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Abstract

High sugar intake has long been recognized as a potential environmental risk factor for increased incidence
of many non-communicable diseases, including obesity, cardiovascular disease, metabolic syndrome, and
type 2 diabetes (T2D). Dietary sugars are mainly hexoses, including glucose, fructose, sucrose and High
Fructose Corn Syrup (HFCS). These sugars are primarily absorbed in the gut as fructose and glucose. The
consumption of high sugar beverages and processed foods has increased significantly over the past 30
years. Here, we summarize the effects of consuming high levels of dietary hexose on rheumatoid arthritis
(RA), multiple sclerosis (MS), psoriasis, inflammatory bowel disease (IBD) and low-grade chronic inflam‐
mation. Based on these reported findings, we emphasize that dietary sugars and mixed processed foods
may be a key factor leading to the occurrence and aggravation of inflammation. We concluded that by re‐
vealing the roles that excessive intake of hexose has on the regulation of human inflammatory diseases are
fundamental questions that need to be solved urgently. Moreover, close attention should also be paid to the
combination of high glucose-mediated immune imbalance and tumor development, and strive to make sub‐
stantial contributions to reverse tumor immune escape.

Keywords: macrophages, autoimmune disorders, Th17 cells (Th17), low-grade chronic inflammation,
TGF-beta, IL-1beta

Introduction

It is well known that high-sugar consumption is a hallmark of the Western diet (1). Dietary sugars mainly
refer to fructose and glucose which are naturally present in fruits and some vegetables (2, 3). Their molecu‐
lar formula is C H O  and they are isomers of each other (4). Fructose and glucose are both considered to
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be sweet sugars, yet fructose is the sweeter of the two. HFCS is a common sweetener and preservative
made from the simple sugars’ fructose and glucose. HCFS-55 and HCFS-42, the most commonly utilized
form that is used in beverages and baked goods, contains 55% and 42% fructose, respectively, with the re‐
mainder of the of the syrup being glucose (5). Since the 1970s, the amount of HFCS has increased in foods
that are common within the Western diet (5, 6). The United States currently is the major user of HFCS, but
HFCS is now produced throughout the world with factories on every continent except for Antarctica (5, 7).
The consumption of these sugars, particularly in sugary soft beverages (SSB), became a major contributor
to sugar intake, and the relationship between SSB and cardiometabolic diseases reflects the potential ef‐
fects of fructose and glucose (8, 9).At the beginning of the twenty-first century, the U.S. Department of
Agriculture reported that the consumption of soft drinks per capita in the United States had increased by
about 500% over the past 50 years (10). To make matters worse, approximately 12% of infants consumed
sugary sugar-sweetened beverages, a population who had a higher consumption of confectionaries and low‐
er intake of fruits and vegetables only a couple of years later (10). In Brazil, consumption of sugary soft
drinks roughly quadrupled from 1974 to 2003, and in 2009, Brazilian adults consumed about 100 ml/day
of SSB (11, 12). In addition, in Europe, sugar consumption in different countries is between 7% and 25% of
total energy intake (12). With the deepening of research on the relationship between high sugar diets and
human health, the potential threat of high sugar diets to the incidence of noncommunicable diseases has
become increasingly recognized (13).

A growing body of research suggests that excessive consumption of processed foods containing dietary
sugars or HFCS is strongly linked to the development of obesity (14, 15), T2D (16, 17), metabolic syn‐
drome (16) and cardiovascular disease (18). In 2004, Bray and his colleagues published a review article in
the American Journal of Clinical Nutrition that drew attention to the potential relationship between sugar
and obesity (19). This paper analyzed food consumption patterns using USDA food consumption tables
from 1967 to 2000, and found that consumption of HFCS significantly outperformed changes in intake of
any other food over that time period, ultimately confirming that HFCS consumption in high-calorie sweet
drinks played a role in the obesity epidemic (20). As the study of sugar and obesity continues to deepen,
researchers are looking at whether simple sugars, such as glucose and fructose, contribute to obesity. Some
comprehensive information suggests that while both fructose and glucose contribute to weight gain (21),
fructose intake is more likely to promote lipid deposition in visceral adipose tissue (VAT), while glucose
consumption appears to favor subcutaneous adipose tissue (SAT) deposition (3). Other studies have shown
that fructose intake appears to increase triglyceride concentrations in healthy male and decrease glucose
tolerance and insulin sensitivity in obese older adults, compared with an equal-calorie glucose diet (3, 22).
However, both intracellular triglyceride levels and insulin metabolism are associated with diabetes.
Increased fructose or glucose intake is known to indicate a higher risk of T2D in adults, but the pathogene‐
sis of the two is different (17). Glucose mediates the development of T2D through its high glycemic index,
leading to interruption of insulin secretion (17). Fructose on the other hand is associated with a variety of
factors, including weight gain, influence on insulin sensitivity, and fatty acid synthesis (23, 24). In addition,
SSB made with HFCS can increase the risk of T2D by affecting blood sugar metabolism (25).

Another meta-analysis, which collected prospective cohort studies of 1 year or longer using a first-order
linear mixed effects model, found a negative linear door-response relationship between SSBs and metabolic
syndrome (RR 1.14 at 355 mL/d), confirming the association between sugary foods and the onset of meta‐
bolic syndrome (26). Relevant randomized controlled trials have also confirmed that people who drink at
least one soft drink a day have a 44% higher risk of developing metabolic syndrome than people who do
not drink soft drinks (27). Similarly, higher sugar intake is associated with cardiovascular disease. Analysis
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of The National Health And Nutrition Examination Survey (NHANES) III-related mortality cohort data
shows that the intake of added sugar and SSB can lead to the occurrence of hypertension, stroke, coronary
heart disease, and dyslipidemia, thereby increasing the risk of death (9, 18). In 1987, Hwang et al. studied
Sprague-Dawley rats with fructose in their diet and found for the first time that a high-fructose diet was as‐
sociated with hypertension (28). Subsequent studies confirmed that the increase in blood pressure caused
by a high-fructose diet was due to the activation of the sympathetic nervous system (29, 30). Several other
statistical studies conducted follow-up surveys of different populations and concluded that SSB intake is
positively correlated with coronary heart disease (31–34), vascular events (35), heart failure (36), and
stroke (37), but has nothing to do with subclinical atherosclerosis (38). Therefore, it is necessary to
strengthen the social supervision of sugary processed foods. The World Health Organization (WHO) be‐
lieves that sugars consumption varies with age and country, and their guidelines strongly recommend re‐
ducing sugar intake to less than 10% of total energy intake (10). The Scientific Advisory Committee on
Nutrition in England (SACN) has also issued a similar policy, recommending that upper limit of sugar in‐
take should not to exceed 5% of total energy intake (19). Despite this, it is difficult for many people of all
ages to reduce,let alone eliminate, their intake of sugary drinks (10).

Although the research on the relationship between dietary sugars and the above diseases has been relatively
thorough, the impact of these sugars on inflammation was previously unknown. In recent years, as more re‐
searchers have explored the relationship between high-sugar diet and inflammation, people have found that
excessive sugar intake is closely associated with the development of low-grade chronic inflammation and
autoimmune diseases (Figure 1). Low-grade chronic inflammation has long been linked to obesity and in‐
creased body fat, and excess dietary sugar intake is a key contributor to obesity and weight gain.
Autoimmune disease is a common disorder caused by the immune system attacking its own normal tissues.
Although dietary structure is considered to be a key cause of autoimmune diseases, the impact and mecha‐
nism of dietary sugars on it has not been revealed until recently. Based on this, this paper reviews the ef‐
fects and related regulatory mechanisms of excessive consumption of dietary sugars on inflammatory dis‐
eases discovered in recent years. By summarizing the current research progress, it has been revealed that
dietary sugar is a key factor in inducing low-grade chronic inflammation, autoimmune diseases, and even
neuroinflammation.

Figure 1

Excessive consumption of dietary sugars is closely related to the occurrence and development of inflammation.

Effects of dietary sugars on low-grade chronic inflammation

It has been shown that excessive intake of dietary sugars can cause metabolic disorders and induce the in‐
crease of inflammatory mediators and certain pro-inflammatory cytokines in various tissues, which leads to
insulin resistance and low-grade chronic inflammation (39, 40). Low-grade chronic inflammation could be
caused by factors secreted by adipose tissue, inflammatory factors secreted by liver tissue, and increased
intestinal permeability, which may eventually lead to the development of cardiometabolic diseases (39, 41).
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Therefore, the association between high sugar intake and increased risk of chronic disease may be mediat‐
ed in part by low-grade chronic inflammation. In low-grade chronic inflammation, the pro-inflammatory
molecules mainly included Toll-like receptor 4(TLR-4), plasma C-reactive protein (CRP), interleukin-6
(IL-6), tumor necrosis factor-α (TNF-α), and monocyte chemotactic protein 1 (McP-1), E-selectin (E-se‐
lectin), plasminogen activator inhibitor 1 (PAI-1) as well as others (40, 42, 43). Several randomized trials
have investigated the relationship between dietary sugars and systemic inflammation. Faizan et al. dis‐
tributed beverages containing 50 grams of fructose, glucose, and sucrose to healthy subjects and found that
all three increased blood lipid and hs-CRP levels, but fructose and sucrose were significantly more effec‐
tive than glucose (44). A follow-up prospective trial of six 3-week dietary interventions in 29 healthy
young men showed that low to moderate intake of SSBs containing HFCS had potentially harmful effects
on low density lipoprotein (LDL) particles, fasting glucose, and hs-CRP (45). However, Jessica and col‐
leagues found that there was no significant change in hS-CRP and IL-6 levels, markers of low-grade chron‐
ic inflammation, at the end of the diet period in normal-weight and obese adults who consumed four serv‐
ings of beverages containing fructose, glucose or HCFS in addition to a standard diet over three eight-day
periods. It was concluded that excessive consumption of fructose, HFCS, and glucose from SSBs over 8
days had no difference in low-grade chronic systemic inflammation in normal-weight and obese adults
(39). Nor and his team came to similar conclusions. They found no significant differences in inflammatory
biomarkers such as CRP, IL-1β, IL-6, and TNF-α in all dietary groups after 12 weeks in parallel trials of
several high-fructose beverages (46). This contradiction may be caused by the age and physical condition
of the subjects and the difference in sugar intake. In addition, other studies showed that lipocalin-2, e-se‐
lectin, McP-1 and PAI-1, all markers of systemic inflammation, were also up-regulated in high-fructose fed
rats (42, 47).

Adipose tissue is one of the largest endocrine organs in the body and affects local and systemic immune
function and metabolism by secreting inflammatory factors (43). Glucocorticoids are the key to the patho‐
genesis of monosaccharide-induced metabolic syndrome (48). In rats fed a high fructose diet, adipose tis‐
sue expressed more corticosterone (CORT), which was then offset by increased levels of macrophage mi‐
gration inhibitor (MIF) (43, 48). The activity of nuclear factor -κB (NF-κB) decreased in adipose tissue,
and the expression of inflammatory factor TNF-α did not change. In liver tissue, the level of 11β HSD1
protein was elevated, but did not affect intracellular CORT levels or downstream glucocorticoid signaling.
Therefore, the activation of NF-κB was enhanced, and the level of pro-inflammatory factor TNF-α was in‐
creased (41). This could be interpreted as a tissue-specific result of the regulation of metabolic inflamma‐
tion by high fructose intake. In another study in rats, fructose reduced fatty acid oxidation by decreasing
liver peroxisome-proliferator-activated receptor α (PPAR-α) activity, ultimately leading to increased NF-κB
activity (49). Fructose consumption, on the other hand, can induce liver and systemic inflammation
through intestinal changes. It was found that fructose can promote the translocation of microbial substances
from the intestinal tract to the portal vein circulation, activate the NF-κB and JAK2/STAT3 pathways
through TLR4, and release inflammatory factors such as IL-1β, IL-6, and TNF-α (50, 51). At the same
time, fructose intake can also increase intestinal permeability and promote the release of inflammatory fac‐
tors to the liver, thereby increasing liver and systemic inflammation (52). The researchers also found that
fructokinase, a key enzyme in fructose metabolism, plays an important role in inflammation caused by
non-alcoholic fatty liver disease. Fructokinase knockout mice fed a high-sugar or high-fat diet were pro‐
tected from liver inflammation and fibrosis, and the expression of inflammatory factors CD68, TNF-α,
McP-1, smooth muscle actin, type I collagen, and TIMP1 was reduced (53). Similarly, liver inflammation
and fibrosis also occurred in mouse models with low density lipoprotein (LDL) receptor defects that were
fed the Western diet and liquid fructose (54). Another study showed that high fructose consumption can
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also have damaging effects on the hippocampus, an area of the brain important for learning and memory
(55). The role of high fructose in hippocampal inflammation was confirmed by analysis of inhibition of
phosphorylation of Ser 307 by hippocampal insulin receptor substrate 1 (IRS-1), protein levels of (NF-κB),
and mRNA levels of related inflammatory factors (56).

Effects of dietary sugars on autoimmune diseases

Autoimmune diseases (AID) are T cell-mediated inflammatory pathologies (57). Normally, the body’s im‐
mune system does not respond to its own components, known as autoimmune tolerance. AID is an immune
pathological state in which the body’s autoimmune tolerance mechanism is deregulated or destroyed, re‐
sulting in damage or dysfunction of its own tissues and organs (13). The incidence of AID has increased in
recent decades, but the reasons for this remain unclear. Current research shows that individual genetic sus‐
ceptibility and environmental factors are closely related to the disease (58, 59). Although dietary changes,
such as high salt intake (60, 61), are thought to be closely associated with increased incidence of AID, the
effects and mechanisms of high-sugar diets include rheumatoid arthritis (RA), multiple sclerosis (MS),
psoriasis, and inflammatory bowel disease (IBD) have only been uncovered in recent years (13, 57, 62).

Effects of dietary sugars on rheumatoid arthritis

Rheumatoid arthritis (RA) is one of the most common systemic, chronic, autoimmune diseases caused by
genetic, environmental, and endogenous factors (63). It is characterized by systemic inflammation and per‐
sistent synovitis (64). In recent years, numerous studies have shown that sugar-sweetened beverages play a
key role in the pathogenesis of RA (63, 65, 66). In a follow-up survey, researchers found that women who
drank $1 a day of sugar-sweetened beverages had an increased risk of seropositive RA compared with
women who didn’t drink sugar-sweetened beverages, with a greater risk among women over 55 (64). A
subsequent study showed that the reason why sugar-sweetened beverages can cause RA, in addition to their
important role in the autoimmune mosaic, is that it is more likely to alter the microbiome, thereby affecting
downstream inflammatory pathways (63). High consumption of glucose, fructose, and sugar-sweetened
beverages is known to reduce the beneficial flora in the gut, especially Prevotella, which has been found to
be associated with the pathogenesis of RA (67). In addition, the Mediterranean diet has been shown to re‐
duce the incidence of diseases such as RA compared to a high-sugar Western diet (66, 68).

Effects of dietary sugars on multiple sclerosis

Multiple sclerosis (MS) is an autoimmune disease of the central nervous system with symptoms that affect
multiple systems throughout the body, including visual impairment, movement disorders, fatigue, cognitive
and emotional disturbances, pain, and more (69). In MS, immune cells cross the blood-brain barrier
(BBB)into the central nervous system to attack self-antigens, resulting in BBB disruption and loss of oligo‐
dendrocytes and myelin, leading to axonal degeneration and permanent neurological deficits (69, 70).
Many studies have shown that lifestyle choices, including diet, can affect some of the symptoms of MS,
and it seems that people with MS can relieve their symptoms by improving their eating habits (70). For ex‐
ample, one study noted that subjects with multiple sclerosis ate more carbohydrates than the control group,
but there was no difference in BMI between the two groups. The researchers attributed this to the small
sample size used in the study (71). Although the effect of a high-sugar diet on MS has not been confirmed
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in clinical studies, it has been found that high-glucose and high-sucrose diets can aggravate the disease pro‐
gression of experimental autoimmune encephalomyelitis (EAE) in a disease model of MS (i.e., the EAE
model) (13, 57). Both studies found that high sugar intake increased the proportion of CD4  cells in EAE
mice and exacerbated neuroinflammation in the brain and spinal cord, but both studies looked at the delete‐
rious effects of high sugar diets from different pathogenic mechanisms and confirmed two things. On the
one hand, high-glucose diet can directly act on CD4  T cells, by inducing T cells to differentiate into Th17
cells, thereby increasing the proportion of Th17 cells in EAE mice (13). On the other hand, a high-sugar
diet stimulated Th17 cell differentiation and exacerbated EAE by altering the colony structure of the gut
microbiome (57).

Effects of dietary sugars on Psoriasis

Psoriasis is a chronic inflammatory skin disease characterized by abnormal proliferation and differentiation
of epidermal keratinocytes (72, 73). Previous studies have shown that inflammatory adipocytokines such as
IL-6 and TNF-α formed in visceral adipose tissue are key cytokines in the pathogenesis of psoriasis, so it is
believed that psoriasis is related to obesity (57, 74, 75). However, new research data suggests that dietary
components (simple sugars and fats), rather than obesity itself, exacerbate psoriasis (76). The researchers
found that the western diet activated the interleukin 23(IL-23) signaling pathway compared with the nor‐
mal diet before the mice gained weight, further increasing the production of IL-17A in γδT cells after IL-
23 stimulation (76). The cytokine IL-17A is necessary for the comprehensive development of skin inflam‐
mation (77). Meanwhile, IL-23 overexpression resulted in decreased microbial diversity and pronounced
dysbiosis in mice fed the Western diet (78). Even more surprising, when the mice were switched from a
western diet to a standard one after IL-23 was released, skin inflammation was reduced and the gut micro‐
biota partially reversed (78). Therefore, based on the available data, we believe that the dysbiosis of the gut
microbiota induced by short-term Western dietary intake contributes to the enhancement of psoriasis, and
healthy eating pattern with less sugar should be considered for patients with psoriatic skin disease (79).

Effects of dietary sugars on inflammatory bowel disease

Inflammatory bowel disease (IBD) is a chronic inflammatory gastrointestinal disease that mainly includes
two subtypes, Crohn’s disease and ulcerative colitis (80). It occurs due to the interaction of multiple factors
such as genetics, microbes, immune factors, modern lifestyle, and diet (81, 82). Existing research suggests
that IBD affects disease severity by affecting changes in the microbial composition of the gut microbiota,
while colitis microbiota shifts and alters colitis susceptibility in recipients (83). The commensal gut flora
and mucus layer in the gut are known to be critical for homeostasis, as it prevents the invasion and adhe‐
sion of pathogenic microorganisms and helps maintain the integrity of the gut barrier (84). According to
statistics, the incidence of IBD in Western countries is increasing, especially among children in the same
period (85), indicating that the occurrence of IBD is related to Western diet and lifestyle. In recent years,
IBD has also become a global health problem due to the simultaneous rise of Western diets (ie, diets high
in fat and refined sugar) around the world. Recent clinical and experimental studies suggest that a high-fat
diet may be a trigger for IBD, but the role of high sugar in the pathogenesis of IBD remains controversial.
A landmark study shows that type 2 diabetes can lead to intestinal barrier dysfunction through transcrip‐
tional reprogramming of intestinal epithelial cells and altered tight adhesion junction integrity; it can also
increase disease by causing changes in gut microbial metabolism susceptibility (86). Additionally, popula‐
tion-based studies have shown that about 10% of people with IBD believe that eating sugary foods trigger

+
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flare-ups and make their symptoms worse (87). In some prospective studies, consumption of HFCS and
SSB have also been found to be positively associated with the risk of IBD (88–90). Taken together, the re‐
searchers believe that sugar is closely related to the composition of the gut microbiome and the occurrence
and development of IBD.

Mechanisms by which dietary sugars affects inflammation

The high glucose environment is inextricably linked with the immune system, which plays an important
role in immune signal and immune cell function (91).Previous study has found that high levels of glucose
may lead to impaired immune system function and pathological conditions. Innate immune macrophages,
dendritic cells, and specific immune cells T cells and B cells migrate to the site of infection to protect the
immune system (92). T cells are the key to cell-mediated immunity. Conventional T cells, also called αβT
cells, can be differentiated into effector CD8  cytotoxic subsets and CD4  helper T cell subsets, including
Th1, Th2, Th17, Tr1, Tfh, Th9, and immunosuppressive Treg cells, respectively, under the stimulation of
antigen (91, 93, 94). Thaís and his colleagues used lymphocyte culture and analysis of its CD4  and CD8
subpopulations to confirm that high concentrations of fructose can reduce lymphocyte subcomponents, re‐
sulting in a decrease in the total number of lymphocytes (95). In addition, hypertonic glucose in the peri‐
toneal dialysis (PD) range has been reported to induce interleukin-17 (IL-17) polarization in a mitochondr‐
ial reactive oxygen species (mtROS)-dependent manner (96). Subsequently, Zhang et al. demonstrated that
high glucose can activate TGF-β through ROS, and subsequently promote Th17 cell differentiation with
the participation of IL-6, thereby aggravating autoimmune disease, in T cell metastasis and experimental
autoimmune encephalomyelitis (EAE) induced colitis mouse models (13, 62). Therefore, high amounts of
dietary sugars can lead to T cell-mediated inflammation (Figure 2). Recent studies have found that dietary
components also have regulatory effects on B cells, but it is not clear which nutrients affect B cells. In or‐
der to solve this problem, Tan and his colleagues used statistical modeling to study the effects of carbohy‐
drates, fats, and proteins on B cells, and found that carbohydrates have a great regulatory effect on B cell
proliferation (97). In addition, they showed that it is glucose, but not fructose, that supports B lymphocyte
generation and development, while protecting B lymphocytes from early apoptosis through activation of
the mammalian target of rapamycin signaling pathway (mTOR) (97). Additionally, a recent study men‐
tioned the effects of a high-fructose diet (HF), high-fat diet (HFD), or both (HFHF) on leptin and ROS, but
it appears that only HFHF-fed mice developed hyperglycemic symptoms, oxidative stress, and steatosis (in‐
flammation and fibrosis), whereas HF caused only transient increases in leptin and C-peptide (98).

Figure 2

Dietary sugars-mediated T cell inflammation. Excess dietary sugars may activate TGFβ through mtROS post entering T

cells, and together with IL-6 in the immune microenvironment, the expression of transcription factor RORγt is induced to

promote Th17 cell differentiation.

+ +

+ +
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The gut microbiome has also been the focus of research into the effects of dietary sugars on inflammation.
It mainly includes two aspects: (1) High consumption of sugars reduces microbial diversity and leads to de‐
pletion of luminal short-chain fatty acids (SCFAs) (99). SCFAs can affect the recruitment of colonic regu‐
latory T cells and the antibacterial activity of macrophages, thereby affecting the intestinal mucosal im‐
mune system (100). The damaged intestinal barrier is unable to prevent the invasion of pathogenic mi‐
croorganisms, enabling the transport of E. coli-derived (LPS), etc., which are recognized by their specific
receptors, such as TOLL-like receptor 4 (TLR4), and activate downstream NF-κB signaling pathway in‐
duces increased levels of inflammatory factors IL-6, IL-1β and TNF-α and more neutrophil infiltration,
leading to more severe colitis (99). (2) Shahanshah and colleagues suggest that high glucose can increase
the levels of inflammatory cytokines IL-6, TNF-a, Lcn2 (Lcn2), and Cox2 (Ptgs2) by altering gut micro‐
biota composition, mucosal association, and functional activity, thereby aggravating the progression of in‐
flammatory bowel disease (1). In this study, Shahanshah found that mucolytic bacteria, such as Bacillus
fragilis and Prevotella, were abundant in mice fed a high-glucose diet, while the relative abundance of the
sugar-soluble bacteria Sutterellaceae, capable of transplanting to the epithelial barrier and inducing an in‐
flammatory response was increased. In contrast, the abundance of Lachnospiraceae and Lactobacillaceae
belonging to Firmicutes decreased. Lachnospiraceae have been shown to suppress inflammation, while
Lactobacillaceae are able to maintain intestinal homeostasis by inducing anti-inflammatory cytokines and
protecting the intestinal epithelium from pathogens. Similarly, dietary fructose can induce intestinal in‐
flammation by increasing intestinal cell permeability and promoting the growth of intestinal bacteria (101)(
Figure 3). In addition, the effect of high fructose on the severity of IBD was abolished when gut bacteria
were substantially reduced, suggesting that the changes in gut microbial composition and IBD effects of
high glucose are transferable (102).

Figure 3

Regulation of the gut microbiome by dietary sugars. Excessive consumption of dietary sugars reduces the production of

short-chain fatty acids in the gut, which can lead to impaired gut barriers. This results in a rapid increase in infiltration of

neutrophils while accelerating the transfer of Parabacteroides, ie, lipopolysaccharide (LPS). The binding of LPS to TOLL-

like receptor 4 (TLR4) activates the nuclear factor-κB (NF-κB) signaling pathway, and finally induces the production of in‐

flammatory factors IL-6, IL-1β and TNF-α. On the other hand, the excessive dietary sugar content makes Bacillus fragilis

and Prevotella abundant, thereby destroying the intestinal mucosa. In the meanwhile, the relative abundance of sugar-solu‐

ble bacteria Sutterellaceae increased while the abundance of Lachnospiraceae and Lactobacillaceae, which belonged to

Firmicutes, decreased, eventually increasing the levels of inflammatory cytokines IL-6, TNF-a, Lcn2 and Cox2. Increased

neutrophil infiltration and inflammatory factor production aggravate the occurrence and development of IBD.

Macrophages are one of the most specialized antigens presenting cells, whose main functions are to secrete
cytokines, phagocytose, and present antigens to T cells (92). The researchers found that high glucose levels
induce increased expression and activity of Toll-like receptors (TLRs), which then activate NF-κB and
MAPK signaling pathways through ROS/RNS and superoxide production, leading to macrophage activa‐
tion and release of inflammatory factors (Figure 4) (103, 104). High doses of glucose can induce superox‐
ide anion production in macrophages or monocytes and promote the release of monocyte inflammatory cy‐
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tokines, which up-regulate innate immune system receptors (such as TLRs) by activating NF-κB (105).
Complementary to this, high glucose conditions impair neutrophil mobilization which is due to elevated
TLRs expression (106).

Figure 4

Dietary sugars-mediated inflammation in macrophages. High levels of dietary sugars lead to increased TOLL-like receptor

4 (TLR4) activity, which subsequently activates downstream the nuclear factor-κB (NF-κB) and MAPK signaling path‐

ways, thereby promoting the upregulation of inflammatory factors IL-6, IL-1β and TNF-α. In addition, dietary sugars-me‐

diated inflammation in dendritic cells and neutrophils is also accomplished by activating TLR4.

Discussion

The leading cause of death in patients with diabetes is related to its accompanying complications, such as
diabetic retinopathy, obesity, and cardiovascular disease (107). Inflammation and immune abnormalities
are triggers for T1D and T2D and its associated complications (108, 109). When the body is attacked by an
antigen, innate immune macrophages and specific immune lymphocytes are triggered to migrate to the site
of infection to function, however, large amounts of glucose may lead to impaired immune system function
(110). Therefore, high glucose induces a series of complications by suppressing the effective adaptive im‐
mune response generated by macrophages and T cells.

Studies have shown that dietary monosaccharide consumption is associated with T2D and cardiovascular
disease, and obesity increases the risk of these diseases (110). Meanwhile, low-grade chronic inflammation
is also strongly associated with obesity (39). Therefore, the association between dietary sugars and in‐
creased risk of chronic disease may be mediated by low-grade chronic inflammation. Another randomized
controlled trial showed no difference in the effects of fructose, glucose, or HFCS on obesity and systemic
or adipose tissue inflammation in normal-weight adults (39). With the increasing consumption of these di‐
etary sugars and their beverage mixes, more people around the world are suffering from systemic inflam‐
mation. A large number of studies have shown that natural small molecules widely present in plants have
an inhibitory effect on systemic inflammation caused by excessive intake of dietary sugars. Studies have
shown that curcumin inhibits inflammation caused by high fructose through multiple pathways. In male
Wistar rat inflammatory model, curcumin can inhibit the elevation of malondialdehyde (MDA) and total
oxidation state (TOS) in skeletal muscle and the expression of extracellular kinase 1/2 (ERK1/2) and P38
proteins of MAPK family members (111). Curcumin and allopurinol inhibit liver inflammation by upregu‐
lating the Mir-200A-mediated TXNIP/NLRP3 inflammasome pathway (112). Epatechin (113), astaxanthin
(114), morin (115), and juglanin (116) reduce systemic inflammation by inhibiting the release of inflamma‐
tory factors IL-6, IL-1β, and TNF-α through downstream cascades activated by TLR4 such as NF-κB,
MAPK, or JAK2/STAT3, and betulinic acid ameliorates inflammation and oxidative stress induced by high
fructose diet through PIK and Akt pathways (117). In addition, S-methylcysteine (SMC) (118), spinach ni‐
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trate (119) and red ginseng mulberry leaf (MPM) (120) can inhibit inflammation induced by dietary mono‐
saccharide overdose by inhibiting the expression of low grade chronic inflammatory markers such as serum
C-reactive protein, tumor necrosis factor A, and interleukin-6 e-selectin.

Autoimmune disease is an abnormal immune response in which the immune system attacks the body’s nor‐
mal tissues, resulting in the chronic destruction of these tissues and severely reducing the patient’s quality
of life (13). Consumption of glucose-rich foods and beverages is very common in the West and may also be
a key cause of the breakdown of metabolic and immune self-tolerance (62). In the new mouse model, au‐
toimmune disease in mice can be largely alleviated if a Western diet is switched to a normal diet (121).
Therefore, a reasonable and balanced dietary recommendation (low fat, low sugar) is essential for patients
with autoimmune diseases. A Mediterranean diet has been proven to be more conducive to the recovery of
patients with autoimmune diseases than the Western diet (63, 79). In addition to improving diet, it is hoped
that dietary restrictions can improve the effects of autoimmune disease and inflammation. Recently, Dixit
and his team found that insisting on a 14% reduction in long-term calorie intake can help restore thymus
function, increase thymus volume, and improve the ability of the thymus to generate T cells, thereby im‐
proving immune function that typically declines with age. Phospholipase PLA2G7 may play an important
role in this mechanism (122). More intriguingly, Bukhari and his colleagues found that mothers’ high-fruc‐
tose diets influenced neonatal immunity and altered anxiety behavior and inflammation in adolescence and
adulthood (111). The study suggests that maternal diet may alter peripheral inflammation in newborns,
which in turn affects anxiety-like behavior and peripheral inflammation during adolescence. These findings
reveal the lasting effects of a mother’s diet on her offspring’s immune system, meaning that the mother’s
diet is crucial for their child. Recently, it was demonstrated that excessive consumption of HFCS is associ‐
ated with colon cancer development (123). In the study, mice fed with HFCS had significantly increased
tumor size. This means that excess dietary sugar might be closely related to the development of tumors.
However, whether immune regulation plays any key role in the tumor microenvironment remains to be ex‐
plored. Overall, most of the studies were performed with mouse models, limiting the clinical applicability
of these findings. Therefore, it is urgent to reveal the roles of excessive intake of hexose in the regulation of
human inflammatory diseases in the future.

Author contributions

XM wrote the manuscript. FN, HL, PS, XF and XS edited the manuscript. YH and DZ supervised the
work, and edited the manuscript. All authors contributed to the article and approved it for publication.

Funding

This work was supported by the Key Project of the Science and Technology Department of Sichuan
Province (NO. 2022YFH0100), the National Natural Science Foundation of China (NO. 82171829), the
1·3·5 Project for Disciplines of Excellence, West China Hospital, Sichuan University (NO. ZYYC21012),
the Fundamental Research Funds for the Central Universities (20822041E4084), Special Fund for Flow
Cytometry Lymphocyte Subgroups of Shandong Provincial Medical Association (YXH2022ZX03223),
and Shandong Medical and Health Technology Development Funds (2014WS0361).

9/6/24, 9:59 AM Excessive intake of sugar: An accomplice of inflammation - PMC

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9471313/ 10/18



Acknowledgments

DZ sincerely wants to commemorate Dr. Sang-A Park, who passed away suddenly on January 22, 2018.

Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relation‐
ships that could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of
their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may
be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

References

1. Khan S, Waliullah S, Godfrey V, Khan MAW, Ramachandran RA, Cantarel BL, et al.. Dietary simple sugars alter microbial

ecology in the gut and promote colitis in mice. Sci Trans Med (2020) 12(567):eaay6218. doi: 10.1126/scitranslmed.aay6218

[PubMed] [CrossRef] [Google Scholar]

2. Basaranoglu M, Basaranoglu G, Bugianesi E. Carbohydrate intake and nonalcoholic fatty liver disease: fructose as a weapon of

mass destruction. Hepatobiliary Surg Nutr (2015) 4(2):109–16. doi: 10.3978/j.issn.2304-3881.2014.11.05. [PMC free article]

[PubMed] [CrossRef] [Google Scholar]

3. Stanhope KL, Schwarz JM, Keim NL, Griffen SC, Bremer AA, Graham JL, et al.. Consuming fructose-sweetened, not glucose-

sweetened, beverages increases visceral adiposity and lipids and decreases insulin sensitivity in overweight/obese humans. J Clin

Invest (2009) 119(5):1322–34. doi: 10.1172/JCI37385 [PMC free article] [PubMed] [CrossRef] [Google Scholar]

4. Kearney FM, Fagan XJ, Al-Qureshi S. Review of the role of refined dietary sugars (fructose and glucose) in the genesis of retinal

disease. Clin Exp Ophthalmol (2014) 42(6):564–73. doi: 10.1111/ceo.12290 [PubMed] [CrossRef] [Google Scholar]

5. Ferder L, Ferder MD, Inserra F. The role of high-fructose corn syrup in metabolic syndrome and hypertension. Curr Hypertens

Rep (2010) 12(2):105–12. doi: 10.1007/s11906-010-0097-3 [PubMed] [CrossRef] [Google Scholar]

6. Rodriguez LA, Madsen KA, Cotterman C, Lustig RH. Added sugar intake and metabolic syndrome in US adolescents: cross-

sectional analysis of the national health and nutrition examination survey 2005-2012. Public Health Nutr (2016) 19(13):2424–34.

doi: 10.1017/S1368980016000057 [PMC free article] [PubMed] [CrossRef] [Google Scholar]

7. Schenck FW. High fructose syrups - a review. Int Sugar J (2000) 102(1218):285–8. [Google Scholar]

8. Fitch C, Keim KS. Position of the academy of nutrition and dietetics: Use of nutritive and nonnutritive sweeteners. J Acad Nutr

Dietetics (2012) 112(5):739–58. doi: 10.1016/j.jand.2012.03.009 [PubMed] [CrossRef] [Google Scholar]

9. Malik VS, Hu FB. Fructose and cardiometabolic health what the evidence from sugar-sweetened beverages tells us. J Am Coll

Cardiol (2015) 66(14):1615–24. doi: 10.1016/j.jacc.2015.08.025 [PMC free article] [PubMed] [CrossRef] [Google Scholar]

9/6/24, 9:59 AM Excessive intake of sugar: An accomplice of inflammation - PMC

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9471313/ 11/18

https://pubmed.ncbi.nlm.nih.gov/33115951
https://doi.org/10.1126%2Fscitranslmed.aay6218
https://scholar.google.com/scholar_lookup?journal=Sci+Trans+Med&title=Dietary+simple+sugars+alter+microbial+ecology+in+the+gut+and+promote+colitis+in+mice&author=S+Khan&author=S+Waliullah&author=V+Godfrey&author=MAW+Khan&author=RA+Ramachandran&volume=12&issue=567&publication_year=2020&pages=eaay6218&doi=10.1126/scitranslmed.aay6218&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4405421/
https://pubmed.ncbi.nlm.nih.gov/26005677
https://doi.org/10.3978%2Fj.issn.2304-3881.2014.11.05.
https://scholar.google.com/scholar_lookup?journal=Hepatobiliary+Surg+Nutr&title=Carbohydrate+intake+and+nonalcoholic+fatty+liver+disease:+fructose+as+a+weapon+of+mass+destruction&author=M+Basaranoglu&author=G+Basaranoglu&author=E+Bugianesi&volume=4&issue=2&publication_year=2015&doi=10.3978/j.issn.2304-3881.2014.11.05.&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2673878/
https://pubmed.ncbi.nlm.nih.gov/19381015
https://doi.org/10.1172%2FJCI37385
https://scholar.google.com/scholar_lookup?journal=J+Clin+Invest&title=Consuming+fructose-sweetened,+not+glucose-sweetened,+beverages+increases+visceral+adiposity+and+lipids+and+decreases+insulin+sensitivity+in+overweight/obese+humans&author=KL+Stanhope&author=JM+Schwarz&author=NL+Keim&author=SC+Griffen&author=AA+Bremer&volume=119&issue=5&publication_year=2009&doi=10.1172/JCI37385&
https://pubmed.ncbi.nlm.nih.gov/24373051
https://doi.org/10.1111%2Fceo.12290
https://scholar.google.com/scholar_lookup?journal=Clin+Exp+Ophthalmol&title=Review+of+the+role+of+refined+dietary+sugars+(fructose+and+glucose)+in+the+genesis+of+retinal+disease&author=FM+Kearney&author=XJ+Fagan&author=S+Al-Qureshi&volume=42&issue=6&publication_year=2014&doi=10.1111/ceo.12290&
https://pubmed.ncbi.nlm.nih.gov/20424937
https://doi.org/10.1007%2Fs11906-010-0097-3
https://scholar.google.com/scholar_lookup?journal=Curr+Hypertens+Rep&title=The+role+of+high-fructose+corn+syrup+in+metabolic+syndrome+and+hypertension&author=L+Ferder&author=MD+Ferder&author=F+Inserra&volume=12&issue=2&publication_year=2010&doi=10.1007/s11906-010-0097-3&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10270843/
https://pubmed.ncbi.nlm.nih.gov/26932353
https://doi.org/10.1017%2FS1368980016000057
https://scholar.google.com/scholar_lookup?journal=Public+Health+Nutr&title=Added+sugar+intake+and+metabolic+syndrome+in+US+adolescents:+cross-sectional+analysis+of+the+national+health+and+nutrition+examination+survey+2005-2012&author=LA+Rodriguez&author=KA+Madsen&author=C+Cotterman&author=RH+Lustig&volume=19&issue=13&publication_year=2016&doi=10.1017/S1368980016000057&
https://scholar.google.com/scholar_lookup?journal=Int+Sugar+J&title=High+fructose+syrups+-+a+review&author=FW+Schenck&volume=102&issue=1218&publication_year=2000&
https://pubmed.ncbi.nlm.nih.gov/22709780
https://doi.org/10.1016%2Fj.jand.2012.03.009
https://scholar.google.com/scholar_lookup?journal=J+Acad+Nutr+Dietetics&title=Position+of+the+academy+of+nutrition+and+dietetics:+Use+of+nutritive+and+nonnutritive+sweeteners&author=C+Fitch&author=KS+Keim&volume=112&issue=5&publication_year=2012&doi=10.1016/j.jand.2012.03.009&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4592517/
https://pubmed.ncbi.nlm.nih.gov/26429086
https://doi.org/10.1016%2Fj.jacc.2015.08.025
https://scholar.google.com/scholar_lookup?journal=J+Am+Coll+Cardiol&title=Fructose+and+cardiometabolic+health+what+the+evidence+from+sugar-sweetened+beverages+tells+us&author=VS+Malik&author=FB+Hu&volume=66&issue=14&publication_year=2015&doi=10.1016/j.jacc.2015.08.025&


10. Kokubo Y, Higashiyama A, Watanabe M, Miyamoto Y. A comprehensive policy for reducing sugar beverages for healthy life

extension. Environ Health Prev Med (2019) 24(1):13. doi: 10.1186/s12199-019-0767-y [PMC free article] [PubMed] [CrossRef]

[Google Scholar]

11. Levy-Costa RB, Sichieri R, Pontes ND, Monteiro CA. Household food availability in Brazil: distribution and trends (1974-2003).

Rev Saude Publ (2005) 39(4):530–40. doi: 10.1590/S0034-89102005000400003 [PubMed] [CrossRef] [Google Scholar]

12. Lelis DD, Andrade JMO, Almenara CCP, Broseguini GB, Mill JG, Baldo MP. High fructose intake and the route towards

cardiometabolic diseases. Life Sci (2020) 259:118235. doi: 10.1016/j.lfs.2020.118235 [PubMed] [CrossRef] [Google Scholar]

13. Zhang DF, Jin WW, Wu RQ, Li J, Park SA, Tu E, et al.. High glucose intake exacerbates autoimmunity through reactive-Oxygen-

Species-Mediated TGF-beta cytokine activation. Immunity (2019) 51(4):671–81. doi: 10.1016/j.immuni.2019.08.001 [PMC free

article] [PubMed] [CrossRef] [Google Scholar]

14. Ebbeling CB, Feldman HA, Chomitz VR, Antonelli TA, Gortmaker SL, Osganian SK, et al.. A randomized trial of sugar-

sweetened beverages and adolescent body weight. New Engl J Med (2012) 367(15):1407–16. doi: 10.1056/NEJMoa1203388 [PMC

free article] [PubMed] [CrossRef] [Google Scholar]

15. Qi QB, Chu AY, Kang JH, Jensen MK, Curhan GC, Pasquale LR, et al.. Sugar-sweetened beverages and genetic risk of obesity.

New Engl J Med (2012) 367(15):1387–96. doi: 10.1056/NEJMoa1203039 [PMC free article] [PubMed] [CrossRef] [Google Scholar]

16. Nettleton JA, Lutsey PL, Wang YF, Lima JA, Michos ED, Jacob DR. Diet soda intake and risk of incident metabolic syndrome

and type 2 diabetes in the multi-ethnic study of atherosclerosis (MESA). Diabetes Care (2009) 32(4):688–94. doi: 10.2337/dc08-

1799 [PMC free article] [PubMed] [CrossRef] [Google Scholar]

17. Montonen J, Jarvinen R, Knekt P, Heliovaara M, Reunanen A. Consumption of sweetened beverages and intakes of fructose and

glucose predict type 2 diabetes occurrence. J Nutr (2007) 137(6):1447–54. doi: 10.1093/jn/137.6.1447 [PubMed] [CrossRef] [Google

Scholar]

18. Yang QH, Zhang ZF, Gregg EW, Flanders D, Merritt R, Hu FB. Added sugar intake and cardiovascular diseases mortality among

US adults. JAMA Internal Med (2014) 174(4):516–24. doi: 10.1001/jamainternmed.2013.13563 [PMC free article] [PubMed]

[CrossRef] [Google Scholar]

19. Rippe JM, Angelopoulos TJ. Sugars, obesity, and cardiovascular disease: results from recent randomized control trials. Eur J Nutr
(2016) 55:S45–53. doi: 10.1007/s00394-016-1257-2 [PMC free article] [PubMed] [CrossRef] [Google Scholar]

20. Bray GA, Nielsen SJ, Popkin BM. Consumption of high-fructose corn syrup in beverages may play a role in the epidemic of

obesity. Am J Clin Nutr (2004) 79(4):537–43. doi: 10.1093/ajcn/79.4.537 [PubMed] [CrossRef] [Google Scholar]

21. Koseler E, Kiziltan G, Turker PF, Saka M, Ok MA, Bacanli D, et al.. The effects of glucose and fructose on body weight and

some biochemical parameters in rats. Prog Nutr (2018) 20(1):46–51. doi: 10.23751/pn.v20i1.5956 [CrossRef] [Google Scholar]

22. Bantle JP, Raatz SK, Thomas W, Georgopoulos A. Effects of dietary fructose on plasma lipids in healthy subjects. Am J Clin Nutr
(2000) 72(5):1128–34. doi: 10.1093/ajcn/72.5.1128 [PubMed] [CrossRef] [Google Scholar]

23. Mcgarry JD. Disordered metabolism in diabetes - have we underemphasized the fat component. J Cell Biochem (1994) 55:29–38.

doi: 10.1002/jcb.240550005 [PubMed] [CrossRef] [Google Scholar]

24. Virkamaki A, Korsheninnikova E, Seppala-Lindroos A, Vehkavaara S, Goto T, Halavaara J, et al.. Intramyocellular lipid is

associated with resistance to in vivo insulin actions on glucose uptake, antilipolysis, and early insulin signaling pathways in human

skeletal muscle. Diabetes (2001) 50(10):2337–43. doi: 10.2337/diabetes.50.10.2337 [PubMed] [CrossRef] [Google Scholar]

9/6/24, 9:59 AM Excessive intake of sugar: An accomplice of inflammation - PMC

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9471313/ 12/18

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6391746/
https://pubmed.ncbi.nlm.nih.gov/30808291
https://doi.org/10.1186%2Fs12199-019-0767-y
https://scholar.google.com/scholar_lookup?journal=Environ+Health+Prev+Med&title=A+comprehensive+policy+for+reducing+sugar+beverages+for+healthy+life+extension&author=Y+Kokubo&author=A+Higashiyama&author=M+Watanabe&author=Y+Miyamoto&volume=24&issue=1&publication_year=2019&pages=13&pmid=30808291&doi=10.1186/s12199-019-0767-y&
https://pubmed.ncbi.nlm.nih.gov/16113900
https://doi.org/10.1590%2FS0034-89102005000400003
https://scholar.google.com/scholar_lookup?journal=Rev+Saude+Publ&title=Household+food+availability+in+Brazil:+distribution+and+trends+(1974-2003)&author=RB+Levy-Costa&author=R+Sichieri&author=ND+Pontes&author=CA+Monteiro&volume=39&issue=4&publication_year=2005&doi=10.1590/S0034-89102005000400003&
https://pubmed.ncbi.nlm.nih.gov/32800834
https://doi.org/10.1016%2Fj.lfs.2020.118235
https://scholar.google.com/scholar_lookup?journal=Life+Sci&title=High+fructose+intake+and+the+route+towards+cardiometabolic+diseases&author=DD+Lelis&author=JMO+Andrade&author=CCP+Almenara&author=GB+Broseguini&author=JG+Mill&volume=259&publication_year=2020&pages=118235&pmid=32800834&doi=10.1016/j.lfs.2020.118235&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9811990/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9811990/
https://pubmed.ncbi.nlm.nih.gov/31451397
https://doi.org/10.1016%2Fj.immuni.2019.08.001
https://scholar.google.com/scholar_lookup?journal=Immunity&title=High+glucose+intake+exacerbates+autoimmunity+through+reactive-Oxygen-Species-Mediated+TGF-beta+cytokine+activation&author=DF+Zhang&author=WW+Jin&author=RQ+Wu&author=J+Li&author=SA+Park&volume=51&issue=4&publication_year=2019&doi=10.1016/j.immuni.2019.08.001&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3494993/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3494993/
https://pubmed.ncbi.nlm.nih.gov/22998339
https://doi.org/10.1056%2FNEJMoa1203388
https://scholar.google.com/scholar_lookup?journal=New+Engl+J+Med&title=A+randomized+trial+of+sugar-sweetened+beverages+and+adolescent+body+weight&author=CB+Ebbeling&author=HA+Feldman&author=VR+Chomitz&author=TA+Antonelli&author=SL+Gortmaker&volume=367&issue=15&publication_year=2012&doi=10.1056/NEJMoa1203388&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3518794/
https://pubmed.ncbi.nlm.nih.gov/22998338
https://doi.org/10.1056%2FNEJMoa1203039
https://scholar.google.com/scholar_lookup?journal=New+Engl+J+Med&title=Sugar-sweetened+beverages+and+genetic+risk+of+obesity&author=QB+Qi&author=AY+Chu&author=JH+Kang&author=MK+Jensen&author=GC+Curhan&volume=367&issue=15&publication_year=2012&doi=10.1056/NEJMoa1203039&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2660468/
https://pubmed.ncbi.nlm.nih.gov/19151203
https://doi.org/10.2337%2Fdc08-1799
https://scholar.google.com/scholar_lookup?journal=Diabetes+Care&title=Diet+soda+intake+and+risk+of+incident+metabolic+syndrome+and+type+2+diabetes+in+the+multi-ethnic+study+of+atherosclerosis+(MESA)&author=JA+Nettleton&author=PL+Lutsey&author=YF+Wang&author=JA+Lima&author=ED+Michos&volume=32&issue=4&publication_year=2009&doi=10.2337/dc08-1799&
https://pubmed.ncbi.nlm.nih.gov/17513405
https://doi.org/10.1093%2Fjn%2F137.6.1447
https://scholar.google.com/scholar_lookup?journal=J+Nutr&title=Consumption+of+sweetened+beverages+and+intakes+of+fructose+and+glucose+predict+type+2+diabetes+occurrence&author=J+Montonen&author=R+Jarvinen&author=P+Knekt&author=M+Heliovaara&author=A+Reunanen&volume=137&issue=6&publication_year=2007&doi=10.1093/jn/137.6.1447&
https://scholar.google.com/scholar_lookup?journal=J+Nutr&title=Consumption+of+sweetened+beverages+and+intakes+of+fructose+and+glucose+predict+type+2+diabetes+occurrence&author=J+Montonen&author=R+Jarvinen&author=P+Knekt&author=M+Heliovaara&author=A+Reunanen&volume=137&issue=6&publication_year=2007&doi=10.1093/jn/137.6.1447&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10910551/
https://pubmed.ncbi.nlm.nih.gov/24493081
https://doi.org/10.1001%2Fjamainternmed.2013.13563
https://scholar.google.com/scholar_lookup?journal=JAMA+Internal+Med&title=Added+sugar+intake+and+cardiovascular+diseases+mortality+among+US+adults&author=QH+Yang&author=ZF+Zhang&author=EW+Gregg&author=D+Flanders&author=R+Merritt&volume=174&issue=4&publication_year=2014&doi=10.1001/jamainternmed.2013.13563&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5174142/
https://pubmed.ncbi.nlm.nih.gov/27418186
https://doi.org/10.1007%2Fs00394-016-1257-2
https://scholar.google.com/scholar_lookup?journal=Eur+J+Nutr&title=Sugars,+obesity,+and+cardiovascular+disease:+results+from+recent+randomized+control+trials&author=JM+Rippe&author=TJ+Angelopoulos&volume=55&publication_year=2016&doi=10.1007/s00394-016-1257-2&
https://pubmed.ncbi.nlm.nih.gov/15051594
https://doi.org/10.1093%2Fajcn%2F79.4.537
https://scholar.google.com/scholar_lookup?journal=Am+J+Clin+Nutr&title=Consumption+of+high-fructose+corn+syrup+in+beverages+may+play+a+role+in+the+epidemic+of+obesity&author=GA+Bray&author=SJ+Nielsen&author=BM+Popkin&volume=79&issue=4&publication_year=2004&doi=10.1093/ajcn/79.4.537&
https://doi.org/10.23751%2Fpn.v20i1.5956
https://scholar.google.com/scholar_lookup?journal=Prog+Nutr&title=The+effects+of+glucose+and+fructose+on+body+weight+and+some+biochemical+parameters+in+rats&author=E+Koseler&author=G+Kiziltan&author=PF+Turker&author=M+Saka&author=MA+Ok&volume=20&issue=1&publication_year=2018&doi=10.23751/pn.v20i1.5956&
https://pubmed.ncbi.nlm.nih.gov/11063439
https://doi.org/10.1093%2Fajcn%2F72.5.1128
https://scholar.google.com/scholar_lookup?journal=Am+J+Clin+Nutr&title=Effects+of+dietary+fructose+on+plasma+lipids+in+healthy+subjects&author=JP+Bantle&author=SK+Raatz&author=W+Thomas&author=A+Georgopoulos&volume=72&issue=5&publication_year=2000&doi=10.1093/ajcn/72.5.1128&
https://pubmed.ncbi.nlm.nih.gov/7929616
https://doi.org/10.1002%2Fjcb.240550005
https://scholar.google.com/scholar_lookup?journal=J+Cell+Biochem&title=Disordered+metabolism+in+diabetes+-+have+we+underemphasized+the+fat+component&author=JD+Mcgarry&volume=55&publication_year=1994&doi=10.1002/jcb.240550005&
https://pubmed.ncbi.nlm.nih.gov/11574417
https://doi.org/10.2337%2Fdiabetes.50.10.2337
https://scholar.google.com/scholar_lookup?journal=Diabetes&title=Intramyocellular+lipid+is+associated+with+resistance+to+in+vivo+insulin+actions+on+glucose+uptake,+antilipolysis,+and+early+insulin+signaling+pathways+in+human+skeletal+muscle&author=A+Virkamaki&author=E+Korsheninnikova&author=A+Seppala-Lindroos&author=S+Vehkavaara&author=T+Goto&volume=50&issue=10&publication_year=2001&doi=10.2337/diabetes.50.10.2337&


25. Despres JP, Lemieux I, Bergeron J, Pibarot P, Mathieu P, Larose E, et al.. Abdominal obesity and the metabolic syndrome:

Contribution to global cardiometabolic risk. Arterioscler Thromb Vasc Biol (2008) 28(6):1039–49. doi:

10.1161/ATVBAHA.107.159228 [PubMed] [CrossRef] [Google Scholar]

26. Semnani-Azad Z, Khan TA, Mejia SB, de Souza RJ, Leiter LA, Kendall CWC, et al.. Association of major food sources of

fructose-containing sugars with incident metabolic syndrome a systematic review and meta-analysis. JAMA Netw Open (2020) 3(7):

e209993. doi: 10.1001/jamanetworkopen.2020.9993 [PMC free article] [PubMed] [CrossRef] [Google Scholar]

27. Bloch MJ. Soft drink consumption and risk of developing cardiometabolic risk factors and the metabolic syndrome in middle-

aged adults in the community. South Med J (2008) 101(3):219–20. doi: 10.1097/01.smj.0000307972.78151.e7 [PubMed] [CrossRef]

[Google Scholar]

28. Hwang IS, Ho H, Hoffman BB, Reaven GM. Fructose-induced insulin resistance and hypertension in rats. Hypertension (1987)

10(5):512–6. doi: 10.1161/01.HYP.10.5.512 [PubMed] [CrossRef] [Google Scholar]

29. Rosen P, Ohly P, Gleichmann H. Experimental benefit of moxonidine on glucose metabolism and insulin secretion in the fructose-

fed rat. J Hypertens (1997) 15(1):S31–8. doi: 10.1097/00004872-199715011-00004 [PubMed] [CrossRef] [Google Scholar]

30. Penicaud L, Berthault MF, Morin J, Dubar M, Ktorza A, Ferre P. Rilmenidine normalizes fructose-induced insulin resistance and

hypertension in rats. J Hypertens (1998) 16(3):S45–9. [PubMed] [Google Scholar]

31. Fung TT, Malik V, Rexrode KM, Manson JE, Willett WC, Hu FB. Sweetened beverage consumption and risk of coronary heart

disease in women. Am J Clin Nutr (2009) 89(4):1037–42. doi: 10.3945/ajcn.2008.27140 [PMC free article] [PubMed] [CrossRef]

[Google Scholar]

32. De Koning L, Malik VS, Kellogg MD, Rimm EB, Willett WC, Hu FB. Sweetened beverage consumption, incident coronary heart

disease, and biomarkers of risk in men. Circulation (2012) 125(14):1735–U84. doi: 10.1161/CIRCULATIONAHA.111.067017

[PMC free article] [PubMed] [CrossRef] [Google Scholar]

33. Malik VS, Hu FB. Sugar-sweetened beverages and cardiometabolic health: An update of the evidence. Nutrients (2019)

11(8):1840. doi: 10.3390/nu11081840 [PMC free article] [PubMed] [CrossRef] [Google Scholar]

34. Huang C, Tian Y, Huang JF. Sugar sweetened beverages consumption and risk of coronary heart disease and stroke: a meta-

analysis of prospective studies. Cardiology (2013) 126:19. [PubMed] [Google Scholar]

35. Gardener H, Rundek T, Markert M, Wright CB, Elkind MSV, Sacco RL. Diet soft drink consumption is associated with an

increased risk of vascular events in the northern manhattan study. J Gen Internal Med (2012) 27(9):1120–6. doi: 10.1007/s11606-

011-1968-2 [PMC free article] [PubMed] [CrossRef] [Google Scholar]

36. Rahman I, Wolk A, Larsson SC. The relationship between sweetened beverage consumption and risk of heart failure in men.

Heart (2015) 101(24):1961–5. doi: 10.1136/heartjnl-2015-307542 [PubMed] [CrossRef] [Google Scholar]

37. Mossavar-Rahmani Y, Kamensky V, Manson JE, Silver B, Rapp SR, Haring B, et al.. Artificially sweetened beverages and stroke,

coronary heart disease, and all-cause mortality in the women’s health initiative. Stroke (2019) 50(3):555–62. doi:

10.1161/STROKEAHA.118.023100 [PMC free article] [PubMed] [CrossRef] [Google Scholar]

38. Patel YR, Imran TE, Ellison RC, et al.. Sugar-sweetened beverage consumption and calcified atherosclerotic plaques in the

coronary arteries: the nhlbi family heart study. Nutrients (2021) 13(6):1775. doi: 10.3390/nu13061775 [PMC free article] [PubMed]

[CrossRef] [Google Scholar]

39. Bodur M, Unal RN. The effects of dietary high fructose and saturated fatty acids on chronic low grade inflammation in the

perspective of chronic diseases. Cukurova Med J (2019) 44(2):685–94. doi:  10.17826/cumj.482623 [CrossRef] [Google Scholar]

9/6/24, 9:59 AM Excessive intake of sugar: An accomplice of inflammation - PMC

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9471313/ 13/18

https://pubmed.ncbi.nlm.nih.gov/18356555
https://doi.org/10.1161%2FATVBAHA.107.159228
https://scholar.google.com/scholar_lookup?journal=Arterioscler+Thromb+Vasc+Biol&title=Abdominal+obesity+and+the+metabolic+syndrome:+Contribution+to+global+cardiometabolic+risk&author=JP+Despres&author=I+Lemieux&author=J+Bergeron&author=P+Pibarot&author=P+Mathieu&volume=28&issue=6&publication_year=2008&doi=10.1161/ATVBAHA.107.159228&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7348689/
https://pubmed.ncbi.nlm.nih.gov/32644139
https://doi.org/10.1001%2Fjamanetworkopen.2020.9993
https://scholar.google.com/scholar_lookup?journal=JAMA+Netw+Open&title=Association+of+major+food+sources+of+fructose-containing+sugars+with+incident+metabolic+syndrome+a+systematic+review+and+meta-analysis&author=Z+Semnani-Azad&author=TA+Khan&author=SB+Mejia&author=RJ+de+Souza&author=LA+Leiter&volume=3&issue=7&publication_year=2020&pages=e209993&pmid=32644139&doi=10.1001/jamanetworkopen.2020.9993&
https://pubmed.ncbi.nlm.nih.gov/17646581
https://doi.org/10.1097%2F01.smj.0000307972.78151.e7
https://scholar.google.com/scholar_lookup?journal=South+Med+J&title=Soft+drink+consumption+and+risk+of+developing+cardiometabolic+risk+factors+and+the+metabolic+syndrome+in+middle-aged+adults+in+the+community&author=MJ+Bloch&volume=101&issue=3&publication_year=2008&doi=10.1097/01.smj.0000307972.78151.e7&
https://pubmed.ncbi.nlm.nih.gov/3311990
https://doi.org/10.1161%2F01.HYP.10.5.512
https://scholar.google.com/scholar_lookup?journal=Hypertension&title=Fructose-induced+insulin+resistance+and+hypertension+in+rats&author=IS+Hwang&author=H+Ho&author=BB+Hoffman&author=GM+Reaven&volume=10&issue=5&publication_year=1987&doi=10.1161/01.HYP.10.5.512&
https://pubmed.ncbi.nlm.nih.gov/9050983
https://doi.org/10.1097%2F00004872-199715011-00004
https://scholar.google.com/scholar_lookup?journal=J+Hypertens&title=Experimental+benefit+of+moxonidine+on+glucose+metabolism+and+insulin+secretion+in+the+fructose-fed+rat&author=P+Rosen&author=P+Ohly&author=H+Gleichmann&volume=15&issue=1&publication_year=1997&doi=10.1097/00004872-199715011-00004&
https://pubmed.ncbi.nlm.nih.gov/9747910
https://scholar.google.com/scholar_lookup?journal=J+Hypertens&title=Rilmenidine+normalizes+fructose-induced+insulin+resistance+and+hypertension+in+rats&author=L+Penicaud&author=MF+Berthault&author=J+Morin&author=M+Dubar&author=A+Ktorza&volume=16&issue=3&publication_year=1998&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2667454/
https://pubmed.ncbi.nlm.nih.gov/19211821
https://doi.org/10.3945%2Fajcn.2008.27140
https://scholar.google.com/scholar_lookup?journal=Am+J+Clin+Nutr&title=Sweetened+beverage+consumption+and+risk+of+coronary+heart+disease+in+women&author=TT+Fung&author=V+Malik&author=KM+Rexrode&author=JE+Manson&author=WC+Willett&volume=89&issue=4&publication_year=2009&doi=10.3945/ajcn.2008.27140&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3368965/
https://pubmed.ncbi.nlm.nih.gov/22412070
https://doi.org/10.1161%2FCIRCULATIONAHA.111.067017
https://scholar.google.com/scholar_lookup?journal=Circulation&title=Sweetened+beverage+consumption,+incident+coronary+heart+disease,+and+biomarkers+of+risk+in+men&author=L+De+Koning&author=VS+Malik&author=MD+Kellogg&author=EB+Rimm&author=WC+Willett&volume=125&issue=14&publication_year=2012&doi=10.1161/CIRCULATIONAHA.111.067017&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6723421/
https://pubmed.ncbi.nlm.nih.gov/31398911
https://doi.org/10.3390%2Fnu11081840
https://scholar.google.com/scholar_lookup?journal=Nutrients&title=Sugar-sweetened+beverages+and+cardiometabolic+health:+An+update+of+the+evidence&author=VS+Malik&author=FB+Hu&volume=11&issue=8&publication_year=2019&pages=1840&doi=10.3390/nu11081840&
https://pubmed.ncbi.nlm.nih.gov/24583500
https://scholar.google.com/scholar_lookup?journal=Cardiology&title=Sugar+sweetened+beverages+consumption+and+risk+of+coronary+heart+disease+and+stroke:+a+meta-analysis+of+prospective+studies&author=C+Huang&author=Y+Tian&author=JF+Huang&volume=126&publication_year=2013&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3514985/
https://pubmed.ncbi.nlm.nih.gov/22282311
https://doi.org/10.1007%2Fs11606-011-1968-2
https://scholar.google.com/scholar_lookup?journal=J+Gen+Internal+Med&title=Diet+soft+drink+consumption+is+associated+with+an+increased+risk+of+vascular+events+in+the+northern+manhattan+study&author=H+Gardener&author=T+Rundek&author=M+Markert&author=CB+Wright&author=MSV+Elkind&volume=27&issue=9&publication_year=2012&doi=10.1007/s11606-011-1968-2&
https://pubmed.ncbi.nlm.nih.gov/26526418
https://doi.org/10.1136%2Fheartjnl-2015-307542
https://scholar.google.com/scholar_lookup?journal=Heart&title=The+relationship+between+sweetened+beverage+consumption+and+risk+of+heart+failure+in+men&author=I+Rahman&author=A+Wolk&author=SC+Larsson&volume=101&issue=24&publication_year=2015&doi=10.1136/heartjnl-2015-307542&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6538252/
https://pubmed.ncbi.nlm.nih.gov/30802187
https://doi.org/10.1161%2FSTROKEAHA.118.023100
https://scholar.google.com/scholar_lookup?journal=Stroke&title=Artificially+sweetened+beverages+and+stroke,+coronary+heart+disease,+and+all-cause+mortality+in+the+women%E2%80%99s+health+initiative&author=Y+Mossavar-Rahmani&author=V+Kamensky&author=JE+Manson&author=B+Silver&author=SR+Rapp&volume=50&issue=3&publication_year=2019&doi=10.1161/STROKEAHA.118.023100&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8224703/
https://pubmed.ncbi.nlm.nih.gov/34067500
https://doi.org/10.3390%2Fnu13061775
https://scholar.google.com/scholar_lookup?journal=Nutrients&title=Sugar-sweetened+beverage+consumption+and+calcified+atherosclerotic+plaques+in+the+coronary+arteries:+the+nhlbi+family+heart+study&author=YR+Patel&author=TE+Imran&author=RC+Ellison&volume=13&issue=6&publication_year=2021&pages=1775&pmid=34067500&doi=10.3390/nu13061775&
https://doi.org/10.17826%2Fcumj.482623
https://scholar.google.com/scholar_lookup?journal=Cukurova+Med+J&title=The+effects+of+dietary+high+fructose+and+saturated+fatty+acids+on+chronic+low+grade+inflammation+in+the+perspective+of+chronic+diseases&author=M+Bodur&author=RN+Unal&volume=44&issue=2&publication_year=2019&doi=10.17826/cumj.482623&


40. Vasiljevic A, Bursac B, Djordjevic A, Milutinovic DV, Nikolic M, Matic G, et al.. Hepatic inflammation induced by high-fructose

diet is associated with altered 11 beta HSD1 expression in the liver of wistar rats. Eur J Nutr (2014) 53(6):1393–402. doi:

10.1007/s00394-013-0641-4 [PubMed] [CrossRef] [Google Scholar]

41. Kuzma JN, Cromer G, Hagman DK, Breymeyer KL, Roth CL, Foster-Schubert KE, et al.. No differential effect of beverages

sweetened with fructose, high-fructose corn syrup, or glucose on systemic or adipose tissue inflammation in normal-weight to obese

adults: a randomized controlled trial. Am J Clin Nutr (2016) 104(2):306–14. doi: 10.3945/ajcn.115.129650 [PMC free article]

[PubMed] [CrossRef] [Google Scholar]

42. Cox CL, Stanhope KL, Schwarz JM, Graham JL, Hatcher B, Griffen SC, et al.. Circulating concentrations of monocyte

chemoattractant protein-1, plasminogen activator inhibitor-1, and soluble leukocyte adhesion molecule-1 in overweight/obese men

and women consuming fructose-or glucose-sweetened beverages for 10 weeks. J Clin Endocrinol Metab (2011) 96(12):E2034–8. doi:

10.1210/jc.2011-1050 [PMC free article] [PubMed] [CrossRef] [Google Scholar]

43. Charrez B, Qiao L, Hebbard L. The role of fructose in metabolism and cancer. Hormone Mol Biol Clin Invest (2015) 22(2):79–

89. doi: 10.1515/hmbci-2015-0009 [PubMed] [CrossRef] [Google Scholar]

44. Jameel F, Phang M, Wood LG, Garg ML. Acute effects of feeding fructose, glucose and sucrose on blood lipid levels and systemic

inflammation. Lipids Health Dis (2014) 13:195. doi: 10.1186/1476-511X-13-195 [PMC free article] [PubMed] [CrossRef] [Google

Scholar]

45. Aeberli I, Gerber PA, Hochuli M, Kohler S, Haile SR, Gouni-Berthold I, et al.. Low to moderate sugar-sweetened beverage

consumption impairs glucose and lipid metabolism and promotes inflammation in healthy young men: a randomized controlled trial.

Am J Clin Nutr (2011) 94(2):479–85. doi: 10.3945/ajcn.111.013540 [PubMed] [CrossRef] [Google Scholar]

46. Omar NAM, Frank J, Kruger J, Dal Bello F, Medana C, Collino M, et al.. Effects of high intakes of fructose and galactose, with or

without added fructooligosaccharides, on metabolic factors, inflammation, and gut integrity in a rat model. Mol Nutr Food Res (2021)

65(6):2001133. doi: 10.1002/mnfr.202001133 [PubMed] [CrossRef] [Google Scholar]

47. Alwahsh SM, Xu M, Seyhan HA, Ahmad S, Mihm S, Ramadori G, et al.. Diet high in fructose leads to an overexpression of

lipocalin-2 in rat fatty liver. World J Gastroenterol (2014) 20(7):1807–21. doi: 10.3748/wjg.v20.i7.1807 [PMC free article]

[PubMed] [CrossRef] [Google Scholar]

48. Velickovic N, Djordjevic A, Vasiljevic A, Bursac B, Milutinovic DV, Matic G. Tissue-specific regulation of inflammation by

macrophage migration inhibitory factor and glucocorticoids in fructose-fed wistar rats. Br J Nutr (2013) 110(3):456–65. doi:

10.1017/S0007114512005193 [PubMed] [CrossRef] [Google Scholar]

49. Roglans N, Vila L, Farre M, Alegret M, Sanchez RM, Vaquez-Carrera M, et al.. Impairment of hepatic STAT-3 activation and

reduction of PPAR alpha activity in fructose-fed rats. Hepatology (2007) 45(3):778–88. doi: 10.1002/hep.21499 [PubMed]

[CrossRef] [Google Scholar]

50. Spruss A, Kanuri G, Wagnerberger S, Haub S, Bischoff SC, Bergheim I. Toll-like receptor 4 is involved in the development of

fructose-induced hepatic steatosis in mice. Hepatology (2009) 50(4):1094–104. doi: 10.1002/hep.23122 [PubMed] [CrossRef]

[Google Scholar]

51. Bergheim I, Weber S, Vos M, Kramer S, Volynets V, Kaserouni S, et al.. Antibiotics protect against fructose-induced hepatic lipid

accumulation in mice: Role of endotoxin. J Hepatol (2008) 48(6):983–92. doi: 10.1016/j.jhep.2008.01.035 [PubMed] [CrossRef]

[Google Scholar]

9/6/24, 9:59 AM Excessive intake of sugar: An accomplice of inflammation - PMC

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9471313/ 14/18

https://pubmed.ncbi.nlm.nih.gov/24389792
https://doi.org/10.1007%2Fs00394-013-0641-4
https://scholar.google.com/scholar_lookup?journal=Eur+J+Nutr&title=Hepatic+inflammation+induced+by+high-fructose+diet+is+associated+with+altered+11+beta+HSD1+expression+in+the+liver+of+wistar+rats&author=A+Vasiljevic&author=B+Bursac&author=A+Djordjevic&author=DV+Milutinovic&author=M+Nikolic&volume=53&issue=6&publication_year=2014&doi=10.1007/s00394-013-0641-4&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4962158/
https://pubmed.ncbi.nlm.nih.gov/27357093
https://doi.org/10.3945%2Fajcn.115.129650
https://scholar.google.com/scholar_lookup?journal=Am+J+Clin+Nutr&title=No+differential+effect+of+beverages+sweetened+with+fructose,+high-fructose+corn+syrup,+or+glucose+on+systemic+or+adipose+tissue+inflammation+in+normal-weight+to+obese+adults:+a+randomized+controlled+trial&author=JN+Kuzma&author=G+Cromer&author=DK+Hagman&author=KL+Breymeyer&author=CL+Roth&volume=104&issue=2&publication_year=2016&doi=10.3945/ajcn.115.129650&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3232623/
https://pubmed.ncbi.nlm.nih.gov/21956423
https://doi.org/10.1210%2Fjc.2011-1050
https://scholar.google.com/scholar_lookup?journal=J+Clin+Endocrinol+Metab&title=Circulating+concentrations+of+monocyte+chemoattractant+protein-1,+plasminogen+activator+inhibitor-1,+and+soluble+leukocyte+adhesion+molecule-1+in+overweight/obese+men+and+women+consuming+fructose-or+glucose-sweetened+beverages+for+10+weeks&author=CL+Cox&author=KL+Stanhope&author=JM+Schwarz&author=JL+Graham&author=B+Hatcher&volume=96&issue=12&publication_year=2011&doi=10.1210/jc.2011-1050&
https://pubmed.ncbi.nlm.nih.gov/25965509
https://doi.org/10.1515%2Fhmbci-2015-0009
https://scholar.google.com/scholar_lookup?journal=Hormone+Mol+Biol+Clin+Invest&title=The+role+of+fructose+in+metabolism+and+cancer&author=B+Charrez&author=L+Qiao&author=L+Hebbard&volume=22&issue=2&publication_year=2015&doi=10.1515/hmbci-2015-0009&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4290803/
https://pubmed.ncbi.nlm.nih.gov/25515398
https://doi.org/10.1186%2F1476-511X-13-195
https://scholar.google.com/scholar_lookup?journal=Lipids+Health+Dis&title=Acute+effects+of+feeding+fructose,+glucose+and+sucrose+on+blood+lipid+levels+and+systemic+inflammation&author=F+Jameel&author=M+Phang&author=LG+Wood&author=ML+Garg&volume=13&publication_year=2014&pages=195&pmid=25515398&doi=10.1186/1476-511X-13-195&
https://scholar.google.com/scholar_lookup?journal=Lipids+Health+Dis&title=Acute+effects+of+feeding+fructose,+glucose+and+sucrose+on+blood+lipid+levels+and+systemic+inflammation&author=F+Jameel&author=M+Phang&author=LG+Wood&author=ML+Garg&volume=13&publication_year=2014&pages=195&pmid=25515398&doi=10.1186/1476-511X-13-195&
https://pubmed.ncbi.nlm.nih.gov/21677052
https://doi.org/10.3945%2Fajcn.111.013540
https://scholar.google.com/scholar_lookup?journal=Am+J+Clin+Nutr&title=Low+to+moderate+sugar-sweetened+beverage+consumption+impairs+glucose+and+lipid+metabolism+and+promotes+inflammation+in+healthy+young+men:+a+randomized+controlled+trial&author=I+Aeberli&author=PA+Gerber&author=M+Hochuli&author=S+Kohler&author=SR+Haile&volume=94&issue=2&publication_year=2011&doi=10.3945/ajcn.111.013540&
https://pubmed.ncbi.nlm.nih.gov/33548087
https://doi.org/10.1002%2Fmnfr.202001133
https://scholar.google.com/scholar_lookup?journal=Mol+Nutr+Food+Res&title=Effects+of+high+intakes+of+fructose+and+galactose,+with+or+without+added+fructooligosaccharides,+on+metabolic+factors,+inflammation,+and+gut+integrity+in+a+rat+model&author=NAM+Omar&author=J+Frank&author=J+Kruger&author=F+Dal+Bello&author=C+Medana&volume=65&issue=6&publication_year=2021&pages=2001133&doi=10.1002/mnfr.202001133&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3930979/
https://pubmed.ncbi.nlm.nih.gov/24587658
https://doi.org/10.3748%2Fwjg.v20.i7.1807
https://scholar.google.com/scholar_lookup?journal=World+J+Gastroenterol&title=Diet+high+in+fructose+leads+to+an+overexpression+of+lipocalin-2+in+rat+fatty+liver&author=SM+Alwahsh&author=M+Xu&author=HA+Seyhan&author=S+Ahmad&author=S+Mihm&volume=20&issue=7&publication_year=2014&doi=10.3748/wjg.v20.i7.1807&
https://pubmed.ncbi.nlm.nih.gov/23286672
https://doi.org/10.1017%2FS0007114512005193
https://scholar.google.com/scholar_lookup?journal=Br+J+Nutr&title=Tissue-specific+regulation+of+inflammation+by+macrophage+migration+inhibitory+factor+and+glucocorticoids+in+fructose-fed+wistar+rats&author=N+Velickovic&author=A+Djordjevic&author=A+Vasiljevic&author=B+Bursac&author=DV+Milutinovic&volume=110&issue=3&publication_year=2013&doi=10.1017/S0007114512005193&
https://pubmed.ncbi.nlm.nih.gov/17326204
https://doi.org/10.1002%2Fhep.21499
https://scholar.google.com/scholar_lookup?journal=Hepatology&title=Impairment+of+hepatic+STAT-3+activation+and+reduction+of+PPAR+alpha+activity+in+fructose-fed+rats&author=N+Roglans&author=L+Vila&author=M+Farre&author=M+Alegret&author=RM+Sanchez&volume=45&issue=3&publication_year=2007&doi=10.1002/hep.21499&
https://pubmed.ncbi.nlm.nih.gov/19637282
https://doi.org/10.1002%2Fhep.23122
https://scholar.google.com/scholar_lookup?journal=Hepatology&title=Toll-like+receptor+4+is+involved+in+the+development+of+fructose-induced+hepatic+steatosis+in+mice&author=A+Spruss&author=G+Kanuri&author=S+Wagnerberger&author=S+Haub&author=SC+Bischoff&volume=50&issue=4&publication_year=2009&doi=10.1002/hep.23122&
https://pubmed.ncbi.nlm.nih.gov/18395289
https://doi.org/10.1016%2Fj.jhep.2008.01.035
https://scholar.google.com/scholar_lookup?journal=J+Hepatol&title=Antibiotics+protect+against+fructose-induced+hepatic+lipid+accumulation+in+mice:+Role+of+endotoxin&author=I+Bergheim&author=S+Weber&author=M+Vos&author=S+Kramer&author=V+Volynets&volume=48&issue=6&publication_year=2008&doi=10.1016/j.jhep.2008.01.035&


52. Payne AN, Chassard C, Lacroix C. Gut microbial adaptation to dietary consumption of fructose, artificial sweeteners and sugar

alcohols: implications for host-microbe interactions contributing to obesity. Obes Rev (2012) 13(9):799–809. doi: 10.1111/j.1467-

789X.2012.01009.x [PubMed] [CrossRef] [Google Scholar]

53. Ishimoto T, Lanaspa MA, Rivard CJ, Roncal-Jimenez CA, Orlicky DJ, Cicerchi C, et al.. High-fat and high-sucrose (western) diet

induces steatohepatitis that is dependent on fructokinase. Hepatology (2013) 58(5):1632–43. doi: 10.1002/hep.26594 [PMC free

article] [PubMed] [CrossRef] [Google Scholar]

54. Sanguesa G, Baena M, Hutter N, Montanes JC, Sanchez RM, Roglans N, et al.. The addition of liquid fructose to a western-type

diet in ldl-r-/- mice induces liver inflammation and fibrogenesis markers without disrupting insulin receptor signalling after an insulin

challenge. Nutrients (2017) 9(3):278. doi: 10.3390/nu9030278 [PMC free article] [PubMed] [CrossRef] [Google Scholar]

55. Mazzoli A, Spagnuolo MS, Nazzaro M, Gatto C, Iossa S, Cigliano L. Fructose removal from the diet reverses inflammation,

mitochondrial dysfunction, and oxidative stress in hippocampus. Antioxidants (2021) 10(3):487. doi: 10.3390/antiox10030487 [PMC

free article] [PubMed] [CrossRef] [Google Scholar]

56. Djordjevic A, Bursac B, Velickovic N, Vasiljevic A, Matic G. The impact of different fructose loads on insulin sensitivity,

inflammation, and PSA-NCAM-mediated plasticity in the hippocampus of fructose-fed male rats. Nutr Neurosci (2015) 18(2):66–75.

doi: 10.1179/1476830513Y.0000000098 [PubMed] [CrossRef] [Google Scholar]

57. Cao GC, Wang Q, Huang WJ, Tong JY, Ye DW, He Y, et al.. Long-term consumption of caffeine-free high sucrose cola beverages

aggravates the pathogenesis of EAE in mice. Cell Discovery (2017) 3:17020. doi: 10.1038/celldisc.2017.20 [PMC free article]

[PubMed] [CrossRef] [Google Scholar]

58. Julia V, Macia L, Dombrowicz D. The impact of diet on asthma and allergic diseases. Nat Rev Immunol (2015) 15(5):308–22. doi:

10.1038/nri3830 [PubMed] [CrossRef] [Google Scholar]

59. Wang LF, Wang FS, Gershwin ME. Human autoimmune diseases: a comprehensive update. J Internal Med (2015) 278(4):369–

95. doi: 10.1111/joim.12395 [PubMed] [CrossRef] [Google Scholar]

60. Kleinewietfeld M, Manzel A, Titze J, Kvakan H, Yosef N, Linker RA, et al.. Sodium chloride drives autoimmune disease by the

induction of pathogenic T(H)17 cells. Nature (2013) 496(7446):518–22. doi: 10.1038/nature11868 [PMC free article] [PubMed]

[CrossRef] [Google Scholar]

61. Wu C, Yosef N, Thalhamer T, Zhu C, Xiao S, Kishi Y, et al.. Induction of pathogenic T(H)17 cells by inducible salt-sensing

kinase SGK1. Nature (2013) 496(7446):513–7. doi: 10.1038/nature11984 [PMC free article] [PubMed] [CrossRef] [Google Scholar]

62. Galgani M, Matarese G. The sweet kiss breaching immunological self-tolerance. Trends Mol Med (2019) 25(10):819–20. doi:

10.1016/j.molmed.2019.08.003 [PubMed] [CrossRef] [Google Scholar]

63. Dey M, Cutolo M, Nikiphorou E. Beverages in rheumatoid arthritis: what to prefer or to avoid. Nutrients (2020) 12(10):3155. doi:

10.3390/nu12103155 [PMC free article] [PubMed] [CrossRef] [Google Scholar]

64. Hu Y, Costenbader KH, Gao X, Al-Daabil M, Sparks JA, Solomon DH, et al.. Sugar-sweetened soda consumption and risk of

developing rheumatoid arthritis in women. Am J Clin Nutr (2014) 100(3):959–67. doi: 10.3945/ajcn.114.086918 [PMC free article]

[PubMed] [CrossRef] [Google Scholar]

65. Jena PK, Sheng L, Di Lucente J, Jin LW, Maezawa I, Wan YJY. Dysregulated bile acid synthesis and dysbiosis are implicated in

Western diet-induced systemic inflammation, microglial activation, and reduced neuroplasticity. FASEB J (2018) 32(5):2866–77. doi:

10.1096/fj.201700984RR [PMC free article] [PubMed] [CrossRef] [Google Scholar]

9/6/24, 9:59 AM Excessive intake of sugar: An accomplice of inflammation - PMC

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9471313/ 15/18

https://pubmed.ncbi.nlm.nih.gov/22686435
https://doi.org/10.1111%2Fj.1467-789X.2012.01009.x
https://scholar.google.com/scholar_lookup?journal=Obes+Rev&title=Gut+microbial+adaptation+to+dietary+consumption+of+fructose,+artificial+sweeteners+and+sugar+alcohols:+implications+for+host-microbe+interactions+contributing+to+obesity&author=AN+Payne&author=C+Chassard&author=C+Lacroix&volume=13&issue=9&publication_year=2012&doi=10.1111/j.1467-789X.2012.01009.x&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3894259/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3894259/
https://pubmed.ncbi.nlm.nih.gov/23813872
https://doi.org/10.1002%2Fhep.26594
https://scholar.google.com/scholar_lookup?journal=Hepatology&title=High-fat+and+high-sucrose+(western)+diet+induces+steatohepatitis+that+is+dependent+on+fructokinase&author=T+Ishimoto&author=MA+Lanaspa&author=CJ+Rivard&author=CA+Roncal-Jimenez&author=DJ+Orlicky&volume=58&issue=5&publication_year=2013&doi=10.1002/hep.26594&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5372941/
https://pubmed.ncbi.nlm.nih.gov/28294959
https://doi.org/10.3390%2Fnu9030278
https://scholar.google.com/scholar_lookup?journal=Nutrients&title=The+addition+of+liquid+fructose+to+a+western-type+diet+in+ldl-r-/-+mice+induces+liver+inflammation+and+fibrogenesis+markers+without+disrupting+insulin+receptor+signalling+after+an+insulin+challenge&author=G+Sanguesa&author=M+Baena&author=N+Hutter&author=JC+Montanes&author=RM+Sanchez&volume=9&issue=3&publication_year=2017&pages=278&doi=10.3390/nu9030278&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8003595/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8003595/
https://pubmed.ncbi.nlm.nih.gov/33804637
https://doi.org/10.3390%2Fantiox10030487
https://scholar.google.com/scholar_lookup?journal=Antioxidants&title=Fructose+removal+from+the+diet+reverses+inflammation,+mitochondrial+dysfunction,+and+oxidative+stress+in+hippocampus&author=A+Mazzoli&author=MS+Spagnuolo&author=M+Nazzaro&author=C+Gatto&author=S+Iossa&volume=10&issue=3&publication_year=2021&pages=487&pmid=33804637&doi=10.3390/antiox10030487&
https://pubmed.ncbi.nlm.nih.gov/24257416
https://doi.org/10.1179%2F1476830513Y.0000000098
https://scholar.google.com/scholar_lookup?journal=Nutr+Neurosci&title=The+impact+of+different+fructose+loads+on+insulin+sensitivity,+inflammation,+and+PSA-NCAM-mediated+plasticity+in+the+hippocampus+of+fructose-fed+male+rats&author=A+Djordjevic&author=B+Bursac&author=N+Velickovic&author=A+Vasiljevic&author=G+Matic&volume=18&issue=2&publication_year=2015&doi=10.1179/1476830513Y.0000000098&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5477007/
https://pubmed.ncbi.nlm.nih.gov/28670480
https://doi.org/10.1038%2Fcelldisc.2017.20
https://scholar.google.com/scholar_lookup?journal=Cell+Discovery&title=Long-term+consumption+of+caffeine-free+high+sucrose+cola+beverages+aggravates+the+pathogenesis+of+EAE+in+mice&author=GC+Cao&author=Q+Wang&author=WJ+Huang&author=JY+Tong&author=DW+Ye&volume=3&publication_year=2017&pages=17020&pmid=28670480&doi=10.1038/celldisc.2017.20&
https://pubmed.ncbi.nlm.nih.gov/25907459
https://doi.org/10.1038%2Fnri3830
https://scholar.google.com/scholar_lookup?journal=Nat+Rev+Immunol&title=The+impact+of+diet+on+asthma+and+allergic+diseases&author=V+Julia&author=L+Macia&author=D+Dombrowicz&volume=15&issue=5&publication_year=2015&doi=10.1038/nri3830&
https://pubmed.ncbi.nlm.nih.gov/26212387
https://doi.org/10.1111%2Fjoim.12395
https://scholar.google.com/scholar_lookup?journal=J+Internal+Med&title=Human+autoimmune+diseases:+a+comprehensive+update&author=LF+Wang&author=FS+Wang&author=ME+Gershwin&volume=278&issue=4&publication_year=2015&doi=10.1111/joim.12395&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3746493/
https://pubmed.ncbi.nlm.nih.gov/23467095
https://doi.org/10.1038%2Fnature11868
https://scholar.google.com/scholar_lookup?journal=Nature&title=Sodium+chloride+drives+autoimmune+disease+by+the+induction+of+pathogenic+T(H)17+cells&author=M+Kleinewietfeld&author=A+Manzel&author=J+Titze&author=H+Kvakan&author=N+Yosef&volume=496&issue=7446&publication_year=2013&doi=10.1038/nature11868&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3637879/
https://pubmed.ncbi.nlm.nih.gov/23467085
https://doi.org/10.1038%2Fnature11984
https://scholar.google.com/scholar_lookup?journal=Nature&title=Induction+of+pathogenic+T(H)17+cells+by+inducible+salt-sensing+kinase+SGK1&author=C+Wu&author=N+Yosef&author=T+Thalhamer&author=C+Zhu&author=S+Xiao&volume=496&issue=7446&publication_year=2013&doi=10.1038/nature11984&
https://pubmed.ncbi.nlm.nih.gov/31451384
https://doi.org/10.1016%2Fj.molmed.2019.08.003
https://scholar.google.com/scholar_lookup?journal=Trends+Mol+Med&title=The+sweet+kiss+breaching+immunological+self-tolerance&author=M+Galgani&author=G+Matarese&volume=25&issue=10&publication_year=2019&doi=10.1016/j.molmed.2019.08.003&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7602656/
https://pubmed.ncbi.nlm.nih.gov/33076469
https://doi.org/10.3390%2Fnu12103155
https://scholar.google.com/scholar_lookup?journal=Nutrients&title=Beverages+in+rheumatoid+arthritis:+what+to+prefer+or+to+avoid&author=M+Dey&author=M+Cutolo&author=E+Nikiphorou&volume=12&issue=10&publication_year=2020&pages=3155&doi=10.3390/nu12103155&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135503/
https://pubmed.ncbi.nlm.nih.gov/25030783
https://doi.org/10.3945%2Fajcn.114.086918
https://scholar.google.com/scholar_lookup?journal=Am+J+Clin+Nutr&title=Sugar-sweetened+soda+consumption+and+risk+of+developing+rheumatoid+arthritis+in+women&author=Y+Hu&author=KH+Costenbader&author=X+Gao&author=M+Al-Daabil&author=JA+Sparks&volume=100&issue=3&publication_year=2014&doi=10.3945/ajcn.114.086918&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5901391/
https://pubmed.ncbi.nlm.nih.gov/29401580
https://doi.org/10.1096%2Ffj.201700984RR
https://scholar.google.com/scholar_lookup?journal=FASEB+J&title=Dysregulated+bile+acid+synthesis+and+dysbiosis+are+implicated+in+Western+diet-induced+systemic+inflammation,+microglial+activation,+and+reduced+neuroplasticity&author=PK+Jena&author=L+Sheng&author=J+Di+Lucente&author=LW+Jin&author=I+Maezawa&volume=32&issue=5&publication_year=2018&doi=10.1096/fj.201700984RR&


66. Guo XL, Li JC, Tang RY, Zhang GD, Zeng HW, Wood RJ, et al.. High fat diet alters gut microbiota and the expression of paneth

cell-antimicrobial peptides preceding changes of circulating inflammatory cytokines. Mediators Inflammation (2017) 9474896. doi:

10.1155/2017/9474896 [PMC free article] [PubMed] [CrossRef] [Google Scholar]

67. Alpizar-Rodriguez D, Lesker TR, Gronow A, Raemy E, Lamacchia C, Courvoisier D, et al.. Prevotella copri in individuals At risk

for rheumatoid arthritis. Ann Rheum Dis (2018) 77:1186–7. doi: 10.1136/annrheumdis-2018-eular.5899 [PubMed] [CrossRef]

[Google Scholar]

68. Philippou E, Nikiphorou E. Are we really what we eat? nutrition and its role in the onset of rheumatoid arthritis. Autoimmun Rev

(2018) 17(11):1074–7. doi: 10.1016/j.autrev.2018.05.009 [PubMed] [CrossRef] [Google Scholar]

69. Li H, Lian GJ, Wang G, Yin QM, Su ZH. A review of possible therapies for multiple sclerosis. Mol Cell Biochem (2021)

476(9):3261–70. doi: 10.1007/s11010-021-04119-z [PubMed] [CrossRef] [Google Scholar]

70. Langley MR, Triplet EM, Scarisbrick IA. Dietary influence on central nervous system myelin production, injury, and

regeneration. Biochim Biophys Acta-Mol Basis Dis (2020) 1866(7):165779. doi: 10.1016/j.bbadis.2020.165779 [PubMed] [CrossRef]

[Google Scholar]

71. Coe S, Oni BT, Collett J, Clegg M, Dawes H. Increased carbohydrate and energy consumption in people with multiple sclerosis

compared to healthy controls. Proc Nutr Soc (2015) 74(OCE1):E115–E. doi: 10.1017/S0029665115001305 [CrossRef] [Google

Scholar]

72. Hwang ST, Nijsten T, Elder JT. Recent highlights in psoriasis research. J Invest Dermatol (2017) 137(3):550–6. doi:

10.1016/j.jid.2016.11.007 [PubMed] [CrossRef] [Google Scholar]

73. Ricketts JR, Rothe MJ, Grant-Kels JM. Nutrition and psoriasis. Clinics Dermatol (2010) 28(6):615–26. doi:

10.1016/j.clindermatol.2010.03.027 [PubMed] [CrossRef] [Google Scholar]

74. Armstrong AW, Harskamp CT, Armstrong EJ. The association between psoriasis and obesity: a systematic review and meta-

analysis of observational studies. Nutr Diabetes (2012) 2(12):e54. doi: 10.1038/nutd.2012.26 [PMC free article] [PubMed]

[CrossRef] [Google Scholar]

75. Jensen P, Zachariae C, Christensen R, Geiker NRW, Schaadt BK, Stender S, et al.. Effect of weight loss on the severity of

psoriasis a randomized clinical study. JAMA Dermatol (2013) 149(7):795–801. doi: 10.1001/jamadermatol.2013.722 [PubMed]

[CrossRef] [Google Scholar]

76. Shi ZR, Wu XS, Yu S, Huynh M, Jena PK, Nguyen M, et al.. Short-term exposure to a Western diet induces psoriasiform

dermatitis by promoting accumulation of IL-17A-Producing gamma delta T cells. J Invest Dermatol (2020) 140(9):1815–23. doi:

10.1016/j.jid.2020.01.020 [PMC free article] [PubMed] [CrossRef] [Google Scholar]

77. Mabuchi T, Takekoshi T, Hwang ST. Epidermal CCR6(+) gamma delta T cells are major producers of IL-22 and IL-17 in a

murine model of psoriasiform dermatitis. J Immunol (2011) 187(10):5026–31. doi: 10.4049/jimmunol.1101817 [PubMed] [CrossRef]

[Google Scholar]

78. Shi ZR, Wu XS, Rocha CS, Rolston M, Garcia-Melchor E, Huynh M, et al.. Short-term Western diet intake promotes IL-23-

Mediated skin and joint inflammation accompanied by changes to the gut microbiota in mice. J Invest Dermatol (2021) 141(7):1780–

91. doi: 10.1016/j.jid.2020.11.032 [PMC free article] [PubMed] [CrossRef] [Google Scholar]

79. Ingkapairoj K, Chularojanamontri L, Chaiyabutr C, Silpa-Archa N, Wongpraparut C, Bunyaratavej S. Dietary habits and

perceptions of psoriatic patients: Mediterranean versus Asian diets. J Dermatol Treat (2021), 33(4): 2290–6. doi:

10.1080/09546634.2021.1959500. [PubMed] [CrossRef] [Google Scholar]

9/6/24, 9:59 AM Excessive intake of sugar: An accomplice of inflammation - PMC

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9471313/ 16/18

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5339499/
https://pubmed.ncbi.nlm.nih.gov/28316379
https://doi.org/10.1155%2F2017%2F9474896
https://scholar.google.com/scholar_lookup?journal=Mediators+Inflammation&title=High+fat+diet+alters+gut+microbiota+and+the+expression+of+paneth+cell-antimicrobial+peptides+preceding+changes+of+circulating+inflammatory+cytokines&author=XL+Guo&author=JC+Li&author=RY+Tang&author=GD+Zhang&author=HW+Zeng&publication_year=2017&pages=9474896&doi=10.1155/2017/9474896&
https://pubmed.ncbi.nlm.nih.gov/30760471
https://doi.org/10.1136%2Fannrheumdis-2018-eular.5899
https://scholar.google.com/scholar_lookup?journal=Ann+Rheum+Dis&title=Prevotella+copri+in+individuals+At+risk+for+rheumatoid+arthritis&author=D+Alpizar-Rodriguez&author=TR+Lesker&author=A+Gronow&author=E+Raemy&author=C+Lamacchia&volume=77&publication_year=2018&doi=10.1136/annrheumdis-2018-eular.5899&
https://pubmed.ncbi.nlm.nih.gov/30213695
https://doi.org/10.1016%2Fj.autrev.2018.05.009
https://scholar.google.com/scholar_lookup?journal=Autoimmun+Rev&title=Are+we+really+what+we+eat?+nutrition+and+its+role+in+the+onset+of+rheumatoid+arthritis&author=E+Philippou&author=E+Nikiphorou&volume=17&issue=11&publication_year=2018&doi=10.1016/j.autrev.2018.05.009&
https://pubmed.ncbi.nlm.nih.gov/33886059
https://doi.org/10.1007%2Fs11010-021-04119-z
https://scholar.google.com/scholar_lookup?journal=Mol+Cell+Biochem&title=A+review+of+possible+therapies+for+multiple+sclerosis&author=H+Li&author=GJ+Lian&author=G+Wang&author=QM+Yin&author=ZH+Su&volume=476&issue=9&publication_year=2021&doi=10.1007/s11010-021-04119-z&
https://pubmed.ncbi.nlm.nih.gov/32224154
https://doi.org/10.1016%2Fj.bbadis.2020.165779
https://scholar.google.com/scholar_lookup?journal=Biochim+Biophys+Acta-Mol+Basis+Dis&title=Dietary+influence+on+central+nervous+system+myelin+production,+injury,+and+regeneration&author=MR+Langley&author=EM+Triplet&author=IA+Scarisbrick&volume=1866&issue=7&publication_year=2020&pages=165779&pmid=32224154&doi=10.1016/j.bbadis.2020.165779&
https://doi.org/10.1017%2FS0029665115001305
https://scholar.google.com/scholar_lookup?journal=Proc+Nutr+Soc&title=Increased+carbohydrate+and+energy+consumption+in+people+with+multiple+sclerosis+compared+to+healthy+controls&author=S+Coe&author=BT+Oni&author=J+Collett&author=M+Clegg&author=H+Dawes&volume=74&issue=OCE1&publication_year=2015&doi=10.1017/S0029665115001305&
https://scholar.google.com/scholar_lookup?journal=Proc+Nutr+Soc&title=Increased+carbohydrate+and+energy+consumption+in+people+with+multiple+sclerosis+compared+to+healthy+controls&author=S+Coe&author=BT+Oni&author=J+Collett&author=M+Clegg&author=H+Dawes&volume=74&issue=OCE1&publication_year=2015&doi=10.1017/S0029665115001305&
https://pubmed.ncbi.nlm.nih.gov/28063651
https://doi.org/10.1016%2Fj.jid.2016.11.007
https://scholar.google.com/scholar_lookup?journal=J+Invest+Dermatol&title=Recent+highlights+in+psoriasis+research&author=ST+Hwang&author=T+Nijsten&author=JT+Elder&volume=137&issue=3&publication_year=2017&doi=10.1016/j.jid.2016.11.007&
https://pubmed.ncbi.nlm.nih.gov/21034986
https://doi.org/10.1016%2Fj.clindermatol.2010.03.027
https://scholar.google.com/scholar_lookup?journal=Clinics+Dermatol&title=Nutrition+and+psoriasis&author=JR+Ricketts&author=MJ+Rothe&author=JM+Grant-Kels&volume=28&issue=6&publication_year=2010&doi=10.1016/j.clindermatol.2010.03.027&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3542430/
https://pubmed.ncbi.nlm.nih.gov/23208415
https://doi.org/10.1038%2Fnutd.2012.26
https://scholar.google.com/scholar_lookup?journal=Nutr+Diabetes&title=The+association+between+psoriasis+and+obesity:+a+systematic+review+and+meta-analysis+of+observational+studies&author=AW+Armstrong&author=CT+Harskamp&author=EJ+Armstrong&volume=2&issue=12&publication_year=2012&pages=e54&pmid=23208415&doi=10.1038/nutd.2012.26&
https://pubmed.ncbi.nlm.nih.gov/23752669
https://doi.org/10.1001%2Fjamadermatol.2013.722
https://scholar.google.com/scholar_lookup?journal=JAMA+Dermatol&title=Effect+of+weight+loss+on+the+severity+of+psoriasis+a+randomized+clinical+study&author=P+Jensen&author=C+Zachariae&author=R+Christensen&author=NRW+Geiker&author=BK+Schaadt&volume=149&issue=7&publication_year=2013&doi=10.1001/jamadermatol.2013.722&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7537492/
https://pubmed.ncbi.nlm.nih.gov/32057839
https://doi.org/10.1016%2Fj.jid.2020.01.020
https://scholar.google.com/scholar_lookup?journal=J+Invest+Dermatol&title=Short-term+exposure+to+a+Western+diet+induces+psoriasiform+dermatitis+by+promoting+accumulation+of+IL-17A-Producing+gamma+delta+T+cells&author=ZR+Shi&author=XS+Wu&author=S+Yu&author=M+Huynh&author=PK+Jena&volume=140&issue=9&publication_year=2020&doi=10.1016/j.jid.2020.01.020&
https://pubmed.ncbi.nlm.nih.gov/21984702
https://doi.org/10.4049%2Fjimmunol.1101817
https://scholar.google.com/scholar_lookup?journal=J+Immunol&title=Epidermal+CCR6(+)+gamma+delta+T+cells+are+major+producers+of+IL-22+and+IL-17+in+a+murine+model+of+psoriasiform+dermatitis&author=T+Mabuchi&author=T+Takekoshi&author=ST+Hwang&volume=187&issue=10&publication_year=2011&doi=10.4049/jimmunol.1101817&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8634664/
https://pubmed.ncbi.nlm.nih.gov/33485880
https://doi.org/10.1016%2Fj.jid.2020.11.032
https://scholar.google.com/scholar_lookup?journal=J+Invest+Dermatol&title=Short-term+Western+diet+intake+promotes+IL-23-Mediated+skin+and+joint+inflammation+accompanied+by+changes+to+the+gut+microbiota+in+mice&author=ZR+Shi&author=XS+Wu&author=CS+Rocha&author=M+Rolston&author=E+Garcia-Melchor&volume=141&issue=7&publication_year=2021&doi=10.1016/j.jid.2020.11.032&
https://pubmed.ncbi.nlm.nih.gov/34289800
https://doi.org/10.1080%2F09546634.2021.1959500
https://scholar.google.com/scholar_lookup?journal=J+Dermatol+Treat&title=Dietary+habits+and+perceptions+of+psoriatic+patients:+Mediterranean+versus+Asian+diets&author=K+Ingkapairoj&author=L+Chularojanamontri&author=C+Chaiyabutr&author=N+Silpa-Archa&author=C+Wongpraparut&volume=33&issue=4&publication_year=2021&doi=10.1080/09546634.2021.1959500&


80. Molodecky NA, Soon IS, Rabi DM, Ghali WA, Ferris M, Chernoff G, et al.. Increasing incidence and prevalence of the

inflammatory bowel diseases with time, based on systematic review. Gastroenterology (2012) 142(1):46–54. doi:

10.1053/j.gastro.2011.10.001 [PubMed] [CrossRef] [Google Scholar]

81. Goldsmith JR, Sartor RB. The role of diet on intestinal microbiota metabolism: downstream impacts on host immune function and

health, and therapeutic implications. J Gastroenterol (2014) 49(5):785–98. doi: 10.1007/s00535-014-0953-z [PMC free article]

[PubMed] [CrossRef] [Google Scholar]

82. Podolsky DK. Inflammatory bowel disease. New Engl J Med (2002) 347(6):417–29. doi: 10.1056/NEJMra020831 [PubMed]

[CrossRef] [Google Scholar]

83. Roy U, Galvez EJC, Iljazovic A, Lesker TR, Bazejewski AJ, Pils MC, et al.. Distinct microbial communities trigger colitis

development upon intestinal barrier damage via innate or adaptive immune cells. Cell Rep (2017) 21(4):994–1008. doi:

10.1016/j.celrep.2017.09.097 [PMC free article] [PubMed] [CrossRef] [Google Scholar]

84. Tlaskalova-Hogenova H, Stepankova R, Kozakova H, Hudcovic T, Vannucci L, Tuckova L, et al.. The role of gut microbiota

(commensal bacteria) and the mucosal barrier in the pathogenesis of inflammatory and autoimmune diseases and cancer: contribution

of germ-free and gnotobiotic animal models of human diseases. Cell Mol Immunol (2011) 8(2):110–20. doi: 10.1038/cmi.2010.67

[PMC free article] [PubMed] [CrossRef] [Google Scholar]

85. Benchimol EI, Guttmann A, Griffiths AM, Rabeneck L, Mack DR, Brill H, et al.. Increasing incidence of paediatric inflammatory

bowel disease in Ontario, Canada: evidence from health administrative data. Gut (2009) 58(11):1490–7. doi:

10.1136/gut.2009.188383 [PubMed] [CrossRef] [Google Scholar]

86. Thaiss CA, Levy M, Grosheva I, Zheng DP, Soffer E, Blacher E, et al.. Hyperglycemia drives intestinal barrier dysfunction and

risk for enteric infection. Science (2018) 359(6382):1376–83. doi: 10.1126/science.aar3318 [PubMed] [CrossRef] [Google Scholar]

87. Laffin M, Fedorak R, Zalasky A, Park H, Gill A, Agrawal A, et al.. A high-sugar diet rapidly enhances susceptibility to colitis via

depletion of luminal short-chain fatty acids in mice. Sci Rep (2019) 9(1):12294. doi: 10.1038/s41598-019-48749-2 [PMC free article]

[PubMed] [CrossRef] [Google Scholar]

88. Yang XY, Chen PF, He JH. High consumption of sweetened beverages might increase the risk of inflammatory bowel diseases.

Clin Gastroenterol Hepatol (2019) 17(7):1417–8. doi: 10.1016/j.cgh.2018.11.053 [PubMed] [CrossRef] [Google Scholar]

89. Lustig RH, Schmidt LA, Brindis CD. The toxic truth about sugar. Nature (2012) 482(7383):27–9. doi: 10.1038/482027a

[PubMed] [CrossRef] [Google Scholar]

90. Randi G, Edefonti V, Ferraroni M, La Vecchia C, Decarli A. Dietary patterns and the risk of colorectal cancer and adenomas. Nutr

Rev (2010) 68(7):389–408. doi: 10.1111/j.1753-4887.2010.00299.x [PubMed] [CrossRef] [Google Scholar]

91. Wei J, Raynor J, Nguyen TLM, Chi HB. Nutrient and metabolic sensing in T cell responses. Front Immunol (2017) 8:247. doi:

10.3389/fimmu.2017.00247 [PMC free article] [PubMed] [CrossRef] [Google Scholar]

92. Shomali N, Mahmoudi J, Mahmoodpoor A, Zamiri RE, Akbari M, Xu HX, et al.. Harmful effects of high amounts of glucose on

the immune system: An updated review. Biotechnol Appl Biochem (2021) 68(2):404–10. doi: 10.1002/bab.1938 [PubMed]

[CrossRef] [Google Scholar]

93. Ellmeier W, Sawada S, Littman DR. The regulation of CD4 and CD8 coreceptor gene expression during T cell development. Annu

Rev Immunol (1999) 17:523–54. doi: 10.1146/annurev.immunol.17.1.523 [PubMed] [CrossRef] [Google Scholar]

9/6/24, 9:59 AM Excessive intake of sugar: An accomplice of inflammation - PMC

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9471313/ 17/18

https://pubmed.ncbi.nlm.nih.gov/22001864
https://doi.org/10.1053%2Fj.gastro.2011.10.001
https://scholar.google.com/scholar_lookup?journal=Gastroenterology&title=Increasing+incidence+and+prevalence+of+the+inflammatory+bowel+diseases+with+time,+based+on+systematic+review&author=NA+Molodecky&author=IS+Soon&author=DM+Rabi&author=WA+Ghali&author=M+Ferris&volume=142&issue=1&publication_year=2012&doi=10.1053/j.gastro.2011.10.001&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4035358/
https://pubmed.ncbi.nlm.nih.gov/24652102
https://doi.org/10.1007%2Fs00535-014-0953-z
https://scholar.google.com/scholar_lookup?journal=J+Gastroenterol&title=The+role+of+diet+on+intestinal+microbiota+metabolism:+downstream+impacts+on+host+immune+function+and+health,+and+therapeutic+implications&author=JR+Goldsmith&author=RB+Sartor&volume=49&issue=5&publication_year=2014&doi=10.1007/s00535-014-0953-z&
https://pubmed.ncbi.nlm.nih.gov/12167685
https://doi.org/10.1056%2FNEJMra020831
https://scholar.google.com/scholar_lookup?journal=New+Engl+J+Med&title=Inflammatory+bowel+disease&author=DK+Podolsky&volume=347&issue=6&publication_year=2002&doi=10.1056/NEJMra020831&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5668567/
https://pubmed.ncbi.nlm.nih.gov/29069606
https://doi.org/10.1016%2Fj.celrep.2017.09.097
https://scholar.google.com/scholar_lookup?journal=Cell+Rep&title=Distinct+microbial+communities+trigger+colitis+development+upon+intestinal+barrier+damage+via+innate+or+adaptive+immune+cells&author=U+Roy&author=EJC+Galvez&author=A+Iljazovic&author=TR+Lesker&author=AJ+Bazejewski&volume=21&issue=4&publication_year=2017&doi=10.1016/j.celrep.2017.09.097&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4003137/
https://pubmed.ncbi.nlm.nih.gov/21278760
https://doi.org/10.1038%2Fcmi.2010.67
https://scholar.google.com/scholar_lookup?journal=Cell+Mol+Immunol&title=The+role+of+gut+microbiota+(commensal+bacteria)+and+the+mucosal+barrier+in+the+pathogenesis+of+inflammatory+and+autoimmune+diseases+and+cancer:+contribution+of+germ-free+and+gnotobiotic+animal+models+of+human+diseases&author=H+Tlaskalova-Hogenova&author=R+Stepankova&author=H+Kozakova&author=T+Hudcovic&author=L+Vannucci&volume=8&issue=2&publication_year=2011&doi=10.1038/cmi.2010.67&
https://pubmed.ncbi.nlm.nih.gov/19651626
https://doi.org/10.1136%2Fgut.2009.188383
https://scholar.google.com/scholar_lookup?journal=Gut&title=Increasing+incidence+of+paediatric+inflammatory+bowel+disease+in+Ontario,+Canada:+evidence+from+health+administrative+data&author=EI+Benchimol&author=A+Guttmann&author=AM+Griffiths&author=L+Rabeneck&author=DR+Mack&volume=58&issue=11&publication_year=2009&doi=10.1136/gut.2009.188383&
https://pubmed.ncbi.nlm.nih.gov/29519916
https://doi.org/10.1126%2Fscience.aar3318
https://scholar.google.com/scholar_lookup?journal=Science&title=Hyperglycemia+drives+intestinal+barrier+dysfunction+and+risk+for+enteric+infection&author=CA+Thaiss&author=M+Levy&author=I+Grosheva&author=DP+Zheng&author=E+Soffer&volume=359&issue=6382&publication_year=2018&doi=10.1126/science.aar3318&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6707253/
https://pubmed.ncbi.nlm.nih.gov/31444382
https://doi.org/10.1038%2Fs41598-019-48749-2
https://scholar.google.com/scholar_lookup?journal=Sci+Rep&title=A+high-sugar+diet+rapidly+enhances+susceptibility+to+colitis+via+depletion+of+luminal+short-chain+fatty+acids+in+mice&author=M+Laffin&author=R+Fedorak&author=A+Zalasky&author=H+Park&author=A+Gill&volume=9&issue=1&publication_year=2019&pages=12294&pmid=31444382&doi=10.1038/s41598-019-48749-2&
https://pubmed.ncbi.nlm.nih.gov/31126416
https://doi.org/10.1016%2Fj.cgh.2018.11.053
https://scholar.google.com/scholar_lookup?journal=Clin+Gastroenterol+Hepatol&title=High+consumption+of+sweetened+beverages+might+increase+the+risk+of+inflammatory+bowel+diseases&author=XY+Yang&author=PF+Chen&author=JH+He&volume=17&issue=7&publication_year=2019&doi=10.1016/j.cgh.2018.11.053&
https://pubmed.ncbi.nlm.nih.gov/22297952
https://doi.org/10.1038%2F482027a
https://scholar.google.com/scholar_lookup?journal=Nature&title=The+toxic+truth+about+sugar&author=RH+Lustig&author=LA+Schmidt&author=CD+Brindis&volume=482&issue=7383&publication_year=2012&doi=10.1038/482027a&
https://pubmed.ncbi.nlm.nih.gov/20591107
https://doi.org/10.1111%2Fj.1753-4887.2010.00299.x
https://scholar.google.com/scholar_lookup?journal=Nutr+Rev&title=Dietary+patterns+and+the+risk+of+colorectal+cancer+and+adenomas&author=G+Randi&author=V+Edefonti&author=M+Ferraroni&author=C+La+Vecchia&author=A+Decarli&volume=68&issue=7&publication_year=2010&doi=10.1111/j.1753-4887.2010.00299.x&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5343023/
https://pubmed.ncbi.nlm.nih.gov/28337199
https://doi.org/10.3389%2Ffimmu.2017.00247
https://scholar.google.com/scholar_lookup?journal=Front+Immunol&title=Nutrient+and+metabolic+sensing+in+T+cell+responses&author=J+Wei&author=J+Raynor&author=TLM+Nguyen&author=HB+Chi&volume=8&publication_year=2017&pages=247&pmid=28337199&doi=10.3389/fimmu.2017.00247&
https://pubmed.ncbi.nlm.nih.gov/32395846
https://doi.org/10.1002%2Fbab.1938
https://scholar.google.com/scholar_lookup?journal=Biotechnol+Appl+Biochem&title=Harmful+effects+of+high+amounts+of+glucose+on+the+immune+system:+An+updated+review&author=N+Shomali&author=J+Mahmoudi&author=A+Mahmoodpoor&author=RE+Zamiri&author=M+Akbari&volume=68&issue=2&publication_year=2021&doi=10.1002/bab.1938&
https://pubmed.ncbi.nlm.nih.gov/10358767
https://doi.org/10.1146%2Fannurev.immunol.17.1.523
https://scholar.google.com/scholar_lookup?journal=Annu+Rev+Immunol&title=The+regulation+of+CD4+and+CD8+coreceptor+gene+expression+during+T+cell+development&author=W+Ellmeier&author=S+Sawada&author=DR+Littman&volume=17&publication_year=1999&doi=10.1146/annurev.immunol.17.1.523&


94. Gray SM, Kaech SM, Staron MM. The interface between transcriptional and epigenetic control of effector and memory CD8(+)

T-cell differentiation. Immunol Rev (2014) 261(1):157–68. doi: 10.1111/imr.12205 [PMC free article] [PubMed] [CrossRef] [Google

Scholar]

95. Pasqualli T, Chaves PEE, Pereira LD, Serpa EA, de Oliveira LFS, Machado MM. The use of fructose as a sweetener. is it a safe

alternative for our immune system? J Food Biochem (2020) 44(11):e13496. doi: 10.1111/jfbc.13496 [PubMed] [CrossRef] [Google

Scholar]

96. Helmke A, Husing AM, Gaedcke S, Brauns N, Balzer MS, Reinhardt M, et al.. Peritoneal dialysate-range hypertonic glucose

promotes T-cell IL-17 production that induces mesothelial inflammation. Eur J Immunol (2021) 51(2):354–67. doi:

10.1002/eji.202048733 [PubMed] [CrossRef] [Google Scholar]

97. Tan J, Ni D, Wali JA, Cox DA, Pinget GV, Taitz J, et al.. Dietary carbohydrate, particularly glucose, drives b cell lymphopoiesis

and function. Iscience (2021) 24(8):102835. doi: 10.1016/j.isci.2021.102835 [PMC free article] [PubMed] [CrossRef] [Google

Scholar]

98. Lozano I, van der Werf R, Bietiger W, Seyfritz E, Peronet C, Pinget M, et al.. High-fructose and high-fat diet-induced disorders in

rats: impact on diabetes risk, hepatic and vascular complications. Nutr Metab (2016) 13:1743–7075. doi: 10.1186/s12986-016-0074-1

[PMC free article] [PubMed] [CrossRef] [Google Scholar]

99. Fajstova A, Galanova N, Coufal S, Malkova J, Kostovcik M, Cermakova M, et al.. Diet rich in simple sugars promotes pro-

inflammatory response via gut microbiota alteration and tlr4 signaling. Cells (2020) 9(12):2701. doi: 10.3390/cells9122701 [PMC

free article] [PubMed] [CrossRef] [

9/6/24, 9:59 AM Excessive intake of sugar: An accomplice of inflammation - PMC

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9471313/ 18/18

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4267690/
https://pubmed.ncbi.nlm.nih.gov/25123283
https://doi.org/10.1111%2Fimr.12205
https://scholar.google.com/scholar_lookup?journal=Immunol+Rev&title=The+interface+between+transcriptional+and+epigenetic+control+of+effector+and+memory+CD8(+)+T-cell+differentiation&author=SM+Gray&author=SM+Kaech&author=MM+Staron&volume=261&issue=1&publication_year=2014&doi=10.1111/imr.12205&
https://scholar.google.com/scholar_lookup?journal=Immunol+Rev&title=The+interface+between+transcriptional+and+epigenetic+control+of+effector+and+memory+CD8(+)+T-cell+differentiation&author=SM+Gray&author=SM+Kaech&author=MM+Staron&volume=261&issue=1&publication_year=2014&doi=10.1111/imr.12205&
https://pubmed.ncbi.nlm.nih.gov/32996169
https://doi.org/10.1111%2Fjfbc.13496
https://scholar.google.com/scholar_lookup?journal=J+Food+Biochem&title=The+use+of+fructose+as+a+sweetener.+is+it+a+safe+alternative+for+our+immune+system&author=T+Pasqualli&author=PEE+Chaves&author=LD+Pereira&author=EA+Serpa&author=LFS+de+Oliveira&volume=44&issue=11&publication_year=2020&pages=e13496&pmid=32996169&doi=10.1111/jfbc.13496&
https://scholar.google.com/scholar_lookup?journal=J+Food+Biochem&title=The+use+of+fructose+as+a+sweetener.+is+it+a+safe+alternative+for+our+immune+system&author=T+Pasqualli&author=PEE+Chaves&author=LD+Pereira&author=EA+Serpa&author=LFS+de+Oliveira&volume=44&issue=11&publication_year=2020&pages=e13496&pmid=32996169&doi=10.1111/jfbc.13496&
https://pubmed.ncbi.nlm.nih.gov/32926407
https://doi.org/10.1002%2Feji.202048733
https://scholar.google.com/scholar_lookup?journal=Eur+J+Immunol&title=Peritoneal+dialysate-range+hypertonic+glucose+promotes+T-cell+IL-17+production+that+induces+mesothelial+inflammation&author=A+Helmke&author=AM+Husing&author=S+Gaedcke&author=N+Brauns&author=MS+Balzer&volume=51&issue=2&publication_year=2021&doi=10.1002/eji.202048733&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8333167/
https://pubmed.ncbi.nlm.nih.gov/34381967
https://doi.org/10.1016%2Fj.isci.2021.102835
https://scholar.google.com/scholar_lookup?journal=Iscience&title=Dietary+carbohydrate,+particularly+glucose,+drives+b+cell+lymphopoiesis+and+function&author=J+Tan&author=D+Ni&author=JA+Wali&author=DA+Cox&author=GV+Pinget&volume=24&issue=8&publication_year=2021&pages=102835&pmid=34381967&doi=10.1016/j.isci.2021.102835&
https://scholar.google.com/scholar_lookup?journal=Iscience&title=Dietary+carbohydrate,+particularly+glucose,+drives+b+cell+lymphopoiesis+and+function&author=J+Tan&author=D+Ni&author=JA+Wali&author=DA+Cox&author=GV+Pinget&volume=24&issue=8&publication_year=2021&pages=102835&pmid=34381967&doi=10.1016/j.isci.2021.102835&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4766713/
https://pubmed.ncbi.nlm.nih.gov/26918024
https://doi.org/10.1186%2Fs12986-016-0074-1
https://scholar.google.com/scholar_lookup?journal=Nutr+Metab&title=High-fructose+and+high-fat+diet-induced+disorders+in+rats:+impact+on+diabetes+risk,+hepatic+and+vascular+complications&author=I+Lozano&author=R+van+der+Werf&author=W+Bietiger&author=E+Seyfritz&author=C+Peronet&volume=13&publication_year=2016&doi=10.1186/s12986-016-0074-1&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7766268/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7766268/
https://pubmed.ncbi.nlm.nih.gov/33339337
https://doi.org/10.3390%2Fcells9122701

