regulation networks, NNMT plays a critical role.
Specifically, these functions may directly or indirectly regulate a range of malignant be-
haviors in liver cancer, such as cell survival, proliferation, metastasis, invasion, and drug
resistance (Figure 5) [22]. It is noteworthy that, while some studies suggest NNMT is
expressed at low levels in liver cancer, others report its high expression. However, the
overall trend emerging from recent research points to an increased expression of NNMT in
liver cancer.
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3.1. NNMT Promotes the Survival and Proliferation of Liver Cancer Cells

The NNMT-mediated activation of Akt has a significant effect on the survival and
proliferation of liver cancer cells. The promoter region of NNMT contains multiple STAT3
binding sites and a single HNF-1β transcription factor binding site (TFBS), pointing to the
possible mechanisms for NNMT expression enhancement in cancer. The continuous activa-
tion of STAT3 in different cancers supports tumor growth, progression, and proliferation
by regulating multiple signaling pathways, including Akt [92]. For instance, members of
the RAC serine/threonine protein kinase (AKT) family, particularly the AKT1 isoform is
irregularly expressed in HCC cells and are closely related to biological activities such as
survival, proliferation, metabolism, and tumorigenesis [93]. Liang et al. [94] showed that
NNMT expression was markedly decreased in HCC tissues relative to adjacent normal
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tissues. However, in HCC tissues, elevated NNMT expression was closely related to tu-
mor staging, with higher levels observed in recurrent tumors compared to non-recurrent
ones. Furthermore, reducing the Warburg effect implies that heightened levels of NNMT
could potentially bolster the resilience of cancer cells when subjected to chemotherapeutic
treatments. Wu et al. [95] found that the expression levels of NNMT and DNA methyl-
transferase 1 (DNMT1) are critical in regulating HCC sensitivity to OXPHOS inhibitors.
Elevated NNMT expression significantly reduced the sensitivity of these cells to the OX-
PHOS inhibitor Gboxin. This discovery highlights the pivotal function of NNMT in curbing
OXPHOS, a process that liver cancer cells predominantly eschew in favor of glycolysis
to fuel their proliferation and sustain their existence. Consequently, an upregulation of
NNMT is likely instrumental in bolstering the viability and expansion of these cancerous
liver cells.

3.2. NNMT Enhances the Invasive and Metastatic Capabilities of Liver Cancer Cells

Previous research has indicated that NNMT acts as an oncogenic in liver cancer, con-
tributing to the invasion and metastasis. Lu et al. [96] identified elevated levels of NNMT in
iCCA tissues through Western blotting and immunohistochemistry (IHC). They found that
NNMT levels in human iCCA tissues were markedly higher than nearby normal tissues.
This finding further confirmed that increased NNMT expression boosts the invasion and
metastatic potential of iCCA cells, both in vitro and in vivo. However, the expression
pattern and biological role of NNMT in iCCA remain incompletely understood. The po-
tential mechanisms underlying the crosstalk between hepatic stellate cells (HSCs) and
liver cancer cells in driving HCC progression are still unclear. Li et al. [97] experimentally
demonstrated that activated HSCs boost HCC’s invasive and migratory capabilities by
increasing NNMT levels. They co-cultured the human liver cancer cell line SMMC-7721
with conditioned media (CM) from active or dormant HSCs, observing that the active HSC
media notably enhanced HCC invasion and metastasis. Furthermore, Li et al. [90] reported
that activated HSCs induce the upregulation of NNMT. The contribution of NNMT in mod-
ulating various metabolic pathways in liver cancer cells is well-understood. In HCC tissues,
elevated NNMT levels are strongly linked to vascular invasion, high serum HBV-DNA, and
metastatic spread. A functional analysis revealed that NNMT promotes HCC cell invasion
and metastasis by altering histone H3 lysine 27 trimethylation (H3K27me3) patterns and
upregulating the cluster of differentiation 44 (CD44) expression. Mu et al. [98] explored
the impact of NNMT on the malignant biological behaviors of the human liver cancer cell
line SMMC7721. They conducted various experiments, including MTT proliferation assays,
colony formation assays, adhesion assays, and invasion assays, using SMMC7721 cells
transfected with NNMT (S/NNMT), control SMMC7721 cells (S), and cells transfected
with an empty vector (S/P). The MTT assay results showed no significant difference in
cell proliferation or colony formation rates between the S/NNMT group and the S or S/P
groups (p > 0.05). However, the S/NNMT group exhibited a significantly higher heterotypic
adhesion ability than the S and S/P groups (p < 0.001). Transwell invasion assays showed
that the S/NNMT group had a significantly higher optical density (OD) value compared
to the other two groups. These results confirmed that NNMT alters the malignant traits
of liver cancer cells and enhances their ability to invade and metastasize. Moreover, stud-
ies suggest that NNMT is a potential therapeutic target for the statin-induced inhibition
of liver cancer cell metastasis. By promoting the Warburg effect, SIRT1 causes cancer
cells to prefer glycolysis over oxidative phosphorylation for energy, even when oxygen is
present—which also contributes significantly to tumor growth and invasiveness through
lactate production [99]. Therefore, NNMT may enhance the Warburg effect, further sup-
porting the invasion and metastasis of liver cancer cells. Gaining a deeper understanding
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of the metabolic mechanisms of NNMT might reveal new therapeutic targets for treating
liver cancer.

3.3. NNMT Mediates Drug Resistance in Liver Cancer Cells

Liver cancer cells exhibit significant resistance to a wide range of antitumor drugs,
posing a significant challenge in treating liver cancer. This resistance may arise from mul-
tiple complex mechanisms, including but not limited to alterations in drug metabolism
pathways, shifts in drug targets, and the upregulation of drug transporters. NNMT expres-
sion and activity may influence liver cancer cell drug resistance by modulating the activity
of drug-metabolizing enzymes. Wu et al. [95] also revealed that NNMT could affect mito-
chondrial function by regulating NAD+ biosynthesis, thereby altering tumor cell sensitivity
to mitochondrial oxidative phosphorylation inhibitors. Specifically, the cooperative action
of NNMT and DNMT1 can lead to resistance in cancer cells to oxidative phosphorylation
inhibitors, such as Gboxin. Wu et al. [95] found that NNMT affects the sensitivity of hepa-
tocellular carcinoma cells to OXPHOS inhibitors by regulating NAD+ metabolism, revealing
a direct link between NNMT and mitochondrial function for the first time. However, the
study was based only on in vitro cell models and did not validate its conclusions in clinical
samples or animal models, and did not explore the synergistic effects of NNMT with
other metabolic pathways. The study indicated that, in tumor samples from patients with
recurrence, the NNMT expression was elevated while the DNMT1 expression was reduced,
resulting in tumor cell resistance to oxidative phosphorylation inhibitors, thus rendering
these treatments ineffective and promoting tumor relapse. More specifically, NNMT lowers
the methylation potential of cancer cells by depleting SAM, which alters their epigenetic
status. This change may trigger modifications in the activity of drug-metabolizing enzymes,
ultimately impacting liver cancer cell resistance to treatment [22]. Overall, the research into
NNMT’s contribution to drug resistance in liver cancer cells presents novel viewpoints
and methods for treating liver cancer. Although many challenges remain, with ongoing
research, NNMT may be established as a novel therapeutic target for liver cancer, bringing
unprecedented hope to patients.

4. Roles of NNMT and Liver Cancer Diagnosis, Treatment, and Prognosis
4.1. NNMT in Liver Cancer Diagnosis: A Potential Biomarker

Given the expression profile of NNMT in liver cancer tissues and serum, researchers
have explored its potential application in the clinical diagnosis of HCC, suggesting that
NNMT may serve as a novel tumor biomarker. Kim et al. [9] conducted an in-depth
study on frozen tumor samples and nearby non-cancerous tissues from 120 primary HCC
patients. They utilized the real-time reverse transcription PCR (RT-PCR) to measure the
expression levels of NNMT and internal control genes, aiming to investigate the correlation
between NNMT mRNA levels, clinical pathological parameters, and clinical outcomes.
The results revealed that NNMT mRNA levels were significantly lower in HCC tissues
compared to adjacent non-cancerous tissues (p < 0.0001), and NNMT expression was
significantly associated with the tumor stage (p = 0.010). Further analysis showed that
patients with increased levels of NNMT mRNA showed a tendency for shorter overall
survival (OS) (p = 0.053) and a marked reduction in disease-free survival (DFS) (p = 0.016).
These findings suggest that, in HCC cases, NNMT expression is closely linked to tumor
stage and DFS duration. Given NNMT’s broad substrate specificity, its expression level
may impact both the effectiveness and side effects of chemotherapy. Therefore, NNMT
shows promise as a potential biomarker for diagnosing liver cancer and holds significant
value in clinical practice.
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4.2. NNMT in Liver Cancer Treatment: A Promising Therapeutic Target
4.2.1. Pharmacological and Molecular Interventions Targeting NNMT

The role of NNMT in HCC treatment is gaining increasing attention due to its involve-
ment in several critical aspects of tumor biology. One of the most notable areas of interest
is NNMT’s influence on ferroptosis in liver cancer cells. Recent studies have demonstrated
that NNMT regulates intracellular reactive oxygen species (ROS) levels, which, in turn,
modulate the ferroptosis process in liver cancer cells, thereby increasing tumor cell death.
Characterized by iron-dependent lipid peroxidation, ferroptosis is a programmed cell
death process triggered by excessive ROS production, ultimately leading to cell membrane
rupture and cellular demise [100]. Multiple signaling pathways and biological processes
are known to contribute to ferroptosis, and NNMT-mediated ROS accumulation has been
shown to induce ferroptosis in liver cancer cells, enhancing cell death and modulating the
expression of MNAM. This process further influences ROS and lipid peroxidation intensity,
accelerating disease resolution. Recent findings suggest that NNMT may influence key
ferroptosis pathways, acting as a potential therapeutic target for inhibiting liver cancer
cell proliferation and tumor progression [101]. In addition to its effects on cell death,
NNMT also plays a significant role in the invasion and metastasis of HCC. Studies have
indicated that NNMT promotes the expression of molecules like CD44, which enhances
HCC cell invasion and metastasis [97]. It is well-established that NNMT regulates multiple
metabolic pathways within liver cancer cells. A high NNMT expression in HCC is signif-
icantly linked to vascular invasion, elevated HBV-DNA, and metastatic spread. Studies
indicate that NNMT modifies H3K27 methylation, which results in CD44 upregulation
and enhances tumor cell invasion and migration. NNMT mediates N6-methyladenosine
modifications on CD44 mRNA, promoting the formation of CD44v3 splice variants. Ad-
ditionally, 1-methyl-nicotinamide, a product of NNMT, helps stabilize the CD44 protein
by inhibiting its degradation through ubiquitination. Thus, by modulating the expression
and activity of NNMT, it is possible to influence the metastatic potential of liver cancer,
providing new insights and strategies for HCC prevention and treatment. Although direct
evidence linking NNMT as a therapeutic target for HCC remains lacking, its involvement
in tumor initiation and progression, particularly in relation to invasion and metastasis,
offers promising new avenues for therapeutic intervention in liver cancer management.

The potential therapeutic approaches targeting NNMT primarily focus on RNA in-
terference (RNAi) drugs and NNMT-inhibiting small molecules [19]. On one hand, RNAi
technology can be applied to regulate NNMT expression by designing short hairpin RNAs
(shRNAs) or specific siRNAs to selectively suppress NNMT expression. For instance,
downregulating NNMT expression through RNAi has been shown to reduce the number of
immunosuppressive cells in the TME, potentially boosting the body’s anti-tumor immune
response [102]. This approach not only provides a powerful tool for studying the role of
NNMT in disease progression but also opens new avenues for developing NNMT-targeted
therapeutic strategies. On the other hand, NNMT-targeting small-molecule inhibitors
are classified into allosteric inhibitors, dual-substrate competitive inhibitors, SAM com-
petitive inhibitors, and NAM competitive inhibitors (as shown in Table 1). Specifically,
NAM-competitive inhibitors vie with NAM for the active site on NNMT. MNAM, a nat-
ural NNMT inhibitor, is synthesized in NNMT-mediated reactions [103]. Swaminathan
et al. [104] used X-ray crystallography to analyze the ternary complex formed between
NNMT and MNAM, revealing how MNAM binds to NNMT’s active site and prevents
NAM from binding, thereby inhibiting NNMT’s enzymatic activity. In summary, both
RNAi-based therapies and small-molecule inhibitors targeting NNMT have become hot
topics in cancer treatment research. Although clinical evidence regarding NNMT’s im-
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pact on liver cancer is still limited, its therapeutic potential in this disease should not
be disregarded.

Table 1. Small-molecule inhibitors of nicotinamide N-methyltransferase (NNMT).

NNMT Inhibitor Type Compound References

Allosteric inhibitors Macrocyclic peptides [105]

Dual-substrate-competitive
inhibitors

MvH45, AK-12, MS2756, MS2734, GYZ-78, NS1,
LL320, Yuanhuadine *, CC-410,GYZ-319,

Para-cyano compound17u
[103,106–114]

NAM-competitive inhibitors
MNAM, 5-amino-1MQ (NNMTi), jBSNF-000088,

JBSNF-000265, JBSNF-000028,
RS004,4-chloro-3-ethynylpyridine

[12,34,57,107,115–120]

SAM-competitive inhibitors SAH, sinefungin * [121,122]
* A natural inhibitor.

If an increased NNMT expression contributes to cancer development, NNMT in-
hibitors (NNMTis) could potentially suppress the proliferation, migration, and invasion of
cancer cells. A recent study [114] explored the effects of NNMTis in an ovarian cancer in-
traperitoneal metastasis model. While these inhibitors are primarily employed in managing
diet-induced obesity connected to heart failure, the study found that NNMTis significantly
reduced tumor burden and cell proliferation, along with an enhancement in the trimethyla-
tion of histone H3K27. Eckert et al. [29] further emphasized that NNMT promotes cancer
progression by regulating the methyl donor balance within tumor cells. Therefore, NNMTis
may offer therapeutic advantages by modulating the epigenome of cancer cells, presenting
a promising avenue for liver cancer treatment. Neelakantan et al. [12] discovered that sys-
temic quinoline-derived NNMT inhibitors markedly decreased body weight and adiposity
in an obesity mouse model induced by diet, and also optimized plasma lipid levels. This
implies that integrating NNMT inhibitors with dietary measures, like NAD+ precursor sup-
plements, may boost treatment outcomes. This combination approach may also allow for a
dose reduction in the NNMT inhibitors, thereby potentially lowering the risk of side effects.
Similarly, Kantt et al. [117] noted that JBSNF-00008 treatment in obese mice on a high-fat
diet with a nicotinamide-derived NNMT inhibitor experienced weight reduction, enhanced
insulin sensitivity, and restored glucose tolerance. Combining these NNMT inhibitors with
chemotherapy agents might further enhance the effectiveness of traditional chemotherapy.
Several studies have demonstrated that the inhibition of NNMT can enhance the sensitivity
of cancer cells to chemotherapy [13,123,124]. By inhibiting NNMT, it may be possible to
modulate tumor cell metabolism, making them more responsive to chemotherapy. Addi-
tionally, NNMT inhibition is vital for metabolic regulation [125]. Specifically, knockdown of
NNMT expression increases energy expenditure in adipocytes [34] and decreases glucose
output in hepatocytes [57]. NNMT knockout in animal models has markedly enhanced
fasting blood glucose levels, glucose tolerance, and insulin sensitivity, and, also, triglyc-
erides, and decreased lipid deposition [34,57,126]. These findings indicate that silencing
NNMT could offer a novel strategy for treating metabolic disorders.

Overall, NNMT could be a valuable target for creating oligonucleotide-based cancer
therapies. However, the effective implementation of oligonucleotide treatment still faces
several significant technical challenges [127]. Challenges encompass accurate oligonu-
cleotide targeting to specific tissues or organs and regulating interactions with their molec-
ular targets [128,129], minimizing the toxicity associated with oligonucleotide sequences
and their chemical properties, as well as preventing the saturation of natural RNA pro-
cessing pathways [130]. While therapies based on oligonucleotides targeting NNMT have
shown encouraging therapeutic outcomes in preclinical and animal studies, they have yet
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to progress to clinical trials. In contrast, small-molecule NNMT inhibitors have shown sub-
stantial improvements in selectivity and efficacy. NNMT’s extensive clinical implications in
cancer and metabolic diseases have prompted the pursuit of more potent NNMT inhibitors.
While still in the initial stages of preclinical trials, these compounds highlight the ongoing
endeavors to address the difficulties related to oligonucleotide therapeutics. Consequently,
the development of oligonucleotide drugs against NNMT is an auspicious approach for
upcoming liver cancer therapies.

4.2.2. Exercise Therapy Targeting NNMT: A Non-Pharmacological Approach

Our study suggests that exercise can be used as a non-pharmacological strategy to
modulate NNMT activity [131,132]. In rodent models, aerobic exercise decreases hepatic
NNMT expression and improves insulin sensitivity through AMPK-SIRT1 signaling [133].
Clinical observations further suggest that patients with HCC who regularly exercise at a
moderate intensity have lower serum NNMT levels and longer progression-free survival
compared with sedentary patients [134]. Mechanistically, exercise enhances anti-tumor im-
munity by reducing immunosuppressive cells in the TME [135], which may have synergistic
effects with NNMT-targeted drugs. Despite these benefits, challenges such as optimizing
exercise regimens (e.g., intensity and duration) and ensuring patient compliance require
further investigation.

4.3. NNMT in Liver Cancer Prognosis: A Prognostic Indicator

The abnormal overexpression of NNMT is closely associated with adverse prognostic
characteristics in HCC patients. These characteristics include vascular invasion, cirrho-
sis, elevated serum HBV levels, and distant metastasis. Kim et al. [9] conducted a study
stratifying HCC samples based on NNMT expression levels. The multivariate analysis
results indicated that NNMT expression (p = 0.0096) and advanced tumor stage (p = 0.0017)
were significant predictors of DFS. Additionally, Dang and colleagues [136] conducted
a meta-analysis to assess the prognostic significance of NNMT expression in HCC and
other tumors. Their findings showed that a high NNMT expression, compared to a low
expression, was significantly correlated with shorter OS, DFS, and clinical pathological
parameters (CP) in cancer patients. These parameters encompassed less differentiated
tumors, earlier distant metastasis, earlier lymph node metastasis, and later clinical staging.
This suggests that a high NNMT expression could be a marker of poor prognosis in HCC
patients. Moreover, NNMT expression could serve as a prognostic marker for various cancers,
particularly liver cancer, and potentially as a therapeutic target. Therefore, NNMT expression
levels might be a key prognostic indicator for patients with HCC. In HCC, a further inves-
tigation of the molecular interactions between NNMT and various pathogenic factors will
provide valuable insights and support the development of effective treatment strategies.

A detailed overview of pivotal studies was compiled in Table 2 to comprehensively
summarize the current evidence for NNMT in the diagnosis, treatment, and prognosis
of HCC.

Table 2. Role of NNMT in the diagnosis, treatment, and prognosis of liver cancer.

Models and References Sample Size Key Findings Limitations

Tumor tissues of 120 HCC
patients [9] 120

The mRNA level of NNMT in HCC
tissues was significantly lower than

that in adjacent tissues, but the
serum level was negatively
correlated with prognosis.

The mechanism of tissue and serum
expression differences was not

explained, and dynamic monitoring
data were lacking.
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Table 2. Cont.

Models and References Sample Size Key Findings Limitations

SMMC-7721 cells in mouse
metastasis model [97] 92 Activation of HSCs promotes HCC

invasion by upregulating NNMT.
Correlation in clinical samples was

not verified.

MCC-13 and MCC-26
cells [123] 11

NNMT may be a promising target
for Merkel cell carcinoma

biomarkers and targeted anti-cancer
therapies.

Further experiments are needed to
understand the specific

mechanisms by which NNMT is
involved in the development of

Merkel cell carcinoma.

Human OS cell lines U-2 OS
and Saos-2 [124] 20

NNMT promotes tumor cell
proliferation, migration, and

chemoresistance of osteosarcoma
(OS) cells.

Due to the rarity of osteosarcoma
(OS), immunohistochemical

analysis involves a limited number
of patients.

Human malignant melanoma
cell line A375 [13] N/A

NNMT is somehow involved in the
mechanisms that promote

chemoresistance of melanoma cells.

Further analysis is needed to gain a
deeper understanding of the

mechanisms by which this enzyme
is involved in melanoma

tumorigenesis

NNMT expression
knockout [126] N/A

Knockdown of NNMT expression
reduced lipid accumulation and

triglyceride content in 3T3-L1 cells.

Long-term side effects were not
assessed, and differences in human
metabolism were not considered.

N/A, not applicable.

5. Future Research Directions and Recommendations
This study delves into the central role of NNMT in driving liver cancer progression and

proposes it as a promising therapeutic target for both the prevention and treatment of liver
cancer. While numerous positive findings have emerged, there remain many unanswered
questions regarding the precise mechanisms through which NNMT influences liver cancer
and how effective clinical drugs targeting NNMT can be designed.

Currently, the understanding of how NNMT influences anaerobic energy metabolism
remains limited. The inhibition of NNMT has been reported to affect the bioenergetics of
endothelial cells [137]. A notable characteristic of tumor cell metabolism is the abnormal
increase in anaerobic glycolysis, which leads to a significant accumulation of energy derived
from glucose, regardless of oxygen levels. These metabolic alterations facilitate rapid cell
proliferation and tumor growth, further confirming the process of the Warburg effect [138].
Many studies stress NNMT’s key role in curbing aerobic glucose and lipid metabolism;
yet, its function in anaerobic pathways remains undefined. Our previous research [132]
indicated that NNMT levels are elevated in the extensor digitorum longus, which mainly
depends on anaerobic metabolism, when compared to the soleus muscle, which mainly
utilizes oxidative metabolism. Moreover, using MNAM to suppress NNMT has led to
lower performance in anaerobic endurance experiments in rats [139]. These findings
suggest that NNMT plays a significant role in modulating anaerobic metabolism, potentially
influencing exercise performance, particularly in activities that demand high-intensity,
anaerobic energy production.

A critical gap lies in elucidating the functional heterogeneity of NNMT across tumor
types. For instance, systematic comparisons between HCC and NNMT-high malignancies
(e.g., breast and ovarian cancers) could delineate conserved pathways (e.g., NAD+ salvage
mechanisms) versus liver-specific vulnerabilities, such as the GNMT–NNMT regulatory
axis in methionine cycle homeostasis. While NNMT inhibition reprograms immunosup-
pressive niches in ovarian cancer [102], its immunomodulatory effects on HCC-associated
macrophages or stromal compartments remain unexplored. Furthermore, tissue-selective
delivery strategies (e.g., hepatocyte-targeted RNAi versus pan-cancer NNMT inhibitors)
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may enhance therapeutic precision by balancing efficacy and toxicity profiles. Collectively,
these investigations will clarify whether NNMT operates as a universal metabolic linchpin
or a context-dependent orchestrator of oncogenesis.

Further research is essential for evaluating the potential applicability of NNMT as
a therapeutic target for liver cancer. Challenges have arisen in developing RNAi-based
therapies and small-molecule NNMT inhibitors. In RNAi drug development, these chal-
lenges include issues related to safety, efficacy, and delivery systems. To overcome these
hurdles, researchers have explored various delivery strategies, including viral and non-viral
vectors, as well as chemical modifications, cationic liposomes, polymers, nanoparticles, and
bio-conjugation methods for siRNA to enhance stability and intracellular delivery [140].
Several RNAi-based drugs, such as the aptamer pegaptanib targeting specific proteins,
microRNA inhibitors like givosiran and patisiran, and antisense oligonucleotides targeting
RNA, such as golodirsen and inotersen, have been approved by the U.S. Food and Drug
Administration (FDA) for clinical use [141]. While RNAi therapeutics have seen consid-
erable advancement clinically, enhancements in pharmacokinetics, pharmacodynamics,
and toxicity mitigation are still needed [142]. For small-molecule inhibitors of NNMT, the
challenge lies in identifying inhibitors that are both highly effective and selective, with
robust activity within living organisms [143]. Currently, small-molecule NNMTi are widely
used to study the pharmacological effects of NNMT, but their effectiveness is questionable
due to problems with inadequate selectivity and poor metabolic stability [144].

Overall, compared to a recently published NNMT review [145,146], this article sys-
tematically sorted out the mechanism of NNMT regulating immune escape in liver cancer
through metabolic reprogramming for the first time, and proposed its potential as a target
for combination therapy. In addition, we summarize in detail the barriers to the clinical
translation of small-molecule inhibitors and RNAi therapeutics for NNMT, providing a
clear direction for future research.

6. Conclusions
Despite evidence indicating NNMT expression in liver cancer and its role in tumor

proliferation and metastasis, the precise mechanisms underlying its influence on cancer pro-
gression remain poorly understood. Therapies targeting NNMT, including small-molecule
inhibitors and RNAi approaches, have shown promising potential in inhibiting key onco-
genic processes such as cell survival, proliferation, invasion, metastasis, and drug resistance.
However, several major obstacles hinder the clinical translation of these findings. The lack
of reliable biomarkers with which to identify patients most likely to respond to NNMT-
targeted therapies represents a significant challenge. Additionally, the pharmacokinetics
and tumor penetration of current NNMT inhibitors need optimization, and their long-term
safety and efficacy in humans remain to be determined. Therefore, further investigation
is crucial for elucidating NNMT’s role in liver cancer and advancing the development of
targeted therapeutic strategies. Understanding how NNMT regulates the NAD+ biosyn-
thesis pathway and the methionine cycle could provide new insights into liver cancer
pathogenesis and treatment.
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of Four-Week Lasting Aerobic Treadmill Training on Hepatic Injury Biomarkers, Oxidative Stress Parameters, Metabolic Enzymes
Activities and Histological Characteristics in Liver Tissue of Hyperhomocysteinemic Rats. Mol. Cell. Biochem. 2024, 480, 2511–2524.
[CrossRef]

88. Hasan, T.; Arora, R.; Bansal, A.K.; Bhattacharya, R.; Sharma, G.S.; Singh, L.R. Disturbed Homocysteine Metabolism Is Associated
with Cancer. Exp. Mol. Med. 2019, 51, 1–13. [CrossRef]

89. Malaguarnera, G.; Catania, V.E.; Bertino, G.; Drago, F.; Madeddu, R.; Bonfiglio, C.; Malaguarnera, M. Serum Folate Deficiency in
HCV Related Hepatocellular Carcinoma. Sci. Rep. 2022, 12, 5025. [CrossRef]

90. Wu, D.-F.; Yin, R.-X.; Deng, J.-L. Homocysteine, Hyperhomocysteinemia, and H-Type Hypertension. Eur. J. Prev. Cardiol. 2024,
31, 1092–1103. [CrossRef]

91. Zhang, D.; Lou, J.; Zhang, X.; Zhang, L.; Wang, F.; Xu, D.; Niu, N.; Wang, Y.; Wu, Y.; Cui, W. Hyperhomocysteinemia Results from
and Promotes Hepatocellular Carcinoma via CYP450 Metabolism by CYP2J2 DNA Methylation. Oncotarget 2017, 8, 15377–15392.
[CrossRef] [PubMed]

92. Parsons, R.B.; Facey, P.D. Nicotinamide N-Methyltransferase: An Emerging Protagonist in Cancer Macro(r)Evolution. Biomolecules
2021, 11, 1418. [CrossRef] [PubMed]

https://doi.org/10.1016/j.tips.2018.02.001
https://doi.org/10.1016/j.bbrc.2006.05.042
https://www.ncbi.nlm.nih.gov/pubmed/16730329
https://doi.org/10.1074/jbc.R112.349464
https://www.ncbi.nlm.nih.gov/pubmed/22822066
https://doi.org/10.1016/j.biopha.2022.113395
https://www.ncbi.nlm.nih.gov/pubmed/35834988
https://doi.org/10.1080/2162402X.2022.2152635
https://doi.org/10.2741/4213
https://doi.org/10.1007/s12072-023-10544-7
https://doi.org/10.1016/j.neuron.2021.02.009
https://doi.org/10.1126/science.1258366
https://doi.org/10.1038/s41419-022-04713-z
https://doi.org/10.1086/430409
https://doi.org/10.1016/S0021-9258(17)36700-5
https://www.ncbi.nlm.nih.gov/pubmed/8182091
https://doi.org/10.1093/ajcn/77.2.406
https://www.ncbi.nlm.nih.gov/pubmed/12540401
https://doi.org/10.1016/j.bbamcr.2017.03.004
https://doi.org/10.1016/j.ymgme.2015.10.009
https://doi.org/10.3233/CBM-201545
https://doi.org/10.3892/mmr.2017.6633
https://doi.org/10.1007/s11010-024-05133-7
https://doi.org/10.1038/s12276-019-0216-4
https://doi.org/10.1038/s41598-022-09030-1
https://doi.org/10.1093/eurjpc/zwae022
https://doi.org/10.18632/oncotarget.14165
https://www.ncbi.nlm.nih.gov/pubmed/28030819
https://doi.org/10.3390/biom11101418
https://www.ncbi.nlm.nih.gov/pubmed/34680055


Biomolecules 2025, 15, 719 23 of 25

93. Chen, J.; Liang, J.; Liu, S.; Song, S.; Guo, W.; Shen, F. Differential Regulation of AKT1 Contributes to Survival and Proliferation in
Hepatocellular Carcinoma Cells by Mediating Notch1 Expression. Oncol. Lett. 2018, 15, 6857–6864. [CrossRef] [PubMed]

94. Liang, G.; Li, Y.; Lin, Y.; Yang, X.; Yang, J.; Hu, S.; Liu, A. Nicotinamide N-Methyltransferase and Liver Diseases. Genes Dis. 2023,
10, 1883–1893. [CrossRef]

95. Wu, C.; Liu, Y.; Liu, W.; Zou, T.; Lu, S.; Zhu, C.; He, L.; Chen, J.; Fang, L.; Zou, L.; et al. NNMT-DNMT1 Axis Is Essential for
Maintaining Cancer Cell Sensitivity to Oxidative Phosphorylation Inhibition. Adv. Sci. 2022, 10, 2202642. [CrossRef]

96. Lu, S.; Ke, S.; Wang, C.; Xu, Y.; Li, Z.; Song, K.; Bai, M.; Zhou, M.; Yu, H.; Yin, B.; et al. NNMT Promotes the Progression of
Intrahepatic Cholangiocarcinoma by Regulating Aerobic Glycolysis via the EGFR-STAT3 Axis. Oncogenesis 2022, 11, 39. [CrossRef]

97. Li, J.; You, S.; Zhang, S.; Hu, Q.; Wang, F.; Chi, X.; Zhao, W.; Xie, C.; Zhang, C.; Yu, Y.; et al. Elevated N-Methyltransferase
Expression Induced by Hepatic Stellate Cells Contributes to the Metastasis of Hepatocellular Carcinoma via Regulation of the
CD44v3 Isoform. Mol. Oncol. 2019, 13, 1993–2009. [CrossRef]

98. Mu, X.; Chen, Y.; Wang, S.-H.; Li, M. The Effect of Nicotinamide N-Methytransferase Overexpression on Biological Behaviors of
SMMC7721 Hepatocellar Carcinoma Cell Line. Sichuan Da Xue Xue Bao Yi Xue Ban 2013, 44, 193–195.

99. Bose, S.; Allen, A.E.; Locasale, J.W. The Molecular Link from Diet to Cancer Cell Metabolism. Mol. Cell 2020, 80, 554. [CrossRef]
100. Zhu, X.; Sha, X.; Zang, Y.; Ren, Q.; Zhang, S.; Ma, D.; Wang, L.; Yao, J.; Zhou, X.; Yu, L.; et al. Current Progress of Ferroptosis

Study in Hepatocellular Carcinoma. Int. J. Biol. Sci. 2024, 20, 3621–3637. [CrossRef]
101. Ajoolabady, A.; Tang, D.; Kroemer, G.; Ren, J. Ferroptosis in Hepatocellular Carcinoma: Mechanisms and Targeted Therapy. Br. J.

Cancer 2023, 128, 190–205. [CrossRef] [PubMed]
102. Liu, W.; Zhu, M.; Li, X.; Er, L.; Li, S. NNMT Is an Immune-Related Prognostic Biomarker That Modulates the Tumor Microenvi-

ronment in Pan-Cancer. Dis. Markers 2023, 2023, 9226712. [CrossRef] [PubMed]
103. van Haren, M.J.; Gao, Y.; Buijs, N.; Campagna, R.; Sartini, D.; Emanuelli, M.; Mateuszuk, L.; Kij, A.; Chlopicki, S.; Escudé Martinez

de Castilla, P.; et al. Esterase-Sensitive Prodrugs of a Potent Bisubstrate Inhibitor of Nicotinamide N-Methyltransferase (NNMT)
Display Cellular Activity. Biomolecules 2021, 11, 1357. [CrossRef] [PubMed]

104. Swaminathan, S.; Birudukota, S.; Thakur, M.K.; Parveen, R.; Kandan, S.; Juluri, S.; Shaik, S.; Anand, N.N.; Burri, R.R.; Kristam, R.;
et al. Crystal Structures of Monkey and Mouse Nicotinamide N-Methyltransferase (NNMT) Bound with End Product, 1-Methyl
Nicotinamide. Biochem. Biophys. Res. Commun. 2017, 491, 416–422. [CrossRef]

105. van Haren, M.J.; Zhang, Y.; Thijssen, V.; Buijs, N.; Gao, Y.; Mateuszuk, L.; Fedak, F.A.; Kij, A.; Campagna, R.; Sartini, D.; et al.
Macrocyclic Peptides as Allosteric Inhibitors of Nicotinamide N-Methyltransferase (NNMT). RSC Chem. Biol. 2021, 2, 1546–1555.
[CrossRef]

106. van Haren, M.J.; Taig, R.; Kuppens, J.; Sastre Toraño, J.; Moret, E.E.; Parsons, R.B.; Sartini, D.; Emanuelli, M.; Martin, N.I. Inhibitors
of Nicotinamide N-Methyltransferase Designed to Mimic the Methylation Reaction Transition State. Org. Biomol. Chem. 2017,
15, 6656–6667. [CrossRef]

107. Ruf, S.; Rajagopal, S.; Kadnur, S.V.; Hallur, M.S.; Rani, S.; Kristam, R.; Swaminathan, S.; Zope, B.R.; Gondrala, P.K.; Swamy, I.;
et al. Novel Tricyclic Small Molecule Inhibitors of Nicotinamide N-Methyltransferase for the Treatment of Metabolic Disorders.
Sci. Rep. 2022, 12, 15440. [CrossRef]

108. Babault, N.; Allali-Hassani, A.; Li, F.; Fan, J.; Yue, A.; Ju, K.; Liu, F.; Vedadi, M.; Liu, J.; Jin, J. Discovery of Bisubstrate Inhibitors of
Nicotinamide N-Methyltransferase (NNMT). J. Med. Chem. 2018, 61, 1541–1551. [CrossRef]

109. Gao, Y.; van Haren, M.J.; Moret, E.E.; Rood, J.J.M.; Sartini, D.; Salvucci, A.; Emanuelli, M.; Craveur, P.; Babault, N.; Jin, J.; et al.
Bisubstrate Inhibitors of Nicotinamide N-Methyltransferase (NNMT) with Enhanced Activity. J. Med. Chem. 2019, 62, 6597–6614.
[CrossRef]

110. Chen, D.; Li, L.; Diaz, K.; Iyamu, I.D.; Yadav, R.; Noinaj, N.; Huang, R. Novel Propargyl-Linked Bisubstrate Analogues as
Tight-Binding Inhibitors for Nicotinamide N-Methyltransferase. J. Med. Chem. 2019, 62, 10783–10797. [CrossRef]
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