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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 since 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.

fructose  hepatocellular carcinoma  NAFLD  cancer metabolism  MAFLD

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]
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Figure 1. New cases and deaths estimated worldwide in both sexes and all ages related to cancer . (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.

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 .

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) . 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 . 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 .

[1]

[2]

[3]

[4]

[5]
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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 . 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.

2. Fructose Consumption

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.

The consumption of fructose also has 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 .

On the initial progression of the disease, the Ketohexokinase C (KHK-C) is more relevant; thus, fructose

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 .

However, it seems that fructose has a dual role in MAFLD and cancer metabolism (Figure 2 and 3).  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 . As a result of this metabolism, reprogramming that favors
the Warburg effect has been reported . 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 . 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 . Due to the fructose metabolism, metabolic rewiring enhances  proliferation, 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 .

[3]

[6][7]

[8]

[9][10][11]

[12]

[13]

[14]

[15]
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Figure 2. 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 upreg- ulates 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. Also, 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.

Also, 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-e, Protein kinase

C isoform e; JNK-1, Jun N-terminal kinase 1. Created with BioRender.com
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Figure 3. 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. Also, 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

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.

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



Fructose Consumption and Hepatocellular Carcinoma Promotion | Encyclopedia.pub

https://encyclopedia.pub/entry/16117 6/8

development 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 determine 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 diagnose and treat patients and find new strategies for possible

druggable metabolic points in fructose metabolism.
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