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Excessive intake of sweets is a predisposing factor for metabolic disorders, and fructose, as one of the
major dietary sugars in the diet, has been shown to be a major cause of obesity, diabetes, and metabolic
syndrome. These disorders are usually associated with immune dysfunction. Therefore, exploring the
effects of a high fructose diet on the immune system may provide insight into the underlying mecha-
nisms of these diseases. We synthesized the available evidence to suggest that excessive fructose intake
disrupts the body’s immune homeostasis by promoting immune cell metabolic rearrangements, alter-
ations in gut microbial community structure, and intestinal barrier permeability. Indeed, not only does
fructose itself affect immune system homeostasis, but its metabolites also have a profound influence.
The metabolites from fructolysis are mainly produced in the small intestine and liver and subsequently
enter the systemic circulation. Elevated levels of fructose metabolites, such as uric acid, FFAs, and lactate,
are closely associated with oxidative stress and local tissue and organ inflammatory responses. In this
review, we will focus on the link between fructose and inflammatory responses. In the meanwhile, we
will also briefly summarize the studies of cancer development and immune escape mediated by fructose,
as it might be beneficial for cancer immunotherapy.
� 2022 American Society for Histocompatibility and Immunogenetics. Published by Elsevier Inc. All rights

reserved.
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1. Introduction

Over the past few decades, the incidence of chronic diseases
such as obesity, cardiovascular disease, nonalcoholic fatty liver dis-
ease (NAFLD), and type 2 diabetes has increased dramatically. The
development of these diseases is closely related to the dietary
habits that people have developed in better living conditions[1–
3]. Recent studies point to high fructose intake as a possible culprit
for these diseases[4–7]. Fructose is an isomer of glucose that is
found in honey, fruits, and vegetables. Driven by the pleasurable
experience of sweetness, fructose, with a unique sweetness, is
added to numerous beverages and manufactured food products,
leading to a 1000% increase in world fructose consumption[8].

The liver was initially thought to be the primary site of fructose
metabolism due to the high expression of enzymes associated with
fructose metabolism in the liver [9]. However, recent evidence sug-
gests that low doses and slower rates of fructose appearance are
primarily cleared by the small intestine, while higher doses and
faster rates saturate the metabolic capacity of the intestine and
reach the liver and circulation [10,11]. Distinct from glycolysis,
the classical pathway of glucose metabolism, the metabolism of
fructose begins with its phosphorylation to fructose 1-phosphate
(F1P) by the enzyme ketohexokinase (KHK) and without any neg-
ative feedback regulation [12]. Phosphofructokinase (PFK) is the
most heavily rate-limiting enzyme in glycolysis and is closely reg-
ulated by the cellular metabolic status and energy status [13].
However, F1P can be cleaved directly into dihydroxyacetone phos-
phate (DHAP) and glyceraldehyde (GA) by the enzyme aldolase B,
thereby bypassing this restriction [14]. Thus, fructose is catabo-
lized at a much higher rate than glucose and can provide more
potent substrates not only for energy production through glycoly-
sis and the tricarboxylic acid cycle, but also for the synthesis of
nucleotides and a range of amino acids [15].

The metabolism of fructose, compared to glucose, may be
important for the organisms to integrate nutrients and energy,
but it can also have detrimental consequences [13]. Many clinical
and animal studies have shown that excessive fructose intake leads
to hepatic lipid accumulation and decreased insulin sensitivity,
accompanied by a large increase in inflammatory factors [16–18].
Obesity and metabolic syndrome caused by high fructose intake
are proven to be risk factors for the development of many types
of cancer [19]. Indeed, there is a direct link between immune func-
tion and metabolism, with the immune system monitoring and
responding to specific metabolic signals to maintain the homeosta-
sis of the microenvironment within the system [20]. The levels of
several cytokines, hormones, and transcription factors in the body
are often altered during fructose metabolism [21–24]. In turn,
these signals influence numerous physiological functions, includ-
ing immune homeostasis [1,7]. Many studies have revealed the
interaction between inflammatory factors and immune cells with
fructose [25,26]. Understanding the effects of fructose intake on
the immune system may provide fundamental insights for under-
standing pathogenic mechanisms.
2. Elevated fructose exposure directly affects innate immune
cells

Innate immune cells, including macrophages, dendritic cells
(DCs), natural killer (NK) cells, mast cells, and granulocytes, repre-
sent the first line of defense against pathogens and disturbances in
tissue homeostasis with several roles, such as secretion of cytoki-
nes and chemokines, antigen presentation, and phagocytosis [27].
In most cases, innate immune cells are relatively quiescent during
steady state, but can respond rapidly when exposed to infection,
inflammation, and other perturbations. Activation of immune cells
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typically involves the specific expression of a large number of
genes and leads to alterations in cell morphology and the acquisi-
tion of new functions, while metabolic pathways in the cell play a
key role in this process [28].

A recent study showed that LPS-stimulated monocytes treated
with fructose directed pyruvate to the mitochondrial tricarboxylic
acid (TCA) cycle for OXPHOS, without conversion to lactate [25].
This seems to indicate an unusual coupling of glycolysis and
OXPHOS of the tricarboxylic acid TCA cycle in fructose-treated
monocytes. They further found that fructose-treated monocytes
rely on incorporated elevated amounts of glutamine-derived car-
bon to the TCA cycle to maintain sustained oxidative phenotype
[25]. The distinct metabolic characteristics of monocytes support
an enhanced inflammatory phenotype at the expense of metabolic
flexibility. Glutaminolysis has previously been shown to activate
the mTOR complex 1 (mTORC1) [29]. Under certain conditions, cir-
culating monocytes in vivo migrate toward sites of inflammation
and differentiate into macrophages of anti-inflammatory (alterna-
tively activated) or pro-inflammatory (classically activated) pheno-
types based on cues present in the microenvironment [30].
Increased mTORC1 activity promotes the formation of macro-
phages with a pro-inflammatory phenotype, leading to increased
secretion of inflammatory cytokines including TNF, IL-1b, and IL-
6 [31]. Also, the activation of mTORC1 can drive glycolysis by
inducing the central transcription factor HIF-1a to further promote
the metabolic rearrangement of monocytes induced by fructose
[32,33].

In another study, acute exposure (24 h) of human DCs to high
fructose environment promotesd the formation and accumulation
of advanced glycation end products (AGEs) and enhances the
expression of its receptor RAGE [34]. Intermediate products of gly-
colytic metabolism are the main source of AGEs. Fructose promotes
glycolysis and the production of trisaccharides, which indirectly
promote AGEs generated by glycosylation reactions. Rai et al.
showed that oxidative stress and inflammation in rat skeletal mus-
cle cells under fructose exposure may be associated with metabolic
disorders caused by the accumulation of AGEs [35]. The binding of
AGEs to RAGE activates multiple signaling pathways, including
MAPks, STAT3, and Akt [36]. These cellular signals in turn induce
activation of downstream effectors such as NF-jB and EGR-1
[37,38]. Jaiswal et al. also demonstrated that the high levels of
IL-1b secreted by DCs acutely exposed to fructose are driven by
activation of the NF-kB signaling pathway [34]. However, increased
secretion of TNF-a and IL-6 in DCs chronically exposed (72 h) to
high fructose is mainly due to a shift towards glycolysis [34]. In
addition, long-term dietary fructose increases ROS production in
rat peripheral blood mononuclear cells, leading to oxidative stress
and apoptosis [39]. All of these findings show that high fructose
treatment enhances cellular inflammatory response by inducing
metabolic rearrangement.
3. Gut microbiota mediates inflammation induced by high
fructose diet

The gut microbiota encompasses a diverse bacterial community
that influences host nutrient metabolism and immune system reg-
ulation [40]. If the gut microbiota balance is disturbed, a series of
inflammatory responses can be triggered, leading to dysregulation
in the immune system or even chronic diseases in the host [24].
Several lines of evidence suggest that high levels of fructose in
the diet increase the accumulation of lipids and pro-
inflammatory cytokines by modulating the gut microbiota and its
metabolites [24,41]. Zhao et al. proposed a dual mechanism that
might explain hepatic fat accumulation, whereby fructolysis
within hepatocytes promotes the expression of adipogenic genes
f Health and Social Security de ClinicalKey.es por Elsevier en junio 17, 
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Fig. 1. Macrophage pro-inflammatory responses mediated by fructose in vivo. High fructose concentrations lead to a disruption of the intestinal microbial community, with a
significant increase in the number of Parabacteroides,which are the key source of lipopolysaccharide (LPS). Disturbed microbes also reduce the production of short-chain fatty
acids (SCFAs), which are essential for maintaining the function of the intestinal barrier. Small intestinal epithelial cells (IECs) uptake fructose via GLUT5 and metabolize it via
ketohexokinase (KHK), causing endoplasmic reticulum stress (ER stress) and the production of uric acid (UA). ER stress downregulates tight junction protein (TJP) gene
expression, which further deteriorates the integrity of the intestinal barrier and leads to bacterial invasion and increased LPS levels. LPS is associated with TLR-4 binding,
triggering the macrophage NF-jB pathway, leads to elevated expression of pro-inflammatory factors. On the other hand, UA promotes IL-1b production through activation of
NLRP3 inflammasome.
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including ChREBP-b, Acaca, Fasn, and Aldob, and microbial fructose
metabolism provides acetate lipogenic pools of acetyl-CoA [42].
The Bacteroidetes/Firmicutes ratio was significantly reduced in
the gut of fructose-fed mice, whereas the relative abundance of
Bacteroides showed opposing patterns [41]. The massive expansion
of Bacteroidetes may contribute to the proliferation of intraepithe-
lial lymphocytes (IELs) in the colon and ultimately to elevated IL-6
level [43]. Moreover, there was a significant increase in the abun-
dance of Parabacteroides, a major source of lipopolysaccharide
(LPS) production, including Escherichia coli and Desulfovibrio vul-
garis, which was an important cause of elevated serum endotoxin
levels [44,45]. Wang et al. also observed a significant increase in
the relative abundance of pro-inflammatory bacterium Marvin-
bryantia associated with bowel dysfunction and intestinal inflam-
mation [26].

Almost 10% of human daily energy sources are short-chain fatty
acids, which are the most abundant metabolic products of intesti-
nal microorganisms [24]. Short-chain fatty acids (SCFAs), consist-
ing mainly of acetate, propionate and butyrate, act as signaling
factors on host metabolism and immunity, regulating the prolifer-
ation, differentiation, and gene expression of virtually all immune
cells in the gut [46,47]. They are able to prevent the influx of toxins
by maintaining the integrity of the intestinal barrier [48] (Fig. 1).
SCFAs also have been shown to control intestinal inflammation
through inhibition of the inflammatory response of macrophages,
stimulating Treg proliferation and promoting B-cell IGA production
[49–51]. However, significantly lower concentrations of total
SCFAs were observed in fructose-fed mice than in controls [52].
Importantly, SCFAs were able to activate STAT3 and mTOR path-
ways in Th1 cells and consequently upregulated transcription fac-
540
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tor B lymphocyteinduced maturation protein 1 (Blimp-1), which
mediated the production of the immunosuppressive cytokine IL-
10 [53]. Therefore, this reduced concentration of SCFAs may par-
tially explain the reduced IL-10 levels in the serum of fructose-
fed mice. Oral administration of SCFAs or broad-spectrum antibi-
otics inhibited hippocampal neuroinflammatory responses in
fructose-fed mice and reduced IL-1b, TNF-a, and IL-6 mRNA levels
in hippocampal tissue [52]. In addition, fecal bacterial transplanta-
tion in inflamedmice caused intestinal inflammation and constipa-
tion in normal mice [41]. These findings indicate that the
occurrence of intestinal inflammation induced by a high fructose
diet is mediated primarily by fructose-induced alterations of the
microbiota and its metabolites, rather than by fructose itself.
4. Fructose induces intestinal barrier dysfunction

Chronic intake of fructose is also associated with deterioration
of the intestinal barrier and subsequent endotoxemia [54]. The
intestinal barrier represents a selective semipermeable barrier
involving various elements, both intra- and extracellular. The dys-
function of the intestinal epithelial barrier exhibited by excessive
fructose consumption is mainly due to the decreased expression
of tight junction proteins (TJPs) and adherent junction proteins
(AJPs), such as, occluding, zonula occludens 1, claudin-1, adhesion
molecule A, b-catenin and E-cadherin [55,56]. Altered microbial
structure in fructose-fed mice resulted in the production of a large
number of pro-inflammatory metabolites, including indole sulfate,
arachidonic acid, and stearic acid [41]. These metabolites continue
to send signals to the intestines, causing changes in TJPs, which
ultimately lead to an increase in the permeability of the intestinal
f Health and Social Security de ClinicalKey.es por Elsevier en junio 17, 
ización. Copyright ©2022. Elsevier Inc. Todos los derechos reservados.
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barrier [24,57]. Cho and colleagues reported that fructose-fed mice
increased the intestinal cytochrome P450-2E1 levels with elevated
oxidative and nitrative stress, which can decrease TJP/AJP with
increased apoptosis marker proteins such as phosphorylated-JNK,
Bax, and cleaved-caspase 3, as well as apoptosis of enterocytes
[58]. In addition, Todoric et al. recently showed that the main cul-
prit in intestinal mucosal damage and reduced TJP protein synthe-
sis seems to be the fructose metabolite F1P [18]. F1P is a toxic
metabolite in humans that can affect protein transport and assem-
bly by interfering with N-glycosylation, thereby triggering endo-
plasmic reticulum (ER) stress [18,59] (Fig. 1). ER stress not only
inhibits total cellular protein synthesis but also induces apoptosis
of Paneth cells, which produce antimicrobial peptides in the intes-
tine, and loss of self-renewal capacity of epithelial stem cells [60].
Also, the abundance of Akkermansia, Bacteroides, and Ruminococ-
cus was significantly increased in fructose-fed mice, and these bac-
teria can use their specific enzymatic activity to degrade mucins to
release monosaccharides [41,61].

The consequences of these changes are severe, disrupting the
intestinal barrier integrity increasing the exposure of various
metabolites to the immune system, which allows endotoxin
translocation to the portal vein, and subsequently an inflammatory
response in the liver [62]. Specifically, LPS binds to Toll-like recep-
tor (TLR)-4 on liver-recruited macrophages and activates the NF-
jB signaling pathway through the adaptor protein myeloid differ-
entiation factor 88 (Myd88) to induce the expression and secretion
of TNF-a [18] (Fig. 1). Additionally, ER stress abrogates the
immunosuppressive effect of IL-10 on LPS-stimulated macro-
phages by inhibiting the activation of STAT3, leading to an
increased production of Pro-inflammatory cytokines, such as
TNF-a, IL-6, and IL-23 [63].
5. High levels of fructose enhance TLRs activation

Toll-like receptors (TLRs) are known as one of the earliest deter-
minants of immune activation, bridging innate immunity and sub-
sequent adaptive immunity in the host defense program. As
previously mentioned, the elevated levels of endotoxin and oxida-
tive stress induced by high fructose intake promoted the activation
of TLR-4. Indeed, not only the expression of the bacterial endotoxin
receptor TLR-4 was elevated, but Wagnerberger et al. also observed
significantly elevated expression levels of TLR -1, 2, 3, 6, 7 and 8 in
fructose-fed mice [64]. TLRs, a type I integral membrane receptor,
can be activated directly by proteins, nucleic acids, and
lipopolysaccharides from pathogens, and even from proteins
released during host injury [65]. All TLR signaling pathways rely
on Myd88 to initiate intracellular signal transduction pathways
to regulate inflammation, except for TLR-3 and limited TLR-4
[66]. The N-terminal death domain of MyD88 is capable of recruit-
ing IRAKs, which drive auto-phosphorylation and subsequent
recruitment of the E3 ubiquitin ligase TRAF6 [67]. TRAF6 further
activates the downstream kinase TAK1, which stimulates the IkB
kinase (IKK)-mediated NF-kB signaling pathway and the
mitogen-activated protein kinase (MAPK)-mediated AP-1 signaling
pathway [68].

Heterodimers formed by TLR-2 and TLR-6 have previously been
shown to recognize diacylated lipopeptides (cell wall components
of Gram-positive bacteria, yeast, and mycoplasma) and are poten-
tially important drivers of Th1 and 17-mediated inflammatory
responses in IBD patients [69]. Fructose treatment enhances a-
SMA and collagen expression through TLR-6-regulated ROS and
NF-jB signaling pathways, which produces oxidative stress and
an inflammatory response in cardiomyocytes, and consequently
to myocardial fibrosis in mice [70]. TLR-6 knockout mice have a
protective effect on myocardial fibrosis induced by high fructose
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diet, due to the lower phosphorylation levels of IKKa and NF-jB
and the production of ROS compared with the wild type [70].
The elevated serum levels of LPS in fructose-fed mice may be an
important cause of hepatitis. Chronic intake of 30% fructose solu-
tion resulted in a significant increase in blood endotoxin levels (ap-
proximately 27-fold) in both TLR-4 mutant and wild-type mice,
while hepatic steatosis levels in TLR4-deficient mice were signifi-
cantly reduced compared to the wild-type mice [71]. Thus, the sig-
naling pathway regulated by TLR-4, which is the receptor for LPS, is
closely associated with the persistence of the inflammatory
response and the development of infection. Zhou et al. found that
feeding juglanin can block the phosphorylation of key enzymes
in the activation of MAPK and NF-kB, which inhibits the TLR-4 sig-
naling pathway, thereby reducing fructose-induced inflammation
and cell apoptosis in rats [72]. Furthermore, Tan et al. showed that
conjugated linoleic acid ameliorated fructose-induced renal
inflammation in rats, in which the molecular mechanism may be
related to the inhibition of NOD-like receptor pyrin domain con-
taining 3 (NLRP3) inflammasome and TLR-4 signaling pathway
[73]. On the other hand, one recent study showed that TLR-4 sig-
naling deficient mice (C3H/HeJ) were more susceptible to
fructose-induced disease than wild-type mice (C57BL/6J) [74], sug-
gesting the regulation mechanism of fructose is a more complex
regulatory process and needs to be further determined. The reason
for this difference may be related to the way of fructose feeding,
the duration of fructose exposure, and the mouse strain. More
likely, TLR-4 signaling may not be the only crucial factor of
fructose-induced metabolic complications.
6. Pro-inflammatory metabolites under high fructose
consumption

The accumulation of different metabolites may directly affect
the normal function of the immune system [75]. Fructose differs
significantly from glucose in terms of metabolic pathways,
metabolites, and regulatory mechanisms. Fructose is initially
absorbed mainly by the glucose transporter 5 of the intestinal cells
and subsequently metabolized to produce lactate, Free Fatty Acids
(FFAs), very low-density lipoprotein (VLDG), ceramide, Uric Acid
(UA) and methylglyoxal (MG) [76]. Peripheral plasma fructose con-
centration can increase acutely by 10-fold after fructose consump-
tion, but returns to fasting levels within 2 h [13]. This rapid
clearance can lead to a massive and rapid expansion of fructose-
derived metabolites. Below, we describe some of the metabolites
that accumulate under a high fructose diet and the association
between these metabolites and immune dysregulation and chronic
inflammation.
6.1. Uric acid (UA)

The uncontrolled phosphorylation of fructose to F1P leads to a
sustained depletion of intracellular adenosine triphosphate (ATP)
levels and activation of adenosine monophosphate (AMP) deami-
nase, which cleaves AMP to produce inosine monophosphate
(IMP) and promotes uric acid (UA) production [77,78]. Although
UA acts as an antioxidant in the extracellular environment by pre-
venting oxidative stress caused by cancer and aging, once UA
enters some cells, it produces a series of adverse effects, including
inhibition of NO production and induction of elevated expression
of pro-inflammatory and pro-thrombotic factors [79]. Long-term
fructose consumption inhibits renal uric acid excretion and pro-
motes elevated serum uric acid levels, and even a single adminis-
tration of fructose in rats has been shown to diminish the
function of ileal UA excretion [80]. The elevated circulating UA
levels caused by excessive fructose intake in adult males con-
f Health and Social Security de ClinicalKey.es por Elsevier en junio 17, 
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tributes to the increased risk of hypertension and accompanying
symptoms of metabolic syndrome [81]. Elevated serum UA con-
centrations have been shown to be strongly associated with signs
of inflammation, such as increased white blood cell counts,
increased levels of oxidative stress, and increased numbers of
cytokines involved in the innate immune response, including
monocyte chemotactic protein (MCP)-1, IL-6, IL-1b, and TNFa
[82,83]. UA promotes the activation of nicotinamide adenine dinu-
cleotide (NADPH) oxidase, which is thought to be one of the most
important causes of ROS production in cells and can be transferred
to mitochondria to participate in mitochondrial oxidative stress
[84,85]. This increase in ROS activates the NLRP3 inflammasome
in fructose-fed rats by inducing p38 MAPK phosphorylation and
thioredoxin-interacting protein (TXNIP) expression [86]. Activation
of the NLRP3 inflammasome and subsequent recruitment of cas-
pase 1 protein is a well-known pathway for IL-1b production by
macrophages [87] (Fig. 1). In addition, elevated uric acid levels
can activate NF-jB signaling pathways in mouse kidney, pancreas,
and hypothalamus cells by inducing the phosphorylation of IKK
and IjBa, triggering inflammation and dysfunction in these organs
[86]. Notably, UA generated in fructose metabolism can stimulate
endogenous fructose production by activating aldose reductase in
polyols, a positive feedback regulatory mechanism that further
amplifies UA levels [88]. These findings link fructose intake, UA
production, and the development of metabolic syndromes and
highlight the pathological role of uric acid in the progression of
these diseases.

6.2. Free fatty acids (FFAs)

Fructose feeding promotes de novo lipogenesis (DNL) in mouse
liver by upregulating the expression of genes related to carbohy-
drate metabolism and adipogenesis, including Srebf1, Mlxipl, Acaca,
Fasn, and Acly [18]. Varma et al. also found that fructose can alter
glucose metabolism in adipocytes to meet its own metabolic end-
points via an oxidative pathway, a process in which fructose stim-
ulates adipocytes to de novo FFAs synthesis [89]. Fructose-induced
inflammation, on the other hand, up-regulates the activity of 11-B
hydroxysteroid dehydrogenase type 1 in adipose tissue and liver,
which enhances the glucocorticoid response and promotes ele-
vated intracellular cortisol levels [90]. Increased cortisol levels in
adipocytes are often accompanied by an increased flux of fatty
acids [91]. These FFAs enter the liver directly through the portal
circulation and affect hepatic metabolism. FFAs are oxidized or
esterified to triglycerides (TGs) in the liver and secreted as very
low density lipoproteins (VLDL) -TG [92]. Thus, when the rate of
oxidation and esterification of FFA is higher than the rate of VLDL
production, accumulation of TGs and FFAs occurs in the liver and
extrahepatic tissues, which triggers activation of protein kinase C
(PKC) and consequently insulin resistance [90]. In turn, insulin
resistance increases the release of FFAs through lipolysis, promot-
ing elevated levels of serum FFAs [93]. Activation of PKC induced
by FFAs can promote ROS production in patients with insulin resis-
tance status through activation of NAD(P)H oxidase [94]. In addi-
tion, FFAs can directly activate the NF-jB signaling pathway in
macrophages and adipocytes via TLR-4, inducing the expression
of pro-inflammatory factors and thus promoting obesity-
dependent insulin resistance [95]. Interestingly, FFAs had no direct
effect on the pro-inflammatory response of DCs, but rather exacer-
bated TH1/ TH17-mediated inflammation by sensitizing DCs [96].
Heart, adipose tissue, pancreatic islets, and skeletal muscle are
more susceptible to metabolic disorders and pro-inflammatory
responses because of their high expression of FFA transporter pro-
teins (FATPs) and CD36, which are able to uptake high fructose-
induced FFAs [97]. High fructose diets increase levels of CD36 in
the heart, liver and blood, and CD36 has been shown to be a key
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regulator of fatty acid uptake [98]. In particular, CD36 signaling
in macrophages regulates their migration through NADPH
oxidation-dependent ROS production to trap them in the arterial
intima, and makes macrophages turn into lipid-laden foam cells
by increasing the accumulation of fatty acids, leading to the aggra-
vation of atherosclerosis [99–101].
6.3. Lactate

There are differences in the metabolic kinetics and fate of fruc-
tose and glucose in hepatocytes. Liu et al. have shown that hepato-
cytes convert fructose to lactate twice as fast as glucose [15]. High
fructose intake can induce a sustained increase in plasma lactate
concentration, leading to hyperlactatemia [102]. It is possible that
the reduced uptake and consumption of glucose in skeletal muscle
observed in mice on a high fructose diet is mediated by lactate pro-
duction from the metabolism of fructose. As an important factor for
maintaining insulin resistance, lactic acid can reduce the level of
Glut-4 and inhibit the activity of HK and PFK, resulting in a
decrease of skeletal muscle glycolytic flux [76,103]. Lactate can
function through the plasma membrane Gi-protein-coupled recep-
tor 81 (GPR81) to activate the expression of genes related to lactic
acid metabolism in tumor cells, and maintain the proliferation of
tumor cells in the absence of glucose and the presence of lactate
[104]. Of note, GPR81 knockdown strongly enhances pro-Il1b and
Nlrp3 expression in Kupffer cells (hepatic macrophage), promoting
hepatocyte apoptosis and liver inflammation [105]. Transient
engagement of lactate in the physiological concentration range
(3–4 mmol/L) to GPR81 inhibits TLR4- and TLR9-mediated pro-
inflammatory responses in Kupffer cells by preventing activation
of the NF-kB pathway [105]. However, long-term exposure to
super-physiological concentrations of lactic acid can cause intra-
cellular acidosis, which stimulates MD-2, a co-receptor of TLR-4,
and enhances the expression of inflammatory genes [106]. Lactate
levels increase with the degree of inflammation, which triggers a
series of intracellular signals that drive certain chronic inflamma-
tory processes. In synovial joints of rheumatoid arthritis patients,
lactate interacts with the CD4+ surface lactate transporter protein
SLC5A12 to interfere with glycolysis and activate a stop migration
signal, while sodium lactate can inhibit CD8+ migration via the
sodium lactate transporter protein SLC5A12 [107]. In addition,
sodium lactate induces differentiation of naïve CD4+ T cells to the
Th17 subset and IL-17 production [108]. Lactate inhibits the prolif-
eration and cytokine production of cytotoxic CD8+ T cells, resulting
in impaired CD8+ T cell-mediated killing function [109]. Overall,
lactate detrimentally increases chronic inflammation by inhibiting
T-cell migration and regulating T-cell function, such as promoting
inflammatory factor release and decreasing cytolytic capacity.
7. Fructose promotes resistance to cancer immunotherapy

Fructose was shown to stimulate DNL and steatosis through
inflammatory signals such as NF-jB pathway and TNF secretion
[18]. DNL can dramatically changes the membrane lipid saturation
of cancer cells to protect them from free radicals and chemothera-
peutic agents [110]. Cancer cells utilize fructose as fuel by GLUT5, a
specific fructose transporter that has been found to be expressed
on the surface of a variety of cancer cells including acute myeloid
leukemia (AML), rectal, breast, pancreatic, glioblastoma, liver, and
lung cancers [14,19]. Weng et al. suggested that upregulation of
GLUT5 expression in non-small cell lung cancer contributes to
the metabolism of fructose by cancer cells under glucose-
restricted conditions and promotes cancer proliferation, migration,
and invasion [111]. Likewise, high expression of GLUT5 was found
in myeloid cells of AML patients and tumor cells of glioma patients,
f Health and Social Security de ClinicalKey.es por Elsevier en junio 17, 
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which was closely associated with the malignancy and poor clini-
cal prognosis of tumor patients [112,113]. In addition, the role of
aldolase B and KHK-A in mediating fructose-induced cancer metas-
tasis seems distinct. Goncalves et al. studied primary colon carci-
noma and liver metastasis samples and found that the
upregulation of aldolase B expression in liver metastases enhanced
fructose metabolism compared with primary tumors, while GLUT5
levels were not significantly different [114]. The KHK gene
expresses two isoforms, KHK-A and KHK-C. KHK-C is primarily
expressed in the liver and is thought to be the major enzyme in
fructose metabolism. In contrast, KHK-A is expressed at low levels
in most tissues and has a much lower affinity for fructose than
KHK-C [115]. However, most cancer cell lines predominantly
express KHK-A rather than KHK-C, and KHK-A acts as a protein
kinase to promote fructose-induced breast cancer migration
[116]. Under fructose stimulation, KHK-A is transported to the
nucleus and phosphorylates the Ser25 site of YWHAH, which inhi-
bits the expression of E-cadherin, thereby leading to breast cancer
cell migration [116].

Compared to glucose, fructose has a more pronounced advan-
tage in driving the cancer process. Even moderate doses of fructose
in the diet can lead to KHK-dependent tumor growth associated
with PFK activation and enhanced glycolysis [117]. Most solid
tumors are hypoxic to some degree due to inadequate oxygen sup-
ply caused by abnormal vascular structure, while the presence of
fructose promotes tumor survival in a hypoxic microenvironment.
In hypoxic colorectal cancer cells, the fructose metabolite F1P inhi-
bits the M2 isoform of pyruvate kinase (PKM2), then amplifies the
activity of HIF-1a to promote cancer cells survival [118].

The successful application of immune checkpoint blockers anti-
CTLA-4 and anti-PD-1/PD-L1 has initiated a new era of cancer
immunotherapy, but these therapies have failed to generate sus-
tained benefit in some patients. One study reported that dietary
fructose induces the expression of the protective protein heme
oxygenase-1 (HO-1) in melanoma tumor cells, allowing tumors
to resist the immune-mediated killing elicited during checkpoint-
blocking immunotherapy [119]. Notably, the receptor involved in
fructose uptake by tumor cells in this process does not appear to
be GLUT5. HO-1 enhances the antioxidant, antiapoptotic, and
anti-inflammatory properties of cells through its metabolites
biliverdin/bilirubin and CO, and participates in the protective
defense mechanisms of tumor cells [120]. The use of HO-1 inhibi-
tors significantly improved the immunotherapeutic outcomes of
melanoma in fructose-fed mice [119]. A growing body of studies
indicates that extracellular acidosis suppresses T lymphocyte-
mediated immunity and that there is a strong correlation between
the protumor effect of lactate and immune evasion by tumors
[107,121]. Feng et al. recently found that lactate concentrations
in a range induced PD-L1 expression levels in human lung adeno-
carcinoma in a dose-dependent manner [122]. PD-L1 is a ligand for
PD1, interaction of them generates specific conformation changes
that protects tumors from immune recognition and inhibits tumor
cell destruction by cytotoxic T cells. Lactate activates the transcrip-
tional cofactor TAZ through its receptor GPR81, which promotes
the upregulation of PD-L1 in lung cancer cells at the transcriptional
level [122]. In co-culture experiments, this upregulation reduced
interferon-c production in T cells and induced apoptosis [122].
Another study showed that high levels of lactate blocked the
expression of IFN-g and granzyme B in mouse NK cells, which
directly inhibited the NK cell-mediated response [123]. Collec-
tively, elevated lactate levels on a high fructose diet may be asso-
ciated with being an alternative mechanism by which fructose
promotes tumor immune evasion. Therefore, targeting fructose
metabolism may be beneficial in tumor immunotherapy.
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8. Conclusion

Chronic low-grade inflammation contributes to the develop-
ment of multiple diseases, including cardiovascular disease,
obesity-related metabolic syndrome, type 2 diabetes mellitus
(T2DM), non-alcoholic fatty liver disease (NAFLD) and many types
of cancer, which are important risk factors facing society today.
Fructose appears to be one of the triggers of signaling pathways
for chronic low-grade inflammation. High fructose intake disrupts
gut microbial community homeostasis and decreases intestinal
barrier permeability, which in turn induces inflammation in the
organism. In addition, fructose promotes cellular metabolic rear-
rangement, inflammatory cytokine production, and tumor immune
escape due to its unique metabolic pattern. Interventions in the
metabolic process can slow down the fructose-induced inflamma-
tory response and pro-tumor effects, such as inhibition of KHK,
GLUT8, GLUT5, etc. [14,112,124]. It is important to note that in
some cells, fructose is not dependent on KHK, but HK for catabo-
lism [125,126].

Although there is enough evidence to support the idea that fruc-
tose mediates inflammation, many important questions still need
to be addressed. For example, fructose promotes cellular glycolysis
and metabolic rearrangement, but most of the current research has
focused on the effects of fructose on innate immunity, and knowl-
edge of adaptive immunity remains limited. Furthermore, studies
in rats indicate that females are more susceptible to fructose diet
than males [124], but the complete physiological function of these
sex differences remains obscure. Because of complexity, legiti-
macy, and potential ethical issues, most studies on high fructose
diets have relied on animal models, which can’t provide a full fea-
ture of the effects of fructose on humans. Overall, further research
is needed on the underlying mechanisms by which fructose causes
disease and immune system disorders so that we can implement
effective programs to change our current dietary habits.

CRediT authorship contribution statement

Hao Cheng:Writing – original draft, Writing – review & editing.
Jingyang Zhou:Writing – review & editing. Yutong Sun:Writing –
original draft. Qipeng Zhan: Writing – review & editing. Dunfang
Zhang: Conceptualization, Supervision, Writing – review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgement

This work was supported by the National Natural Science Foun-
dation of China (NO. 82171829), the Key Project of the Science and
Technology Department of Sichuan Province (NO. 2022YFH0100),
the 1�3�5 Project for Disciplines of Excellence, West China Hospital,
Sichuan University (NO. ZYYC21012), and the Fundamental
Research Funds for the Central Universities, China
(20822041E4084). DZ sincerely wants to commemorate Dr. Sang-
A Park, who passed away suddenly on January 22, 2018.

References

[1] P. Jegatheesan, J.P. De Bandt, Fructose and NAFLD: the multifaceted aspects of
fructose metabolism, Nutrients 9 (2017).

[2] W. Zhang, T. Zhang, B. Jiang, W. Mu, Enzymatic approaches to rare sugar
production, Biotechnol. Adv. 35 (2017) 267–274.

[3] A. Afshin, M.B. Reitsma, C.J.L. Murray, Health effects of overweight and
obesity in 195 countries, N. Engl. J. Med. 377 (2017) 1496–1497.
f Health and Social Security de ClinicalKey.es por Elsevier en junio 17, 
ización. Copyright ©2022. Elsevier Inc. Todos los derechos reservados.

http://refhub.elsevier.com/S0198-8859(22)00067-2/h0005
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0005
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0010
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0010
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0015
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0015


H. Cheng, J. Zhou, Y. Sun et al. Human Immunology 83 (2022) 538–546
[4] G.A. Bray, Soft drink consumption and obesity: it is all about fructose, Curr.
Opin. Lipidol. 21 (2010) 51–57.

[5] T. Jensen, M.F. Abdelmalek, S. Sullivan, K.J. Nadeau, M. Green, C. Roncal, T.
Nakagawa, M. Kuwabara, Y. Sato, D.H. Kang, D.R. Tolan, L.G. Sanchez-Lozada,
H.R. Rosen, M.A. Lanaspa, A.M. Diehl, R.J. Johnson, Fructose and sugar: a major
mediator of non-alcoholic fatty liver disease, J. Hepatol. 68 (2018) 1063–
1075.

[6] P. Mirtschink, C. Jang, Z. Arany, W. Krek, Fructose metabolism,
cardiometabolic risk, and the epidemic of coronary artery disease, Eur.
Heart J. 39 (2018) 2497–2505.

[7] M.R. Taskinen, C.J. Packard, J. Boren, Dietary fructose and the metabolic
syndrome, Nutrients 11 (2019).

[8] M.F. Abdelmalek, A. Suzuki, C. Guy, A. Unalp-Arida, R. Colvin, R.J. Johnson, A.
M. Diehl, N. Nonalcoholic Steatohepatitis Clinical Research, Increased
fructose consumption is associated with fibrosis severity in patients with
nonalcoholic fatty liver disease, Hepatology 51 (2010) 1961–1971.

[9] C. Caliceti, D. Calabria, A. Roda, A. Cicero, Fructose intake, serum uric acid, and
cardiometabolic disorders: a critical review, Nutrients 9 (2017).

[10] C. Jang, S. Hui, W. Lu, A.J. Cowan, R.J. Morscher, G. Lee, W. Liu, G.J. Tesz, M.J.
Birnbaum, J.D. Rabinowitz, The small intestine converts dietary fructose into
glucose and organic acids, Cell Metab. 27 (2018) 351–361 e3.

[11] C. Jang, S. Wada, S. Yang, B. Gosis, X. Zeng, Z. Zhang, Y. Shen, G. Lee, Z. Arany, J.
D. Rabinowitz, The small intestine shields the liver from fructose-induced
steatosis, Nat. Metab. 2 (2020) 586–593.

[12] F. Heinz, W. Lamprecht, J. Kirsch, Enzymes of fructose metabolism in human
liver, J. Clin. Invest. 47 (1968) 1826–1832.

[13] S.A. Hannou, D.E. Haslam, N.M. McKeown, M.A. Herman, Fructose metabolism
and metabolic disease, J. Clin. Invest. 128 (2018) 545–555.

[14] H. Jiang, Q. Lin, L. Ma, S. Luo, X. Jiang, J. Fang, Z. Lu, Fructose and fructose
kinase in cancer and other pathologies, J. Genet. Genomics 48 (2021).

[15] L. Liu, T. Li, Y. Liao, Y. Wang, Y. Gao, H. Hu, H. Huang, F. Wu, Y.G. Chen, S. Xu, S.
Fu, Triose kinase controls the lipogenic potential of fructose and dietary
tolerance, Cell Metab. 32 (2020) 605–618 e7.

[16] M. Maersk, A. Belza, H. Stodkilde-Jorgensen, S. Ringgaard, E. Chabanova, H.
Thomsen, S.B. Pedersen, A. Astrup, B. Richelsen, Sucrose-sweetened beverages
increase fat storage in the liver, muscle, and visceral fat depot: a 6-mo
randomized intervention study, Am. J. Clin. Nutr. 95 (2012) 283–289.

[17] K.L. Stanhope, A.A. Bremer, V. Medici, K. Nakajima, Y. Ito, T. Nakano, G. Chen,
T.H. Fong, V. Lee, R.I. Menorca, N.L. Keim, P.J. Havel, Consumption of fructose
and high fructose corn syrup increase postprandial triglycerides, LDL-
cholesterol, and apolipoprotein-B in young men and women, J. Clin.
Endocrinol. Metab. 96 (2011) E1596–E1605.

[18] J. Todoric, G. Di Caro, S. Reibe, D.C. Henstridge, C.R. Green, A. Vrbanac, F.
Ceteci, C. Conche, R. McNulty, S. Shalapour, K. Taniguchi, P.J. Meikle, J.D.
Watrous, R. Moranchel, M. Najhawan, M. Jain, X. Liu, T. Kisseleva, M.T. Diaz-
Meco, J. Moscat, R. Knight, F.R. Greten, L.F. Lau, C.M. Metallo, M.A. Febbraio,
M. Karin, Fructose stimulated de novo lipogenesis is promoted by
inflammation, Nat. Metab. 2 (2020) 1034–1045.

[19] N. Krause, A. Wegner, Fructose metabolism in cancer, Cells 9 (2020).
[20] A.E. Von Ah Morano, G.P. Dorneles, A. Peres, F.S. Lira, The role of glucose

homeostasis on immune function in response to exercise: the impact of low
or higher energetic conditions, J. Cell. Physiol. 235 (2020) 3169–3188.

[21] D.M. Zhang, R.Q. Jiao, L.D. Kong, High dietary fructose: direct or indirect
dangerous factors disturbing tissue and organ functions, Nutrients 9 (2017).

[22] T. Pasqualli, P.E.E. Chaves, L. Veiga Pereira, E.A. Serpa, L. Flávio Souza de
Oliveira, M. Mansur Machado, The use of fructose as a sweetener. Is it a safe
alternative for our immune system? J Food, Biochem 44 (2020) e13496.

[23] M.C. Castro, M.L. Massa, L.G. Arbelaez, G. Schinella, J.J. Gagliardino, F. Francini,
Fructose-induced inflammation, insulin resistance and oxidative stress: a
liver pathological triad effectively disrupted by lipoic acid, Life Sci. 137 (2015)
1–6.

[24] J. Lambertz, S. Weiskirchen, S. Landert, R. Weiskirchen, Fructose: a dietary
sugar in crosstalk with microbiota contributing to the development and
progression of non-alcoholic liver disease, Front. Immunol. 8 (2017) 1159.

[25] N. Jones, J. Blagih, F. Zani, A. Rees, D.G. Hill, B.J. Jenkins, C.J. Bull, D. Moreira, A.
I.M. Bantan, J.G. Cronin, D. Avancini, G.W. Jones, D.K. Finlay, K.H. Vousden, E.E.
Vincent, C.A. Thornton, Fructose reprogrammes glutamine-dependent
oxidative metabolism to support LPS-induced inflammation, Nat. Commun.
12 (2021) 1209.

[26] Y. Wang, W. Qi, G. Song, S. Pang, Z. Peng, Y. Li, P. Wang, High-fructose diet
increases inflammatory cytokines and alters gut microbiota composition in
rats, Mediators Inflamm. 2020 (2020) 6672636.

[27] D.G. DeNardo, L.M. Coussens, Inflammation and breast cancer. Balancing
immune response: crosstalk between adaptive and innate immune cells
during breast cancer progression, Breast Cancer Res. 9 (2007).

[28] E.L. Pearce, E.J. Pearce, Metabolic pathways in immune cell activation and
quiescence, Immunity 38 (2013) 633–643.

[29] R.V. Duran, W. Oppliger, A.M. Robitaille, L. Heiserich, R. Skendaj, E. Gottlieb,
M.N. Hall, Glutaminolysis activates Rag-mTORC1 signaling, Mol. Cell 47
(2012) 349–358.

[30] F. Ginhoux, S. Jung, Monocytes and macrophages: developmental pathways
and tissue homeostasis, Nat. Rev. Immunol. 14 (2014) 392–404.

[31] S.Y. Cheon, K. Cho, Lipid metabolism, inflammation, and foam cell formation
in health and metabolic disorders: targeting mTORC1, J. Mol. Med. (Berl) 99
(2021).
544

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library o
2022. Para uso personal exclusivamente. No se permiten otros usos sin autor
[32] K. Duvel, J.L. Yecies, S. Menon, P. Raman, A.I. Lipovsky, A.L. Souza, E.
Triantafellow, Q. Ma, R. Gorski, S. Cleaver, M.G. Vander Heiden, J.P.
MacKeigan, P.M. Finan, C.B. Clish, L.O. Murphy, B.D. Manning, Activation of
a metabolic gene regulatory network downstream of mTOR complex 1, Mol.
Cell 39 (2010) 171–183.

[33] M. Linke, S.D. Fritsch, N. Sukhbaatar, M. Hengstschlager, T. Weichhart,
mTORC1 and mTORC2 as regulators of cell metabolism in immunity, FEBS
Lett. 591 (2017) 3089–3103.

[34] N. Jaiswal, S. Agrawal, A. Agrawal, High fructose-induced metabolic changes
enhance inflammation in human dendritic cells, Clin. Exp. Immunol. 197
(2019) 237–249.

[35] A.K. Rai, N. Jaiswal, C.K. Maurya, A. Sharma, I. Ahmad, S. Ahmad, A.P. Gupta, J.
R. Gayen, A.K. Tamrakar, Fructose-induced AGEs-RAGE signaling in skeletal
muscle contributes to impairment of glucose homeostasis, J. Nutr. Biochem.
71 (2019) 35–44.

[36] B.I. Hudson, M.E. Lippman, Targeting RAGE signaling in inflammatory disease,
Annu. Rev. Med. 69 (2018) 349–364.

[37] A. Rouhiainen, J. Kuja-Panula, S. Tumova, H. Rauvala, RAGE-mediated cell
signaling, Methods Mol. Biol. 963 (2013) 239–263.

[38] Y.H. Jing, K.H. Chen, S.H. Yang, P.C. Kuo, J.K. Chen, Resveratrol ameliorates
vasculopathy in STZ-induced diabetic rats: role of AGE-RAGE signalling,
Diabetes Metab. Res. Rev. 26 (2010) 212–222.

[39] M.L. Porto, L.M. Lirio, A.T. Dias, A.T. Batista, B.P. Campagnaro, J.G. Mill, S.S.
Meyrelles, M.P. Baldo, Increased oxidative stress and apoptosis in peripheral
blood mononuclear cells of fructose-fed rats, Toxicol. In Vitro 29 (2015)
1977–1981.

[40] Z. Al Bander, M.D. Nitert, A. Mousa, N. Naderpoor, The gut microbiota and
inflammation: an overview, Int. J. Environ. Res. Public Health 17 (2020) 7618.

[41] R. Tan, H. Dong, Z. Chen, M. Jin, J. Yin, H. Li, D. Shi, Y. Shao, H. Wang, T. Chen, D.
Yang, J. Li, Intestinal microbiota mediates high-fructose and high-fat diets to
induce chronic intestinal inflammation, Front. Cell. Infect. Microbiol. 11
(2021) 654074.

[42] S. Zhao, C. Jang, J. Liu, K. Uehara, M. Gilbert, L. Izzo, X. Zeng, S. Trefely, S.
Fernandez, A. Carrer, K.D. Miller, Z.T. Schug, N.W. Snyder, T.P. Gade, P.M.
Titchenell, J.D. Rabinowitz, K.E. Wellen, Dietary fructose feeds hepatic
lipogenesis via microbiota-derived acetate, Nature 579 (2020) 586–591.

[43] K.A. Kuhn, H.M. Schulz, E.H. Regner, E.L. Severs, J.D. Hendrickson, G. Mehta, A.
K. Whitney, D. Ir, N. Ohri, C.E. Robertson, D.N. Frank, E.L. Campbell, S.P.
Colgan, Bacteroidales recruit IL-6-producing intraepithelial lymphocytes in
the colon to promote barrier integrity, Mucosal. Immunol. 11 (2018) 357–
368.

[44] K. Miura, M. Ishioka, K. Iijima, The roles of the gut microbiota and toll-like
receptors in obesity and nonalcoholic fatty liver disease, J. Obes. Metab.
Syndr. 26 (2017) 86–96.

[45] M. Do, E. Lee, M.J. Oh, Y. Kim, H.Y. Park, High-glucose or -fructose diet cause
changes of the gut microbiota and metabolic disorders in mice without body
weight change, Nutrients 10 (2018) 761.

[46] D. Parada Venegas, M.K. De la Fuente, G. Landskron, M.J. Gonzalez, R. Quera,
G. Dijkstra, H.J.M. Harmsen, K.N. Faber, M.A. Hermoso, Short Chain Fatty Acids
(SCFAs)-mediated gut epithelial and immune regulation and its relevance for
inflammatory Bowel diseases, Front. Immunol. 10 (2019) 277.

[47] M. Sun, W. Wu, Z. Liu, Y. Cong, Microbiota metabolite short chain fatty acids,
GPCR, and inflammatory bowel diseases, J. Gastroenterol. 52 (2017) 1–8.

[48] G. den Besten, K. Lange, R. Havinga, T.H. van Dijk, A. Gerding, K. van Eunen, M.
Müller, A.K. Groen, G.J. Hooiveld, B.M. Bakker, D.-J. Reijngoud, Gut-derived
short-chain fatty acids are vividly assimilated into host carbohydrates and
lipids, Am. J. Physiol. Gastrointest. Liver Physiol. 305 (2013) G900–G910.

[49] P.M. Smith, M.R. Howitt, N. Panikov, M. Michaud, C.A. Gallini, Y.M. Bohlooly, J.
N. Glickman, W.S. Garrett, The microbial metabolites, short-chain fatty acids,
regulate colonic Treg cell homeostasis, Science 341 (2013) 569–573.

[50] P.V. Chang, L. Hao, S. Offermanns, R. Medzhitov, The microbial metabolite
butyrate regulates intestinal macrophage function via histone deacetylase
inhibition, Proc. Natl. Acad. Sci. U S A 111 (2014) 2247–2252.

[51] W. Wu, M. Sun, F. Chen, A.T. Cao, H. Liu, Y. Zhao, X. Huang, Y. Xiao, S. Yao, Q.
Zhao, Z. Liu, Y. Cong, Microbiota metabolite short-chain fatty acid acetate
promotes intestinal IgA response to microbiota which is mediated by GPR43,
Mucosal. Immunol. 10 (2017) 946–956.

[52] J.M. Li, R. Yu, L.P. Zhang, S.Y. Wen, S.J. Wang, X.Y. Zhang, Q. Xu, L.D. Kong,
Dietary fructose-induced gut dysbiosis promotes mouse hippocampal
neuroinflammation: a benefit of short-chain fatty acids, Microbiome 7
(2019) 98.

[53] M. Sun, W. Wu, L. Chen, W. Yang, X. Huang, C. Ma, F. Chen, Y. Xiao, Y. Zhao, C.
Ma, S. Yao, V.H. Carpio, S.M. Dann, Q. Zhao, Z. Liu, Y. Cong, Microbiota-derived
short-chain fatty acids promote Th1 cell IL-10 production to maintain
intestinal homeostasis, Nat. Commun. 9 (2018) 3555.

[54] R. Jin, A. Willment, S.S. Patel, X. Sun, M. Song, Y.O. Mannery, A. Kosters, C.J.
McClain, M.B. Vos, Fructose induced endotoxemia in pediatric nonalcoholic
Fatty liver disease, Int. J. Hepatol. 2014 (2014) 560620.

[55] P. Muriel, P. López-Sánchez, E. Ramos-Tovar, Fructose and the liver, Int. J. Mol.
Sci. 22 (2021) 6969.

[56] C. Sellmann, J. Priebs, M. Landmann, C. Degen, A.J. Engstler, C.J. Jin, S. Garttner,
A. Spruss, O. Huber, I. Bergheim, Diets rich in fructose, fat or fructose and fat
alter intestinal barrier function and lead to the development of nonalcoholic
fatty liver disease over time, J. Nutr. Biochem. 26 (2015) 1183–1192.

[57] V. Volynets, S. Louis, D. Pretz, L. Lang, M.J. Ostaff, J. Wehkamp, S.C. Bischoff,
Intestinal barrier function and the gut microbiome are differentially affected
f Health and Social Security de ClinicalKey.es por Elsevier en junio 17, 
ización. Copyright ©2022. Elsevier Inc. Todos los derechos reservados.

http://refhub.elsevier.com/S0198-8859(22)00067-2/h0020
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0020
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0025
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0025
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0025
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0025
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0025
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0030
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0030
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0030
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0035
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0035
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0040
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0040
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0040
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0040
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0045
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0045
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0050
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0050
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0050
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0055
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0055
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0055
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0060
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0060
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0065
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0065
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0070
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0070
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0075
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0075
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0075
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0080
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0080
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0080
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0080
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0085
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0085
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0085
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0085
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0085
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0090
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0090
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0090
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0090
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0090
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0090
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0095
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0100
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0100
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0100
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0105
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0105
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0110
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0110
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0110
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0115
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0115
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0115
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0115
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0120
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0120
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0120
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0125
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0125
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0125
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0125
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0125
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0130
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0130
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0130
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0135
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0135
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0135
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0140
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0140
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0145
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0145
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0145
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0150
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0150
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0155
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0155
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0155
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0160
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0160
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0160
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0160
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0160
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0165
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0165
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0165
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0170
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0170
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0170
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0175
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0175
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0175
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0175
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0180
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0180
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0185
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0185
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0190
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0190
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0190
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0195
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0195
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0195
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0195
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0200
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0200
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0205
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0205
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0205
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0205
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0210
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0210
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0210
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0210
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0215
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0215
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0215
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0215
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0215
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0220
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0220
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0220
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0225
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0225
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0225
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0230
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0230
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0230
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0230
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0235
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0235
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0240
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0240
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0240
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0240
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0245
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0245
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0245
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0250
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0250
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0250
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0255
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0255
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0255
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0255
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0260
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0260
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0260
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0260
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0265
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0265
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0265
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0265
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0270
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0270
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0270
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0275
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0275
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0280
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0280
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0280
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0280
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0285
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0285


H. Cheng, J. Zhou, Y. Sun et al. Human Immunology 83 (2022) 538–546
in mice fed a western-style diet or drinking water supplemented with
fructose, J. Nutr. 147 (2017) 770–780.

[58] Y.E. Cho, D.K. Kim, W. Seo, B. Gao, S.H. Yoo, B.J. Song, Fructose promotes leaky
gut, endotoxemia, and liver fibrosis through ethanol-inducible cytochrome
P450–2E1-mediated oxidative and nitrative stress, Hepatology 73 (2021)
2180–2195.

[59] M. Schroder, R.J. Kaufman, ER stress and the unfolded protein response,
Mutat. Res. 569 (2005) 29–63.

[60] O.I. Coleman, D. Haller, ER stress and the UPR in shaping intestinal tissue
homeostasis and immunity, Front. Immunol. 10 (2019) 2825.

[61] J.F. Sicard, G. Le Bihan, P. Vogeleer, M. Jacques, J. Harel, Interactions of
intestinal bacteria with components of the intestinal mucus, Front. Cell.
Infect. Microbiol. 7 (2017) 387.

[62] I. Bergheim, S. Weber, M. Vos, S. Kramer, V. Volynets, S. Kaserouni, C.J.
McClain, S.C. Bischoff, Antibiotics protect against fructose-induced hepatic
lipid accumulation in mice: role of endotoxin, J. Hepatol. 48 (2008) 983–992.

[63] I.S. Hansen, J.M. Schoonejans, L. Sritharan, J.A. van Burgsteden, C.A. Ambarus,
D.L.P. Baeten, J. den Dunnen, ER stress abrogates the immunosuppressive
effect of IL-10 on human macrophages through inhibition of STAT3
activation, Inflamm. Res. 68 (2019) 775–785.

[64] S. Wagnerberger, A. Spruss, G. Kanuri, V. Volynets, C. Stahl, S.C. Bischoff, I.
Bergheim, Toll-like receptors 1–9 are elevated in livers with fructose-induced
hepatic steatosis, Br. J. Nutr. 107 (2012) 1727–1738.

[65] N. Anthoney, I. Foldi, A. Hidalgo, Toll and Toll-like receptor signalling in
development, Development 145 (2018).

[66] N. Shomali, J. Mahmoudi, A. Mahmoodpoor, R.E. Zamiri, M. Akbari, H. Xu, S.S.
Shotorbani, Harmful effects of high amounts of glucose on the immune
system: an updated review, Biotechnol. Appl. Biochem. 68 (2021) 404–410.

[67] Y. Lu, X. Li, S. Liu, Y. Zhang, D. Zhang, Toll-like receptors and inflammatory
Bowel disease, Front. Immunol. 9 (2018) 72.

[68] K.A. Fitzgerald, J.C. Kagan, Toll-like receptors and the control of immunity,
Cell 180 (2020) 1044–1066.

[69] M.E. Morgan, P.J. Koelink, B. Zheng, M.H. den Brok, H.J. van de Kant, H.W.
Verspaget, G. Folkerts, G.J. Adema, A.D. Kraneveld, Toll-like receptor 6
stimulation promotes T-helper 1 and 17 responses in gastrointestinal-
associated lymphoid tissue and modulates murine experimental colitis,
Mucosal Immunol. 7 (2014) 1266–1277.

[70] Y. Zhang, Y. Zhang, Toll-like receptor-6 (TLR6) deficient mice are protected
from myocardial fibrosis induced by high fructose feeding through anti-
oxidant and inflammatory signaling pathway, Biochem. Biophys. Res.
Commun. 473 (2016) 388–395.

[71] A. Spruss, G. Kanuri, S. Wagnerberger, S. Haub, S.C. Bischoff, I. Bergheim, Toll-
like receptor 4 is involved in the development of fructose-induced hepatic
steatosis in mice, Hepatology 50 (2009) 1094–1104.

[72] G.Y. Zhou, Y.X. Yi, L.X. Jin, W. Lin, P.P. Fang, X.Z. Lin, Y. Zheng, C.W. Pan, The
protective effect of juglanin on fructose-induced hepatitis by inhibiting
inflammation and apoptosis through TLR4 and JAK2/STAT3 signaling
pathways in fructose-fed rats, Biomed. Pharmacother. 81 (2016) 318–328.

[73] J. Tan, L. Wan, X. Chen, X. Li, X. Hao, X. Li, J. Li, and H. Ding, Conjugated linoleic
acid ameliorates high fructose-induced hyperuricemia and renal
inflammation in rats via NLRP3 inflammasome and TLR4 signaling pathway.
Mol. Nutr. Food Res. 63 (2019) e1801402.

[74] L. Doridot, S.A. Hannou, S.A. Krawczyk, W. Tong, M.-S. Kim, G.S. McElroy, A.J.
Fowler, I.I. Astapova, M.A. Herman, A systems approach dissociates fructose-
induced liver triglyceride from hypertriglyceridemia and hyperinsulinemia in
male mice, Nutrients 13 (2021) 3642.

[75] R.M. Loftus, D.K. Finlay, Immunometabolism: cellular metabolism turns
immune regulator, J. Biol. Chem. 291 (2016) 1–10.

[76] J.E. Konkel, D. Zhang, P. Zanvit, C. Chia, T. Zangarle-Murray, W. Jin, S. Wang,
W. Chen, Transforming growth factor-beta signaling in regulatory T cells
controls T Helper-17 cells and tissue-specific immune responses, Immunity
46 (2017) 660–674.

[77] P.H. Maenpaa, K.O. Raivio, M.P. Kekomaki, Liver adenine nucleotides:
fructose-induced depletion and its effect on protein synthesis, Science 161
(1968) 1253–1254.

[78] T. Nakagawa, H. Hu, S. Zharikov, K.R. Tuttle, R.A. Short, O. Glushakova, X.
Ouyang, D.I. Feig, E.R. Block, J. Herrera-Acosta, J.M. Patel, R.J. Johnson, A causal
role for uric acid in fructose-induced metabolic syndrome, Am. J. Physiol.
Renal Physiol. 290 (2006) F625–F631.

[79] G. Jia, A.R. Aroor, A.T. Whaley-Connell, J.R. Sowers, Fructose and uric acid: is
there a role in endothelial function?, Curr Hypertens. Rep. 16 (2014) 434.

[80] C. Kaneko, J. Ogura, S. Sasaki, K. Okamoto, M. Kobayashi, K. Kuwayama, K.
Narumi, K. Iseki, Fructose suppresses uric acid excretion to the intestinal
lumen as a result of the induction of oxidative stress by NADPH oxidase
activation, Biochim. Biophys. Acta, Gen. Subj. 2017 (1861) 559–566.

[81] S.E. Perez-Pozo, J. Schold, T. Nakagawa, L.G. Sánchez-Lozada, R.J. Johnson, J.L.
Lillo, Excessive fructose intake induces the features of metabolic syndrome in
healthy adult men: role of uric acid in the hypertensive response, Int. J. Obes.
(Lond) 34 (2010) 454–461.

[82] C. Ruggiero, A. Cherubini, A. Ble, A.J. Bos, M. Maggio, V.D. Dixit, F. Lauretani, S.
Bandinelli, U. Senin, L. Ferrucci, Uric acid and inflammatory markers, Eur.
Heart J. 27 (2006) 1174–1181.

[83] L. Chen, Z. Lan, Q. Lin, X. Mi, Y. He, L. Wei, Y. Lin, Y. Zhang, X. Deng, Polydatin
ameliorates renal injury by attenuating oxidative stress-related inflammatory
responses in fructose-induced urate nephropathic mice, Food Chem. Toxicol.
52 (2013) 28–35.
545

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library o
2022. Para uso personal exclusivamente. No se permiten otros usos sin autor
[84] M.A. Lanaspa, L.G. Sanchez-Lozada, Y.J. Choi, C. Cicerchi, M. Kanbay, C.A.
Roncal-Jimenez, T. Ishimoto, N. Li, G. Marek, M. Duranay, G. Schreiner, B.
Rodriguez-Iturbe, T. Nakagawa, D.H. Kang, Y.Y. Sautin, R.J. Johnson, Uric acid
induces hepatic steatosis by generation of mitochondrial oxidative stress:
potential role in fructose-dependent and -independent fatty liver, J. Biol.
Chem. 287 (2012) 40732–40744.

[85] Y.J. Choi, Y. Yoon, K.Y. Lee, T.T. Hien, K.W. Kang, K.C. Kim, J. Lee, M.Y. Lee, S.M.
Lee, D.H. Kang, B.H. Lee, Uric acid induces endothelial dysfunction by vascular
insulin resistance associated with the impairment of nitric oxide synthesis,
FASEB J. 28 (2014) 3197–3204.

[86] W. Wang, X.Q. Ding, T.T. Gu, L. Song, J.M. Li, Q.C. Xue, L.D. Kong, Pterostilbene
and allopurinol reduce fructose-induced podocyte oxidative stress and
inflammation via microRNA-377, Free Radic. Biol. Med. 83 (2015) 214–226.

[87] L.A.B. Joosten, T.O. Crisan, P. Bjornstad, R.J. Johnson, Asymptomatic
hyperuricaemia: a silent activator of the innate immune system, Nat. Rev.
Rheumatol. 16 (2020) 75–86.

[88] L.G. Sanchez-Lozada, A. Andres-Hernando, F.E. Garcia-Arroyo, C. Cicerchi, N.
Li, M. Kuwabara, C.A. Roncal-Jimenez, R.J. Johnson, M.A. Lanaspa, Uric acid
activates aldose reductase and the polyol pathway for endogenous fructose
and fat production causing development of fatty liver in rats, J. Biol. Chem.
294 (2019) 4272–4281.

[89] V. Varma, L.G. Boros, G.T. Nolen, C.W. Chang, M. Wabitsch, R.D. Beger, J. Kaput,
Fructose alters intermediary metabolism of glucose in human adipocytes and
diverts glucose to serine oxidation in the one-carbon cycle energy producing
pathway, Metabolites 5 (2015) 364–385.

[90] J.J. DiNicolantonio, V. Mehta, N. Onkaramurthy, J.H. O’Keefe, Fructose-induced
inflammation and increased cortisol: a new mechanism for how sugar
induces visceral adiposity, Prog. Cardiovasc. Dis. 61 (2018) 3–9.

[91] B.R. Walker, R. Andrew, Tissue production of cortisol by 11beta-
hydroxysteroid dehydrogenase type 1 and metabolic disease, Ann. N. Y.
Acad. Sci. 1083 (2006) 165–184.

[92] G.F. Gibbons, K. Islam, R.J. Pease, Mobilisation of triacylglycerol stores,
Biochim. Biophys. Acta, Mol. Cell. Biol. Lipids 1483 (2000) 37–57.

[93] G. Boden, Obesity, insulin resistance and free fatty acids, Curr. Opin.
Endocrinol. Diabetes Obes. 18 (2011) 139–143.

[94] T. Inoguchi, T. Sonta, H. Tsubouchi, T. Etoh, M. Kakimoto, N. Sonoda, N. Sato,
N. Sekiguchi, K. Kobayashi, H. Sumimoto, H. Utsumi, H. Nawata, Protein
kinase C-dependent increase in reactive oxygen species (ROS) production in
vascular tissues of diabetes: role of vascular NAD(P)H oxidase, J. Am. Soc.
Nephrol. 14 (2003) S227–S232.

[95] H. Shi, M.V. Kokoeva, K. Inouye, I. Tzameli, H. Yin, J.S. Flier, TLR4 links innate
immunity and fatty acid-induced insulin resistance, J. Clin. Invest. 116 (2006)
3015–3025.

[96] K. Stelzner, D. Herbert, Y. Popkova, A. Lorz, J. Schiller, M. Gericke, N. Kloting,
M. Bluher, S. Franz, J.C. Simon, A. Saalbach, Free fatty acids sensitize dendritic
cells to amplify TH1/TH17-immune responses, Eur. J. Immunol. 46 (2016)
2043–2053.

[97] A. Ibrahimi, N.A. Abumrad, Role of CD36 in membrane transport of long-chain
fatty acids, Curr. Opin. Clin. Nutr. Metab. Care 5 (2002) 139–145.

[98] R. Nergiz-Unal, E. Ulug, B. Kisioglu, F. Tamer, M. Bodur, H. Yalcimin, A.A.
Yuruk, Hepatic cholesterol synthesis and lipoprotein levels impaired by
dietary fructose and saturated fatty acids in mice: Insight on PCSK9 and
CD36, Nutrition 79–80 (2020) 110954.

[99] Y.M. Park, M. Febbraio, R.L. Silverstein, CD36 modulates migration of mouse
and human macrophages in response to oxidized LDL and may contribute to
macrophage trapping in the arterial intima, J. Clin. Invest. 119 (2009) 136–
145.

[100] S. Nozaki, H. Kashiwagi, S. Yamashita, T. Nakagawa, B. Kostner, Y. Tomiyama,
A. Nakata, M. Ishigami, J. Miyagawa, K. Kameda-Takemura, et al., Reduced
uptake of oxidized low density lipoproteins in monocyte-derived
macrophages from CD36-deficient subjects, J. Clin. Invest. 96 (1995) 1859–
1865.

[101] K. Tian, Y. Xu, A. Sahebkar, S. Xu, CD36 in atherosclerosis: pathophysiological
mechanisms and therapeutic implications, Curr. Atheroscler. Rep. 22 (2020)
59.

[102] R. Rosset, V. Lecoultre, L. Egli, J. Cros, A.S. Dokumaci, K. Zwygart, C. Boesch, R.
Kreis, P. Schneiter, L. Tappy, Postexercise repletion of muscle energy stores
with fructose or glucose in mixed meals, Am. J. Clin. Nutr. 105 (2017) 609–
617.

[103] T.C. Leite, R.G. Coelho, D. Da Silva, W.S. Coelho, M.M. Marinho-Carvalho, M.
Sola-Penna, Lactate downregulates the glycolytic enzymes hexokinase and
phosphofructokinase in diverse tissues from mice, FEBS Lett. 585 (2011) 92–
98.

[104] C.L. Roland, T. Arumugam, D. Deng, S.H. Liu, B. Philip, S. Gomez, W.R. Burns, V.
Ramachandran, H. Wang, Z. Cruz-Monserrate, C.D. Logsdon, Cell surface
lactate receptor GPR81 is crucial for cancer cell survival, Cancer Res. 74
(2014) 5301–5310.

[105] R. Hoque, A. Farooq, A. Ghani, F. Gorelick, W.Z. Mehal, Lactate reduces liver
and pancreatic injury in Toll-like receptor- and inflammasome-mediated
inflammation via GPR81-mediated suppression of innate immunity,
Gastroenterology 146 (2014) 1763–1774.

[106] D.J. Samuvel, K.P. Sundararaj, A. Nareika, M.F. Lopes-Virella, Y. Huang, Lactate
boosts TLR4 signaling and NF-kappaB pathway-mediated gene transcription
in macrophages via monocarboxylate transporters and MD-2 up-regulation, J.
Immunol. 182 (2009) 2476–2484.
f Health and Social Security de ClinicalKey.es por Elsevier en junio 17, 
ización. Copyright ©2022. Elsevier Inc. Todos los derechos reservados.

http://refhub.elsevier.com/S0198-8859(22)00067-2/h0285
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0285
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0290
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0290
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0290
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0290
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0295
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0295
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0300
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0300
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0305
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0305
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0305
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0310
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0310
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0310
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0315
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0315
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0315
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0315
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0320
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0320
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0320
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0325
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0325
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0330
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0330
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0330
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0335
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0335
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0340
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0340
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0345
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0345
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0345
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0345
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0345
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0350
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0350
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0350
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0350
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0355
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0355
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0355
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0360
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0360
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0360
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0360
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0370
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0370
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0370
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0370
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0375
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0375
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0380
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0380
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0380
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0380
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0385
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0385
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0385
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0390
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0390
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0390
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0390
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0395
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0395
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0400
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0400
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0400
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0400
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0405
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0405
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0405
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0405
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0410
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0410
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0410
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0415
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0415
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0415
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0415
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0420
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0420
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0420
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0420
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0420
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0420
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0425
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0425
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0425
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0425
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0430
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0430
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0430
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0435
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0435
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0435
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0440
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0440
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0440
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0440
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0440
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0445
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0445
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0445
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0445
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0450
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0450
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0450
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0455
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0455
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0455
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0460
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0460
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0465
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0465
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0470
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0470
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0470
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0470
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0470
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0475
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0475
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0475
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0480
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0480
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0480
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0480
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0485
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0485
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0490
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0490
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0490
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0490
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0495
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0495
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0495
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0495
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0500
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0500
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0500
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0500
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0500
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0505
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0505
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0505
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0510
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0510
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0510
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0510
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0515
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0515
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0515
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0515
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0520
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0520
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0520
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0520
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0525
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0525
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0525
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0525
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0530
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0530
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0530
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0530


H. Cheng, J. Zhou, Y. Sun et al. Human Immunology 83 (2022) 538–546
[107] V. Pucino, M. Bombardieri, C. Pitzalis, C. Mauro, Lactate at the crossroads of
metabolism, inflammation, and autoimmunity, Eur. J. Immunol. 47 (2017)
14–21.

[108] R. Haas, J. Smith, V. Rocher-Ros, S. Nadkarni, T. Montero-Melendez, F.
D’Acquisto, E.J. Bland, M. Bombardieri, C. Pitzalis, M. Perretti, F.M. Marelli-
Berg, and C. Mauro, Lactate regulates metabolic and pro-inflammatory
circuits in control of T cell migration and effector functions. PLoS Biol 13
(2015) e1002202.

[109] V. Pucino, D. Cucchi, C. Mauro, Lactate transporters as therapeutic targets in
cancer and inflammatory diseases, Expert Opin. Ther. Targets 22 (2018) 735–
743.

[110] E. Rysman, K. Brusselmans, K. Scheys, L. Timmermans, R. Derua, S. Munck, P.P.
Van Veldhoven, D. Waltregny, V.W. Daniels, J. Machiels, F. Vanderhoydonc, K.
Smans, E. Waelkens, G. Verhoeven, J.V. Swinnen, De novo lipogenesis protects
cancer cells from free radicals and chemotherapeutics by promoting
membrane lipid saturation, Cancer Res. 70 (2010) 8117–8126.

[111] Y. Weng, X. Fan, Y. Bai, S. Wang, H. Huang, H. Yang, J. Zhu, F. Zhang, SLC2A5
promotes lung adenocarcinoma cell growth and metastasis by enhancing
fructose utilization, Cell Death Discov. 4 (2018) 38.

[112] W.L. Chen, Y.Y. Wang, A. Zhao, L. Xia, G. Xie, M. Su, L. Zhao, J. Liu, C. Qu, R. Wei,
C. Rajani, Y. Ni, Z. Cheng, Z. Chen, S.J. Chen, W. Jia, Enhanced fructose
utilization mediated by SLC2A5 is a unique metabolic feature of acute
myeloid leukemia with therapeutic potential, Cancer Cell 30 (2016) 779–791.

[113] C. Su, H. Li, W. Gao, GLUT5 increases fructose utilization and promotes tumor
progression in glioma, Biochem. Biophys. Res. Commun. 500 (2018) 462–469.

[114] P. Bu, K.Y. Chen, K. Xiang, C. Johnson, S.B. Crown, N. Rakhilin, Y. Ai, L. Wang, R.
Xi, I. Astapova, Y. Han, J. Li, B.B. Barth, M. Lu, Z. Gao, R. Mines, L. Zhang, M.
Herman, D. Hsu, G.F. Zhang, X. Shen, Aldolase B-mediated fructose
metabolism drives metabolic reprogramming of colon cancer liver
metastasis, Cell Metab. 27 (2018) 1249–1262 e4.

[115] T. Ishimoto, M.A. Lanaspa, M.T. Le, G.E. Garcia, C.P. Diggle, P.S. Maclean, M.R.
Jackman, A. Asipu, C.A. Roncal-Jimenez, T. Kosugi, C.J. Rivard, S. Maruyama, B.
Rodriguez-Iturbe, L.G. Sanchez-Lozada, D.T. Bonthron, Y.Y. Sautin, R.J.
Johnson, Opposing effects of fructokinase C and A isoforms on fructose-
induced metabolic syndrome in mice, Proc. Natl. Acad. Sci. U S A 109 (2012)
4320–4325.

[116] J. Kim, J. Kang, Y.L. Kang, J. Woo, Y. Kim, J. Huh, J.W. Park, Ketohexokinase-A
acts as a nuclear protein kinase that mediates fructose-induced metastasis in
breast cancer, Nat. Commun. 11 (2020) 5436.

[117] M.D. Goncalves, C. Lu, J. Tutnauer, T.E. Hartman, S.K. Hwang, C.J. Murphy, C.
Pauli, R. Morris, S. Taylor, K. Bosch, S. Yang, Y. Wang, J. Van Riper, H.C. Lekaye,
546

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library o
2022. Para uso personal exclusivamente. No se permiten otros usos sin autor
J. Roper, Y. Kim, Q. Chen, S.S. Gross, K.Y. Rhee, L.C. Cantley, J. Yun, High-
fructose corn syrup enhances intestinal tumor growth in mice, Science 363
(2019) 1345–1349.

[118] S.R. Taylor, S. Ramsamooj, R.J. Liang, A. Katti, R. Pozovskiy, N. Vasan, S.K.
Hwang, N. Nahiyaan, N.J. Francoeur, E.M. Schatoff, J.L. Johnson, M.A. Shah, A.J.
Dannenberg, R.P. Sebra, L.E. Dow, L.C. Cantley, K.Y. Rhee, M.D. Goncalves,
Dietary fructose improves intestinal cell survival and nutrient absorption,
Nature 597 (2021) 263–267.

[119] L.M. Kuehm, N. Khojandi, A. Piening, L.E. Klevorn, S.C. Geraud, N.R.
McLaughlin, K. Griffett, T.P. Burris, K.D. Pyles, A.M. Nelson, M.L. Preuss, K.A.
Bockerstett, M.J. Donlin, K.S. McCommis, R.J. DiPaolo, R.M. Teague, Fructose
promotes cytoprotection in melanoma tumors and resistance to
immunotherapy, Cancer Immunol. Res. 9 (2021) 227–238.

[120] S.K. Chiang, S.E. Chen, L.C. Chang, A dual role of heme oxygenase-1 in cancer
cells, Int. J. Mol. Sci. 20 (2018) 39.

[121] M. Certo, C.H. Tsai, V. Pucino, P.C. Ho, C. Mauro, Lactate modulation of
immune responses in inflammatory versus tumour microenvironments, Nat.
Rev. Immunol. 21 (2021) 151–161.

[122] J. Feng, H. Yang, Y. Zhang, H. Wei, Z. Zhu, B. Zhu, M. Yang, W. Cao, L. Wang, Z.
Wu, Tumor cell-derived lactate induces TAZ-dependent upregulation of PD-
L1 through GPR81 in human lung cancer cells, Oncogene 36 (2017) 5829–
5839.

[123] A. Brand, K. Singer, G.E. Koehl, M. Kolitzus, G. Schoenhammer, A. Thiel, C.
Matos, C. Bruss, S. Klobuch, K. Peter, M. Kastenberger, C. Bogdan, U.
Schleicher, A. Mackensen, E. Ullrich, S. Fichtner-Feigl, R. Kesselring, M.
Mack, U. Ritter, M. Schmid, C. Blank, K. Dettmer, P.J. Oefner, P. Hoffmann, S.
Walenta, E.K. Geissler, J. Pouyssegur, A. Villunger, A. Steven, B. Seliger, S.
Schreml, S. Haferkamp, E. Kohl, S. Karrer, M. Berneburg, W. Herr, W. Mueller-
Klieser, K. Renner, M. Kreutz, LDHA-associated lactic acid production blunts
tumor immunosurveillance by T and NK cells, Cell Metab. 24 (2016) 657–
671.

[124] M.G. Novelle, S.B. Bravo, M. Deshons, C. Iglesias, M. Garcia-Vence, R. Annells,
N. da Silva Lima, R. Nogueiras, M.A. Fernandez-Rojo, C. Dieguez, A. Romero-
Pico, Impact of liver-specific GLUT8 silencing on fructose-induced
inflammation and omega oxidation, iScience 24 (2021) 102071.

[125] S. Jeong, A.M. Savino, R. Chirayil, E. Barin, Y. Cheng, S.M. Park, A. Schurer, E.
Mullarky, L.C. Cantley, M.G. Kharas, K.R. Keshari, High fructose drives the
serine synthesis pathway in acute myeloid leukemic cells, Cell Metab. 33
(2021) 145–159 e6.

[126] E.R. Froesch, Fructose metabolism in adipose tissue, Acta Med. Scand. Suppl.
542 (1972) 37–46.
f Health and Social Security de ClinicalKey.es por Elsevier en junio 17, 
ización. Copyright ©2022. Elsevier Inc. Todos los derechos reservados.

http://refhub.elsevier.com/S0198-8859(22)00067-2/h0535
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0535
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0535
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0545
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0545
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0545
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0550
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0550
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0550
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0550
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0550
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0555
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0555
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0555
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0560
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0560
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0560
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0560
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0565
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0565
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0570
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0570
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0570
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0570
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0570
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0575
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0575
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0575
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0575
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0575
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0575
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0580
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0580
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0580
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0585
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0585
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0585
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0585
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0585
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0590
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0590
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0590
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0590
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0590
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0595
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0595
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0595
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0595
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0595
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0600
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0600
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0605
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0605
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0605
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0610
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0610
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0610
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0610
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0615
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0615
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0615
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0615
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0615
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0615
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0615
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0615
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0615
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0620
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0620
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0620
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0620
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0625
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0625
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0625
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0625
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0630
http://refhub.elsevier.com/S0198-8859(22)00067-2/h0630

	High fructose diet: A risk factor for immune system dysregulation
	1 Introduction
	2 Elevated fructose exposure directly affects innate immune cells
	3 Gut microbiota mediates inflammation induced by high fructose diet
	4 Fructose induces intestinal barrier dysfunction
	5 High levels of fructose enhance TLRs activation
	6 Pro-inflammatory metabolites under high fructose consumption
	6.1 Uric acid (UA)
	6.2 Free fatty acids (FFAs)
	6.3 Lactate

	7 Fructose promotes resistance to cancer immunotherapy
	8 Conclusion
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Acknowledgement
	References


