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Abstract: Hepatocellular carcinoma (HCC) accounts for 85% of primary liver cancer, the third most
common cause of cancer-related deaths worldwide. Its incidence has been increasing in both men
and women. In Western countries, high-calorie diets, mainly rich in carbohydrates such as fructose,
represent a significant concern due to their repercussions on the population’s health. A high-fructose
diet is related to the development of Metabolic-Associated Fatty Liver Disease (MAFLD), formerly
named Non-Alcoholic Fatty Liver Disease (NAFLD), and the progression of HCC as it potentiates
the lipogenic pathway and the accumulation of lipids. However, fructose metabolism seems to be
different between the stages of the disease, carrying out a metabolic reprogramming to favor the
proliferation, inflammation, and metastatic properties of cancer cells in HCC. This review focuses on
a better understanding of fructose metabolism in both scenarios: MAFLD and HCC.
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1. Introduction

Primary liver cancer is among the most prevalent malignant diseases worldwide. It is
the sixth most diagnosed cancer and the third leading cause of death worldwide in 2020
(Figure 1). It is estimated 906,000 new cases and 83,000 deaths due to this malignancy,
particularly hepatocellular carcinoma (HCC) [1].

HCC accounts for 75-85% of primary liver cancer. Its incidence has been increasing in
both men and women. The high mortality rate is due to inefficient HCC diagnosis in the
early stages of the disease, non-optimized treatments, and high aggressivity in these kinds
of tumors [2].

One of the most critical risk factors for the development of HCC is the Metabolic-
Associated Fatty Liver Disease (MAFLD), formerly named Non-Alcoholic Fatty Liver
Disease (NAFLD) [3]. MAFLD represents the hepatic manifestation of a multisystem
disorder, and the main difference between MAFLD and NAFLD is the presence of metabolic
dysfunction, necessary for MAFLD diagnosis. It does not require excluding patients with
alcohol consumption or another chronic liver disease [4]. MAFLD definition is considered
more practical for identifying patients with fatty liver disease with a high risk of disease
progression. Currently, it has been classified as the most common chronic liver disease in
the last years, being one of the leading causes of liver transplantation [5].

The proposed criteria for a positive diagnosis of MAFLD is the evidence of hepatic
steatosis in addition to one of the following three criteria: overweight/obesity, Type 2
Diabetes Mellitus (T2DM), or evidence of metabolic dysregulation [3]. The increment of
these diseases is closely related to the diet. Indeed, the consumption of high-calorie foods,
mainly lipids, and carbohydrates, has increased over the years.
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Figure 1. New cases and deaths estimated worldwide in both sexes and all ages related to cancer [1].
(a) Estimate number of new cases. (b) Estimate number of deaths. Data Source: GLOBOCAN 2020.
Graph Production: International Agency for Research on Cancer (IARC) (https://gco.iarc.fr/today/
home), World Health Organization. It was accessed on 19 June 2021.

This review focuses on how fructose metabolism differs in MAFLD and HCC and the
association with the primary cancer hallmarks.

2. Fructose Consumption

Fructose and glucose are both monosaccharides: fructose is a ketohexose and glucose
an aldohexose. Both are present in fruits and honey, and they constitute the most used
sweeteners in the food industry. Sucrose (table sugar) and HFCS are both composed of
fructose (Fru) and glucose (Glc). The first one has a composition of 50:50 (Fru:Glc), while
the HFCS is composed of 55:42 (Fru:Glc). However, the main difference between them
is that the two monosaccharides are disaccharide forms in the sucrose, and in the HFCS,
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there is a mix of the free forms [6]. The use of HFCS as a sweetener began in the United
States in the 1960s, and then spread to the rest of the world [6,7]. Low fructose intake from
fruits is associated with weight loss [8]; however, high consumption in industrialized foods
has been linked with obesity and MAFLD [3,9-12].

In comparison with glucose, fructose is a highly lipogenic monosaccharide. Some
authors argue that this is related to rapid fructose metabolism in hepatocytes as it avoids the
main points of regulation of glycolysis, functioning as an unregulated source of intermediate
metabolites for de novo lipogenesis and the accumulation of lipids in hepatocytes [13,14].

The small intestine absorbs fructose through specific transporter GLUT-5, but the
maximal absorption is linked to the presence of glucose. Some reports point that the
brush-border disaccharidase-related transport system is implicated in this process [15].
Once in the enterocyte, fructose induces the expression of GLUT-5 [16], and its degradation
begins through the enzymatic activity of ketohexokinase or fructokinase (KHK), the main
enzyme of the pathway [13,17,18]. Studies carried out in mice by deleting KHK show
that the transapical fructose transport from the intestinal lumen is reduced, suggesting
that this enzyme supports maintaining the gradient in the cellular cytosol that allows
fructose input [19,20]. The intermediate metabolites Fructose-1-phosphate (Fru-1-P), Dihy-
droxyacetone phosphate (DHAP), and Glyceraldehyde-3-phosphate (G-3-P) are capable
of activating the Liver X Receptor (LXR) transcription factor, which increases expression
of GLUT-5 and plasma membrane location. The promoter of the gene encoding GLUT-5
has LXR response elements (LXRE), allowing the increment of this transporter in the cell
membrane [16]. Likewise, it has been observed that the carbohydrate response element-
binding protein (ChREBP) can increase the expression of GLUT-5 because carbohydrate
response elements (ChoRE) have been identified in its promoter. ChREBP activation is
regulated by post-translational modifications induced by fructose. Xylulose-5-phosphate
(Xu-5-P) is an intermediate metabolite of Pentose Phosphate Pathway (PPP) and can also
be obtained from fructose. This metabolite activates protein phosphatase 2A (PP2A), which
dephosphorylates the P1 (Ser196) and P3 (Thr666) sites of the transcription factor ChREBP,
allowing its translocation to the nucleus and binding to the ChoRE sites in the promoter of
genes related to fructose metabolism and lipogenesis, including glut-5 [21] (Figure 2). It is
also reported that, in the liver, fructose induces nuclear translocation of ChREBP by the
same mechanism [22] (Figure 3).

The enterocyte is the first regulatory point for fructose concentration in portal blood [18].
In mice, under regular fructose consumption (<0.5 g/kg), the intestine converts fruc-
tose into glucose, eventually reaching the liver. However, following a high-fructose diet
(>1 g/kg), the fructose not metabolized in the enterocyte exits to the portal blood through
the basolateral GLUT-2 transporter [23]. Once there, it enters the hepatocyte through the
same transporter [14], which has greater expression in the liver, pancreas, intestine, kidney,
and brain [18]. A second checkpoint for the blood concentration of fructose is the liver since
this organ can take approximately 70% of the monosaccharide from the portal circulation
in a single step [18].

The enterocyte is the first regulatory point for fructose concentration in portal blood [18].
In mice, under regular fructose consumption (<0.5 g/kg), the intestine converts fruc-
tose into glucose, eventually reaching the liver. However, following a high-fructose diet
(>1 g/kg), the fructose not metabolized in the enterocyte exits to the portal blood through
the basolateral GLUT-2 transporter [23]. Once there, it enters the hepatocyte through the
same transporter [14], which has greater expression in the liver, pancreas, intestine, kidney,
and brain [18]. A second checkpoint for the blood concentration of fructose is the liver since
this organ can take approximately 70% of the monosaccharide from the portal circulation
in a single step [18].
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Figure 2. Fructose and glucose metabolism in the enterocyte. Fructose and glucose enter the enterocyte through GLUT-5 and
GLUT-2, respectively; the metabolism is different for each molecule. KHK-C first phosphorylates fructose in position 1 to be
further cleaved by ALDO-B into intermediary metabolites (DHAP and G-3-P) that render the carbon skeleton to de novo
lipid synthesis and PPP. Fru-1-P, G-3-P, and DHAP are intermediaries of fructolysis and can activate LXR translocation to the
nucleus related with the increase of the expression of GLUT-5 and KHK-C. Xy-5-P is an intermediary of PPP that triggers
ChREBP translocation to the nucleus. ChREBP upregulates the expression of fructose and lipogenesis-related genes. On
the other hand, the rapid phosphorylation of fructose by KHK-C induces a decrement of ATP levels and favors the purine
deamination pathway to obtain uric acid. In glucose, fructose metabolism improves the glycolytic pathway by decreasing
ATP levels which generates positive pathway feedback. Furthermore, glucose can be converted into fructose through
the polyol pathway to exacerbate the fructose effects in the liver. Green lines indicate activation of the enzymes. KHK,
Ketohexokinase; ALDO-B, Aldolase B; ALDO-A, Aldolase A; TPI, Triosephosphate isomerase; PFK1, Phosphofructokinase;
GPI, Glucose 6 phosphate isomerase; HK, Hexokinase; ACLY, ATP citrate lyase; ACAC, Acetyl-CoA carboxylase; FASN,
Fatty acid synthase; PP2A, protein phosphatase 2A; ChREBP, carbohydrate response element-binding protein; LXR, Liver X
receptor; GLUT-5, Glucose transporter-5; GLUT-2, Glucose transporter-2; SGLT-1, Sodium Glucose Cotransporter 1. Created
with BioRender.com.
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Figure 3. Fructose and glucose metabolism in hepatocytes and steatosis. Fructose and glucose enter the hepatocyte
through GLUT-2; the metabolism is different for each molecule. KHK-C first phosphorylates fructose in position 1 to be
further cleaved by ALDO-B into intermediary metabolites (DHAP and G-3-P) that render the carbon skeleton to de novo
lipid synthesis and PPP. Xy-5-P is an intermediary of PPP that activates ChREBP translocation to the nucleus. ChREBP
upregulates the expression of fructose and lipogenesis-related genes. On the other hand, the rapid phosphorylation of
fructose by KHK-C induces a decrement of ATP levels and favors the purine deamination pathway to obtain uric acid. Uric
acid enhances ROS production in the mitochondrion and affects aconitase activity, incrementing citrate levels incorporated
into the de novo synthesis pathway. Furthermore, higher amounts of Citrate can lead to insulin resistance in the liver
through the inhibition of IRS-2. In glucose, fructose metabolism improves the glycolytic pathway by decreasing ATP
levels which generates positive pathway feedback. Moreover, glucose can be converted into fructose through the polyol
pathway to exacerbate the fructose effects in the liver. Green lines indicate activation of the enzymes. GLUT-2, Glucose
transporter-2; KHK, Ketohexokinase; ALDO-B, Aldolase B; ALDO-A, Aldolase A; TPI, Triosephosphate isomerase; PFK1,
Phosphofructokinase; GPI, Glucose 6 phosphate isomerase; HK, Hexokinase; ACLY, ATP citrate lyase; ACAC, Acetyl-CoA
carboxylase; FASN, Fatty acid synthase; PP2A, protein phosphatase 2A; ChREBP, carbohydrate response element-binding
protein; ChoRE, carbohydrate response elements; IRS-2, insulin receptor substrate 2; DAG, Diacylglycerol; PKC-¢, Protein
kinase C isoform ¢; JNK-1, Jun N-terminal kinase 1. Created with BioRender.com.

In the liver, fructose is also metabolized by KHK [17]. This enzyme has two isoforms.
Isoform A (KHK-A) is expressed in all tissues and has a lower affinity, while KHK-C is
expressed mainly in the intestine, the liver, and the kidney and has a high affinity for
fructose. KHK-C phosphorylates fructose (Fru-1-P), subsequently cleaved by Aldolase B
(ALDO-B) into DHAP and G-3-P. ALDO-B, also known as fructose bisphosphate aldolase
B, has a significant expression in the liver and the kidney, and it is implicated in fructose
rather than glucose metabolism [24]. These intermediary metabolites can be incorporated
into the glycolytic pathway, passing the two main regulatory steps: Hexokinase (HK)
and Phosphofructokinase (PFK-1). Subsequently, these metabolites constitute the carbon
skeleton for de novo lipid synthesis [17,25] (Figure 3).
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2.1. Fructose Consumption and MAFLD

Due to the current lifestyle, eating habits have changed, increasing the consumption
of fat and sweets related to the increasing incidence of MAFLD, positioning it as the most
common chronic liver disease in the last 30 years [5]. The consumption of fructose has
also been highly related to the obesity pandemic, T2DM, and risk of cardiometabolic
diseases. Mice fed with high fat and fructose diets present insulin resistance, obesity,
hypertriglyceridemia, liver steatosis, fibrosis, and HCC development [26,27].

2.1.1. Steatotic Stage

High-fructose diets promote NAFLD and obesity [9-11,26,28,29]. C57BL/6] mice,
under fructose-enriched drinking water, increase the accumulation of adipose tissue and
liver steatosis [28]; even in mice with only glucose in drinking water, fructose is responsible
for generating the metabolic syndrome by the endogenous conversion of glucose to fructose
through the polyol pathway [30]. On the other hand, fructose has been linked with insulin
and leptin resistance and a reduction in postprandial ghrelin suppression, augmenting
food ingestion, obesity, and MAFLD [10]. The unique metabolic characteristics of fructose
compared to glucose metabolism are responsible for the differential effects observed.

On the initial progression of the disease, the KHK-C is more relevant; thus, fruc-
tose metabolism is exacerbated in enterocytes and hepatocytes. In the small intestine,
fructose-enriched diets induce the rupture of tight junctions between enterocytes allowing
the translocation of LPS to the portal blood. Endotoxemia promotes inflammation and
lipogenesis in the liver [28].

In the hepatocyte, fructose is rapidly phosphorylated by the high affinity of KHK-C,
inducing a decrease in ATP levels [31,32]. This energetic unbalance enhances the glycolytic
pathway through the enzymes implicated in this process (HK, PFK-1). Furthermore, it gen-
erates an increment in oxidative phosphorylation in the mitochondria for ATP generation.
However, KHK does not have negative regulation; that is why once ATP levels have risen,
intermediate metabolites of the tricarboxylic acid cycle (TCA) begin to accumulate and
divert to other pathways such as de novo lipogenesis (DNL) and nucleic acid synthesis [17]
(Figure 2). Moreover, a decrease in ATP levels could activate the purine deamination path-
way, generating an excess of uric acid content in the hepatocyte, leading to oxidative stress
in a process mediated by crosstalk between the mitochondria and the NADPH oxidase 4
(NOX4) [31]. In HepG2 cells, uric acid decreases the mitochondrial membrane potential,
affecting the membrane’s electrochemical potential and favoring reactive oxygen species
(ROS) generation and mitochondrial dysfunction [31].

Aconitase, which is involved in the isomerization of citrate to isocitrate, is susceptible
to ROS generated in the mitochondria; therefore, it decreases its activity leading to the
accumulation of citrate in the mitochondrial matrix. The citrate excess is transported
to the cytosol through the Citrate shuttle and converted to acetyl-CoA and oxalacetate
through ATP citrate lyase (ACLY). Then, acetyl-CoA is activated by acetyl CoA carboxylase
(ACAC) to obtain malonyl-CoA, the precursor of the free fatty acids synthesis by the fatty
acid synthase (FASN). Incorporating citrate into the lipogenic pathway increases lipid
content [31] (Figure 3). It has been reported that ACLY and ACAC overexpression in
human HCC tumors is related to high aggressivity and poor survival [33].

2.1.2. Inflammatory Stage

As said above, fructose consumption is related to ROS overproduction and liver
inflammation leading to fibrogenesis [34] by a mechanism dependent on the inflammasome
(NLRP3) and hepatic stellate cells activation [35,36].

Advanced glycation end products (AGEs) have been cataloged as toxic compounds
that utilize a non-enzymatic reaction with the amino groups of the proteins, DNA, and
lipids, leading to adduct formation. They are generated by a non-enzymatic reaction in
which the keto or aldehyde group of a reductive sugar and the amino group of a protein,
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nucleotide, or lipid react. This reaction is known as the Maillard reaction, and the specific
reaction carried out by fructose is called “fructation” [34,37].

First, the reducing sugar reacts with the amino group releasing a water molecule and
producing an early glycation product (Schiff base). Then, the product rearranges into a
more stable molecule known as the “Amadori” product. When the reaction is carried
out with fructose, the process is similar but renders the “Heyns” product because the
reaction undergoes with the sugar’s carbon 2 (C2). In the end, the Amadori or Heyns
products continue with a series of dehydration and rearrangement reactions to produce
irreversible AGE [34,37]. Both glucose and fructose can lead to the glycation reaction;
fructose has been shown to react 8- to 10-fold faster than glucose and produce 100 times
more ROS [17,34,38-41]. The ROS generation could be mediated by the intracellular
accumulation of AGEs or by the interaction with its receptor (RAGE).

The intracellular accumulation of AGEs can induce the modification of proteins and
keep its effect for longer. In the liver, fructation can modify the SREBP1 cleavage-activating
protein SCAP and causes an increment in lipid accumulation [42]. Furthermore, it has been
reported that fructation induces ROS production in the HepG2 cell line through mitochon-
drial membrane dysfunction [43]. Glyceraldehyde generated from fructose metabolism can
be metabolized by aldehyde dehydrogenase, lactate dehydrogenase, and decarboxylase
to produce CO; and glycolaldehyde (a DNA intercalator). Further oxidation of glyco-
laldehyde by superoxide radicals results in glyoxal (early glycation product), inhibiting
mitochondprial respiration [17].

The AGEs-RAGE pathway has been implicated in activating pro-inflammatory path-
ways in the liver. The presence of this receptor has been reported in Kupffer and stellate
cells [34]. The binding of the ligand to its receptor produces the activation of the Nuclear
Factor-Kappa B (NF-kB) and the expression of genes related to inflammation such as TNF-«,
IL-1B, and IL-6 [28,34].

Similarly, endotoxemia induces the activation of pro-inflammatory pathways in the
liver through the Toll-Like Receptor 4 (TLR-4) in Kupffer cells. The TLR-4 activation
triggers the expression and secretion of proinflammatory cytokines increasing lipogenesis
through SREBP1c activation [28].

At this point, fructose metabolism is implicated in the MAFLD generation and pro-
gression to inflammatory and pro-fibrogenic status. Some studies in mice and humans
demonstrate that fructose metabolism intervention through KHK inhibition improves
NASH and reduces steatosis in the liver [44]. This strategy could be promising as the
non-absorption of fructose causing fructosuria is not a detrimental disorder in humans [45].

2.2. Fructose Consumption and HCC. Cancer Hallmarks

Cancer is characterized by several acquired capabilities that serve distinct functions
to support tumors” development, progression, and persistence [46]. Fructose metabolism
participates in some of these characteristics that render advantages to transformed cells
to survive, proliferate and spread to other organs, and consuming a fructose-enriched
diet enhances the tumor formation in the liver of mice [28] and increases the risk of HCC
in humans [47]. However, it seems that fructose has a dual role in MAFLD and cancer
metabolism (Figures 3 and 4).
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Figure 4. Fructose metabolism reprogramming in cancer cells. Fructose metabolism changes into lower levels of expression
and activity of the enzymes implicated in the pathway. First, there is a change in the KHK isoform (KHK-A) to favor the
enzyme’s lower fructose metabolism and kinase activity. Furthermore, ALDO-B decreases its activity. The intermediary
metabolites are diverted into the PPP to obtain reduction power and Xy-5-P, enhancing ChREBP translocation into the
nucleus and nucleic acid synthesis. Due to the lower KHK activity, ROS levels diminish compared to the earlier scenario but
can activate CAFs. On the other hand, the reverse Warburg effect is representative of this metabolism, and CAFs render
metabolic intermediaries to a cancer cell to enhance de novo lipid synthesis and reduction power. Metabolic reprogramming
is implicated in improving the survival, proliferation, and metastasis of cancer cells. Red lines indicate inhibition. GLUT-2,
Glucose transporter-2; KHK, Ketohexokinase; ALDO-B, Aldolase B; ALDO-A, Aldolase A; TPI, Triosephosphate isomerase;
PFK1, Phosphofructokinase; GPI, Glucose 6 phosphate isomerase; HK, Hexokinase; ACLY, ATP citrate lyase; ACAC,
Acetyl-CoA carboxylase; FASN, Fatty acid synthase; PP2A, protein phosphatase 2A; ChREBP, carbohydrate response
element-binding protein; ChoRE, carbohydrate response elements. Created with BioRender.com.

2.2.1. Reprogramming Energy Metabolism

Reprogramming energy metabolism is a remarkable hallmark in the transformed
cell. It confers advantages for building blocks acquisition and energy supply for the
highly proliferative system. Fructose is involved in the metabolic reprogramming of cancer
cells. High fructose consumption is associated with the expression of genes related to de
novo lipogenesis (Figure 4). Aberrant lipogenesis is a well-recognized transformed cell
phenotype linked to aggressiveness and tumor promotion [33]. Studies carried out in cell
lines (HepG2 and Huh-7) confirm the same lipogenic effect of fructose [7,13,31].

As mentioned before, fructose induces the expression and activation of ChREBP. Some
of the genes implicated in the fructose and lipid metabolism have ChoRE in the promoter
(glut-5, glut-2, khk, acly, acaca, fasn, and chrebp) [21] (Figure 3). Likewise, fructose consump-
tion is involved in the repression of genes related to lipid oxidation (cptla and fgf21) [25].
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Another remarkable participant in lipogenesis is mTOR [48,49]. Studies carried out
with an mTOR-dependent model of HCC in mice reported that mTOR complex 2 (mTORC2)
promotes liver steatosis, damage, and tumor development with an increase in fatty acid
synthesis similar to the one observed in patients with NAFLD who progress to HCC [48].
Correspondingly, mTORC?2 can be activated by FASN and, at the same time to activate
AKT/mTOR pathway, classified as a tumor promoter pathway. Furthermore, it has been
reported that DHAP can activate the mTOR signaling pathway [33]. In this case, both fasn
expression and DHAP increase with fructose metabolism, and fasn expression has been
associated with carcinogenic processes, metastasis, proliferation, aberrant lipogenesis, and
a poor prognosis in HCC patients [33,50,51]. Furthermore, it is reported that histidine
phosphatase (LHPP) is a tumor suppressor that is regulated by the mTOR; thus, once
mTOR is active, LHPP is silenced. Among the targets that have been proposed for this
phosphatase is ACLY, another reported remarkable target of fructose metabolism [49].

Some studies have reported that in cancer cells, fructose metabolism is decreased
compared to normal cells. Furthermore, some enzymes related to fructose catabolism
have lower activity in HCC compared to normal liver tissue [13,52,53]. As a result of this
metabolism, reprogramming that favors the Warburg effect has been reported [54]. The
canonical Warburg effect is based on reducing mitochondrial oxidation of Pyruvate and the
enhancement of glycolysis to obtain higher levels of Lactate and ATP. Lactate is involved
in microenvironment reprogramming, angiogenesis, and invasion [55]. However, because
the fructose metabolism generates higher ROS levels, it has been proposed that cancer cells
under high fructose levels change their metabolism to a reverse Warburg effect [56].

The reverse Warburg effect drives an influx of lactate to the cancerous cell from the
stromal cancer-associated fibroblast (CAFs). CAFs increase the glycolytic rate and produce
the highest lactate levels that exit the cell through monocarboxylate transporter 4 (MCT-4)
and enter the transformed hepatocyte through the MCT-1. Cancer cells take advantage
of this effect to obtain reducing power to counteract the high ROS levels and building
blocks to cellular division through the (PPP) and increment the gluconeogenesis pathway
(Figure 3) [55,56].

Moreover, in transformed cells, KHK changes to produce lower Fru-1-P (Figure 4). As
mentioned before, KHK has two isoforms produced by an alternative splicing process with
the incorporation of Exon 3A or 3C, giving rise to KHK-A and KHK-C, respectively. In
cancer cells, KHK-A has higher activity, and due to the isoform change, there are lower
Fru-1-P, uric acid, and ROS levels. Instead, KHK-A facilitates nucleic acid synthesis through
the direct phosphorylation of phosphoribosyl pyrophosphate synthetase 1 (PRPS1) and
antioxidant response through p62 phosphorylation and Nrf2 activation and with that HCC
progression [13,57]. Coupled with this ALDO-B enzyme implicated in fructose metabolism
compared to glucose metabolism, it also diminishes its activity, favoring metabolites
accumulation and deviation to PPP [52] (Figure 3).

Another metabolic rewiring under fructose consumption is the activation of the
transketolase (TKT) enzyme. This protein is implicated in the non-oxidative branch of PPP
and allows obtaining Xu-5-P and E-4-P from Fru-6-P and G-3-P, enhancing the building
blocks to cellular division. In pancreatic cancer cells, the activation of the enzyme was
higher under fructose treatment than glucose treatment [58].

2.2.2. Fructose Metabolism Promotes Invasion, Metastasis, and Sustaining
Proliferative Signaling

Due to the fructose metabolism, metabolic rewiring is also related to enhancing
invasion and metastasis in cancer cells. There is evidence that a change to a lower fructose
metabolism favors the invasion and metastatic progression in some types of cancer as
breast cancer [59].

Specifically, fructose metabolism decreases to favor the metastatic process in HCC.
Transformed cells have a lower ALDO-B activity compared to the surrounding tissue [52].
ALDO-B acts as a negative regulator of AKT due to it promotes the recruitment of PP2A to
dephosphorylate p-AKT. In tumor cells, ALDO-B is downregulated and increases migration
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and invasion in HCC cell lines, and there is an inverse correlation between ALDO-B and
AKT expression in patients [53]. A strong relationship has also been demonstrated between
the AKT/mTOR pathway and FASN activation, and fructose diet activates the expression
of this enzyme. FASN can induce the activity of mTORC2 and increase the sustained
activation of AKT, leading to the promotion to HCC in a murine genetic model where
FASN and its regulator Rictor were knockout [50]. Furthermore, it has been shown that
there is a subtype of HCC patients with a high content of FASN in the tumor tissue, which
correlates with a high content of AKT, classifying FASN as a tumor promoter in this murine
model and subtype of HCC patients [33,50,51].

Moreover, fructose metabolism exacerbates cancer cell proliferation and survival as a
consequence of metabolic reprogramming. ALDO-B downregulation favors cancer cells
expansion through an increment in AKT/mTOR pathway activation [53]. On the other
hand, HCC cell lines change to the expression KHK-A, which provokes a decrement in
ROS production and protects the cells from oxidative stress. KHK-A has a significant
kinase activity that led to an increment of nucleic acid synthesis and an enhancement of
cell proliferation, as previously stated [13].

2.2.3. Tumor-Promoting Inflammation

Dietary fructose has been related to inflammation [28,34]. It could result from AGEs
formation, ROS production, lipid peroxidation, and cytokine action [34,38]. Fructose
catabolism produces toxic intermediate metabolites and induces ROS production. In the
intestine, ROS production from fructose metabolism can disrupt the tight junctions in the
intestinal epithelium, generating endotoxemia, which contributes to inflammation and the
increment in lipogenesis [28]. Furthermore, the increment of DNL induces the decrement
of NADPH levels in the cell. As a result, cellular antioxidant defense mechanisms are
compromised, favoring oxidative stress leading to lipid peroxidation, protein misfolding,
DNA damage, lipid synthesis, and activation of proinflammatory and pro-fibrotic pathways
enhancing the HCC progression [17,31,34,41,60].

At this point, it is essential to note that fructose metabolism in transformed cells
changes from a higher to lower metabolism. Cancer cells need to counteract the elevated
ROS levels generated from an exacerbated activity in the cell. That is why it could be
observed a metabolic switch in the cell.

At present, it is unknown if KHK inhibition could be beneficial for patients with
HCC. It is necessary to address the particular gene signature in patients with this specific
metabolism, allowing for a better diagnose, subclassification of HCC, and prognosis.
Another strategy could be to detect a particular serum lipid profile for these patients. Even
nuclear medicine could be an excellent ally to notice this metabolic change in tumors,
characteristic of a more aggressive HCC.

3. Conclusions

The present review relates the consumption of a high fructose diet with MAFLD
through the lipid accumulation in the liver and its relationship with obesity, T2DM, and
metabolic dysfunctions in patients and the hallmarks of cancer. On the other hand, it is
essential to note that fructose metabolism exhibits differences related to the state of devel-
opment of the disease. In the initial steps, there is a high fructose-related enzymes activity
that promotes hepatic steatosis. Still, once the cancer is established, a fructose metabolic
reprogramming is carried out in transformed cells to favor proliferation, inflammation, and
metastatic properties of the cancer cells. In this scenario, the inhibition of KHK seems to be
a promising strategy in the initial steps of the disease. Still, once HCC is established, more
studies need to be done to figure out if the treatment has consistent therapeutic effects.
Furthermore, the activities of some enzymes serve as surrogate markers for poor prognoses,
such as FASN upregulation, KHK-A isoform change, and ALDO-B downregulation. A
better understanding of the role of fructose metabolism in both scenarios is necessary to



Livers 2021, 1 260

diagnose and treat patients and find new strategies for possible druggable metabolic points
in fructose metabolism.
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