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Abstract

D-ribose, an ubiquitous pentose compound found in all living cells, serves as a vital constituent of numerous essential bio-
molecules, including RNA, nucleotides, and riboflavin. It plays a crucial role in various fundamental life processes. Within
the cellular milieu, exogenously supplied D-ribose can undergo phosphorylation to yield ribose-5-phosphate (R-5-P). This
R-5-P compound serves a dual purpose: it not only contributes to adenosine triphosphate (ATP) production through the
nonoxidative phase of the pentose phosphate pathway (PPP) but also participates in nucleotide synthesis. Consequently,
D-ribose is employed both as a therapeutic agent for enhancing cardiac function in heart failure patients and as a remedy
for post-exercise fatigue. Nevertheless, recent clinical studies have suggested a potential link between D-ribose metabolic
disturbances and type 2 diabetes mellitus (T2DM) along with its associated complications. Additionally, certain in vitro
experiments have indicated that exogenous D-ribose exposure could trigger apoptosis in specific cell lines. This article com-
prehensively reviews the current advancements in D-ribose’s digestion, absorption, transmembrane transport, intracellular
metabolic pathways, impact on cellular behaviour, and elevated levels in diabetes mellitus. It also identifies areas requiring
further investigation.
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Introduction cognitive dysfunction [1, 3]. These seemingly contrasting
findings underscore the need for a deeper comprehension of
D-ribose's biological functions, metabolism, and cytotoxic
potentials. Such insights may offer fresh perspectives on the

pathogenesis of these relevant diseases.

Ribose (CsH,(Os), with a molecular weight of 150.13
Dalton, is a pentose sugar comprising two enantiomers:
L-ribose and D-ribose. D-ribose, as the more stable form of
the two enantiomers, serves as the predominant functional
isoform found in all living cells [1, 2]. D-ribose assumes

a pivotal role as a constituent in various critical biomol-
ecules, including RNA and nucleotides. It plays a funda-
mental role in processes governing cell growth, division,
development, and reproduction, contributing significantly to
essential life activities. However, recent studies have raised
the possibility of an association between elevated D-ribose
levels and certain medical conditions, such as diabetes and
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Absorption, distribution,
and transmembrane transport of D-ribose
in the body

Absorption and distribution of D-ribose

Exogenous D-ribose primarily derives from dietary sources
rich in RNA and riboflavin, while endogenous D-ribose
is chiefly biosynthesized from glucose through the pen-
tose phosphate pathway (PPP). The European Food Safety
Authority (EFSA) has affirmed that D-ribose is safe for
the general population, even at daily intake levels of up to
36 mg/(kg-bw). The minimum threshold for adverse effects
in adult individuals was recorded at a daily intake of 10
grams [4, 5].
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A significant proportion (ranging from 87.8 to 99.8%) of
D-ribose in food and pharmaceuticals is absorbed via the
intestinal tract and enters the bloodstream [6]. In healthy
adults, the plasma concentration of D-ribose hovers between
0.02 to 0.1 mM, markedly lower than that of glucose, which
ranges from 3.9 to 6.1 mM [7]. However, comprehensive
studies examining the cellular and tissue distribution of
D-ribose were relatively scarce.

One early investigation dating back to 1958 utilized the
isotope '4C to trace D-ribose and assessed its blood clear-
ance rates in seven healthy patients and three diabetic
patients [8]. The findings revealed that approximately 21%
of *C-D-ribose was excreted in urine within 15 min after
D-ribose injection, and almost all of injected D-ribose was
eliminated from urine within 90 min. The clearance rates
of *C-D-ribose were found to be identical between healthy
and diabetic patients. Furthermore, insulin administration
was observed to expedite the clearance of D-ribose from the
bloodstream, leading to a swift reduction in blood glucose
levels following D-ribose injection. It's worth noting that this
study was conducted on humans in vivo and solely examined
the blood clearance of D-ribose, without insights into its
distribution in other tissues or organs.

Subsequently, Gaitond and Arnfred studied the distribu-
tion of 14C-D-ribose in the blood, liver, heart, and brain of
rats [9]. Their observations indicated that '*C-D-ribose was
rapidly absorbed by the brain and liver within 5-60 min of
administration, while insulin notably enhanced the clearance
of D-ribose from the bloodstream, but had no discernible
effect on its entry into muscle tissue.

In 2014, Clark’s investigation highlighted considerable
tissue specificity of D-ribose distribution in mice, with a
predominant accumulation in the liver [10]. More recently,
a pharmacokinetic experiment involving intravenous injec-
tion and oral administration of D-ribose was conducted on
healthy rabbits. The results illustrated rapid absorption by
the digestive tract, followed by a swift decline in plasma
D-ribose levels. Intriguingly, only 18% to 37.5% of the
administered D-ribose was excreted in urine, implying that
a portion of D-ribose may indeed permeate into various
tissues [11]. However, the available literature on D-ribose
absorption and excretion in rats remains limited. Existing
data does indicate that D-ribose is rapidly and nearly com-
pletely absorbed in humans when administered at a rate of
200 mg/(kg-bw) per hour over 5 h, with the excretion per-
centage increasing as the dose escalates [4].

Tansmembrane transport of exogenous D-ribose
The utilization of exogenous D-ribose hinges upon its
transmembrane transport through the plasma membrane;

however studies scrutinizing this process have been rela-
tively scarce. An intriguing clue emerged when a variant
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of the Novikoff hepatoma cell line exhibited the capabil-
ity to employ D-ribose as its exclusive source of carbon
and energy, hinting at the potential for mammalian cells to
uptake D-ribose [12]. In 2003, Lager’s investigation sug-
gested that the absorption of D-ribose in COS-7 cells might
be facilitated by the glucose transporter (GLUT) family [13].

Subsequent research by Naula revealed that LmGT2, a
GLUT within the protozoan parasite Leishmania, displayed
homology with the mammalian GLUT family and acted
as an effective carrier of D-ribose [14]. The human body
houses no Fewer than 14 distinct GLUT variants in various
tissues. Clark and colleagues illuminated that GLUT2 had
the capacity to usher a portion of D-ribose into hepatic cells,
shedding light on the transport mechanism within the liver.
However, the specific transporters responsible for D-ribose
uptake in other tissues remain enigmatic, warranting further
exploration.

It is worth noting that 3-O-methyl-D-glucose, possess-
ing a structural likeness to D-glucose, is transportable into
cells through GLUT but eludes glycolytic metabolism.
Consequently, it serves as a valuable tool for scrutinizing
glucose transport and metabolic processes. Some studies
have examined how D-ribose influences the transport of
3-O-methyl-D-glucose into diverse tissue cells. The find-
ings indicated that D-ribose had no discernible inhibitory
impact on rat hepatocytes [15], but competitively impeded
the uptake of 3-O-methylglucose in primary cultured bovine
brain microvascular endothelial cells [16]. These outcomes
underscore the potential divergence in transport mechanisms
for D-ribose and D-glucose across various cells.

Intracellular metabolic pathways of D-ribose

D-ribose, in general, is synthesized from glucose via the
PPP within the cell. This process begins with D-glucose as a
precursor for D-ribose synthesis, which undergoes phospho-
rylation to form glucose-6-phosphate (G-6-P). Subsequently,
G-6-P is oxidized to 5-phosphate ribulose (Ru-5-P) along
with NADPH through the oxidative phase of the PPP, as
illustrated in Fig. 1. Following this, the resulting Ru-5-P
is isomerised into ribose-5-phosphate (R-5-P), offering two
metabolic routes.

One of these metabolic pathways segues into the nonoxi-
dative stage, marked by a series of group transfer reactions
within the PPP, ultimately generating fructose-6-phosphate
(F-6-P) and glyceraldehyde-3-phosphate (G-3-P). These
compounds serve as intermediate metabolites in the gly-
colytic pathway and can be further oxidized through either
anaerobic glycolysis or aerobic glucose oxidation to yield
ATP [17]. The second pathway is catalysed by phospho-
ribosyl pyrophosphate (PRPP) synthase, resulting in the
formation of PRPP. This molecule plays a pivotal role in
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Fig.1 The intracellular metabolism of endogenous and exogenous
D-ribose. Exogenous D-ribose primarily derives from food or drug,
while endogenous D-ribose is mainly biosynthesized from glucose
through the pentose phosphate pathway (PPP). The reversible trans-
formation between D-ribose and R-5-P can be catalyzed by RBKS.
When the intracellular D-ribose level increases, some of them may
enter into the nonoxidative stage of PPP, ultimately generating F-6-P

subsequent nucleotide synthesis, being involved in both de
novo synthesis and salvage synthesis pathways. Externally
sourced D-ribose, derived from dietary intake and pharma-
ceuticals, can permeate cellular membranes and then be
phosphorylated to R-5-P by ribokinase, an ATP-dependent
sugar kinase responsible for orchestrating D-ribose's entry
into cellular metabolism [18]. From this point onward, R-5-P
follows the same metabolic trajectories as delineated above.

Effect of exogenous D-ribose on cells

Cytoprotective effect of exogenous D-ribose
on skeletal muscle and cardiomyocytes

Since the 1970s, numerous studies have unveiled D-ribose
not only as a vital genetic material constituent but also as an
energy source for myocardium and skeletal muscles. This
feature is likely associated with the distinct energy metabo-
lism of these muscle types. Glucose, as the primary substrate
for ATP synthesis, undergoes a complex and time-consum-
ing synthesis process. Furthermore, the rate of adenosine
monophosphate (AMP) and ATP production from glucose

and G-3-P to produce ATP through anaerobic glycolysis or aerobic
glucose oxidation; the other may be catalyzed to PRPP to participate
in the nucleotide (including ATP) synthesis. Both of the above path-
ways can supply ATP for the cells to facilitate their growth. However,
when excessive D-ribose is deposited in the cell, it can also initiate
rapid nonenzymatic glycation reactions AGEs, which can cause dam-
age to the cells

varies across different organs, with the kidney having the
highest production rate, followed by the liver, and heart,
while skeletal muscles exhibit the lowest rate. Consequently,
the myocardium and skeletal muscles are most susceptible
to damage when ATP synthesis is insufficient. Supplementa-
tion of D-ribose can rapidly provide substrates for AMP and
ATP synthesis. This not only enhances the body’s physical
performance [19, 20] but also improves myocardial diastolic
function in patients with ischemic cardiovascular disease and
congestive heart failure, thus enhancing the heart’s resilience
to ischemia [21-26]. Additionally, owing to its strong reduc-
tive properties, D-ribose can scavenge oxygen free radicals,
bolster the body’s antioxidative capacity, curb membrane
lipid peroxidation, and thus preserve membrane structure
and function. Furthermore, Addis [27] suggested that com-
bined D-ribose and antioxidant supplementation may exert
cytoprotective effects during and after oxidative stress by
influencing the release of superoxide anion free radicals.
However, Faller’s study [28] reached a different conclusion,
noting that increased D-ribose content in mouse myocar-
dium did not maintain total adenine nucleotide (TAN) pools,
nor did it enhance left ventricular function following myo-
cardial infarction. A recent review article by Antonella et al.
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[29] proposed that due to structural unreliability, D-ribose
serves as an ineffective precursor of R-5-P and thus may not
significantly contribute to nucleotide pool replenishment.
Further research is necessary to determine the optimal dose
of D-ribose supplementation for beneficial effects and to
identify any potentially harmful thresholds.

Cytotoxicity effect of exogenous D-ribose
Strong nonenzymatic glycosylation ability of D-ribose

Nonenzymatic glycosylation (NEG), commonly known as
glycation, denotes the process in which the aldehyde groups
of reducing sugars, such as glucose, engage with the free
amino groups present in macromolecular substances, includ-
ing proteins, amino acids, lipids, and nucleic acids. This
interaction forms reversible Schiff's bases and Amadori
products. When subjected to nonenzymatic conditions and
processes like oxidation, rearrangement, and cross-linking,
these products can evolve into irreversible advanced glyca-
tion end products (AGEs) [30, 31]. D-ribose, owing to its
chemical reactivity, exhibits a robust capacity for nonenzy-
matic glycation. Mou et al. [32] conducted an experiment in
which they exposed BSA to a 20 mM D-ribose solution for
14 days, subsequently employing liquid chromatography-
mass spectrometry to identify the ribosylation sites. They
discovered that D-ribose glycated 59.9% of protein resi-
dues. These glycated protein residues encompass arginine
pyrimidine (1.4%), carboxymethyl lysine (CML) (34.3%),
carboxyethyl lysine (CEL) (7.1%), CML + CEL (15.7%), and
CEL + pyrrolidine (1.4%). Seventeen of these lysine residues
were selectively modified by D-ribose. Computational pre-
dictions of glycation sites indicated that D-ribose interacted
with fibrinogen through three amino acid residues, namely
arginine 104, aspartate 105, and alanine 101 [33]. In the case
of human myoglobin (HMb), D-ribose rapidly induces pro-
tein glycation at lysine residues K34, K87, K56, and K147
located on the protein's surface [34]. Regarding albumin,
K36, K75, K88, K161, K186, K229, K264, K286, K300,
K341, K383, K396, K402, K437, K438, K597, and K598 are
all subjected to glycosylation with ribose, while only K88,
K161, K186, K300, K341, K438, and K499 experience gly-
cosylation with glucose [35]. Among the ribosylated lysine
residues in albumin, K36 and K438 have links to prediabetes
[35]. Relative to glucose, mannose, galactose, xylose, fruc-
tose, and arabinose, D-ribose exhibits the highest nonenzy-
matic glycation ability on albumin [36]. Research by Chen
[37] confirmed D-ribose’s involvement in the nonenzymatic
glycation of serum proteins. Notably, D-ribose glycation of
serum proteins was both more pronounced and faster com-
pared to D-glucose, further underscoring D-ribose’s height-
ened nonenzymatic glycation capability. Multiple studies
have pointed out that D-ribose can interact with Hb [6,
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38-40], myoglobin [34], bovine serum albumin (BSA) [35,
37, 41], fibrinogen [42], f2-microglobulin [43], a-synuclein
[44], and human immunoglobulin-G [45], thereby initiating
rapid nonenzymatic glycation reactions and protein aggrega-
tion. Glycation with D-ribose leads to structural alterations
in native Hb [46]. Glycyrrhizic acid [47], iridin [48], and
phytochemical thymoquinone [39] are reported to counteract
D-ribose-mediated protein glycation.

Ribosylation products and their autoantibodies

Glycated hemoglobin Alc (HbAlc) and glycated serum
protein (GSP) stand as the primary diagnostic biomarkers
employed for both diagnosis and treatment decisions for dia-
betic complications [49, 50]. Recent research has revealed
that D-ribose induces structural alterations in Hb, triggers
immune responses, and gives rise to autoantibodies directed
at ribosylated Hb. These autoantibodies exhibit significant
epitopes and are notably elevated in type 2 diabetes mel-
litus (T2DM) patients [7]. The inhibition of autoantibody
production has the potential to decelerate the progression
of diabetes and its related complications. Akhter et al. [51,
52] illustrated the presence of ribosylated low-density lipo-
protein (LDL) autoantibodies in individuals with diabetes
and atherosclerosis. Similar to glycated Hb, ribosylated LDL
undergoes structural changes, displays heightened antigenic
reactivity, generates neoantigenic epitopes, and stimulates
the immune system to produce autoantibodies. The presence
of anti-D-ribose-LDL autoantibodies in the serum of indi-
viduals with type 1 diabetes mellitus (T1DM) and T2DM
may stem from prolonged autoimmune responses to LDL-
AGEs. Furthermore, it has been observed that D-ribose gly-
cosylates DNA, significantly altering its structure and induc-
ing immune responses marked by high titer antibodies [53].
Consequently, the glycation of D-ribose within the body can
incite an immune response, exacerbating the progression of
diabetes. As a result, these autoantibodies possess the poten-
tial to serve as biomarkers for diabetes and its associated
complications.

Cytotoxicity effects of exogenous D-ribose

A subsequent series of in vitro experiments has substantiated
that elevated concentrations of D-ribose exert detrimental
effects on peripheral blood mononuclear cells, human neu-
roblastoma SY5Y cells, glomerular interstitial cells SV40
MES 13, human glioma cells U251, human astroblastoma
cells US7MG, renal mesangial cells, and Chinese hamster
ovary (CHO) cells [38, 54, 55]. The toxicity mechanism of
D-ribose is primarily associated with AGEs, which comprise
a diverse and highly reactive group of compounds. The inter-
action of AGEs with their primary cellular receptor, RAGE,
activates multiple signalling pathways, including MAPK/
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ERK, TGF-f, JNK, and NF-xB, culminating in escalated
oxidative stress and inflammation [56]. These processes are
linked to various maladies such as diabetes, kidney disease,
Alzheimer’s disease, and cataracts [57-60].

Furthermore, the alterations in the structure and function
of D-ribose glycated products are notably more pronounced
than those observed in D-glucose nonenzymatic glycosyla-
tion products. Consequently, D-ribose exhibits more potent
and rapid cytotoxicity towards in vitro cultured cells when
compared to D-glucose [61].

Elevated D-ribose levels in diabetes mellitus

Elevated serum and urine D-ribose levels in diabetic
patients

Diabetes mellitus (DM) is a progressive metabolic disor-
der characterized by disturbances in glucose metabolism
and sustained chronic hyperglycemia [62]. Recent studies
have indicated that urinary D-ribose levels in individuals
with T2DM are significantly higher than those in healthy
individuals, in addition to D-glucose [63]. Consequently,
it is plausible that T2DM may not only manifest abnormal
glucose metabolism but also abnormal D-ribose metabo-
lism. Clinical investigations by Yu have demonstrated that
urine and serum D-ribose levels are substantially elevated in
T1DM patients, with these results subsequently confirmed in
animal experiments [64]. Well-established clinical indicators
for diabetes diagnosis including HbAlc and GSP. HbAlc
reflects blood glucose levels over the past 2-3 months [65],
while GSP specifically reflects blood glucose levels from the
past 1-3 weeks [6]. Chen's study found a positive correlation
between the urinary D-ribose levels of T2DM patients and
their plasma HbA ¢ levels. Furthermore, in streptozotocin-
induced diabetic rats and T2DM patients, plasma D-ribose
levels positively correlated with GSP levels. The strength of
the positive correlation between D-ribose and GSP exceeded
that between D-glucose and GSP, suggesting that D-ribose
plays a significant role in the generation of HbA1c and GSP
[49]. Yoo et al. demonstrated that usage of the ribosylated
fetal bovine serum reduced the proliferation of islet beta
cells, increased cell apoptosis and necrosis, and subse-
quently impacted insulin secretion [66].

D-ribose accelerates the progression of diabetes
complications

Diabetes complications represent the primary cause of
mortality and disability among diabetic patients [67]. Per-
sistent hyperglycaemia in these individuals contributes to
increased nonenzymatic glycosylation of proteins, thereby
exacerbating various diabetic complications. lannuzzi et al.

[68] revealed that ribosylation did not alter the conformation
of insulin, yet ribosylated insulin significantly impairs cell
viability. This process activates the apoptotic pathway and
triggers Caspase 9, 3 and 7, leading to the activation of the
transcription factor NF-xB and the subsequent generation of
intracellular reactive oxygen species (ROS). The detrimental
impact of ROS on surrounding tissues and cells is acknowl-
edged to be a primary cause of chronic diabetes compli-
cations. Presently, much of the related research focuses on
diabetic nephropathy (DN) and diabetic encephalopathy.

Diabetic nephropathy

DN represents a severe microvascular complication of dia-
betes, manifesting in approximately 40% of patients with
T2DM within 10 years of diagnosis [69]. Extended exposure
to a hyperglycaemic environment results in the increased
generation and accumulation of AGEs in vital organs,
including the kidneys. AGEs have the potential to activate
the mitogen-activated protein kinase/extracellular regulated
protein kinase (MAPK/ERK) pathway and AGEs/ receptor
of AGE:s signalling, consequently inciting oxidative stress,
endoplasmic reticulum stress, inflammation, fibrosis, and
accelerating pathological renal alterations. These findings
underscore the close relationship between AGEs and dia-
betic nephropathy [70].

AGEs generated by D-ribose contribute to glomerular
cell dysfunction. Recent studies have demonstrated that
prolonged D-ribose administration triggers the formation
and activation of the NLRP3 inflammasome in podocytes
through the AGEs/ribosylated AGEs (RAGEs) signalling
pathway [71]. Additionally, DN has been associated with
the induction of the NF-kB inflammatory pathway, ulti-
mately resulting in podocyte injury and glomerulosclerosis
in mice [57, 72]. Concurrently, D-ribose has been found to
up regulate Bax expression, downregulate Bcl-2 expression,
obstruct the Caspase 9/3 pathway, and promote mesangial
cell apoptosis [55].

Diabetic encephalopathy

The association between diabetes and cognitive dysfunc-
tion dates back to 1922 [73]. Subsequently, the impact of
DM on the central nervous system (CNS) has garnered sig-
nificant attention. In comparison to non-diabetic controls,
epidemiological evidence suggests that individuals with DM
exhibit mild-to-moderate reductions in cognitive function,
as assessed by neuropsychological testing [74]. In the initial
12 months following diagnosis, diabetic patients show a 10%
prevalence of DN, a figure that escalates to as high as 50%
after 25 years of diagnosis [75]. While T2DM predominantly
affects the peripheral system and Alzheimer’s disease (AD)
is characterized as a central nervous system ailment, both
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share commonalities owing to their chronic and intricate
nature. They both involve oxidative stress and inflamma-
tion in their progression, which has led to the coining of
the term "diabetes encephalopathy” or "type 3 diabetes"
(T3DM) [76-78].

Uncontrolled diabetes increases the susceptibility to AD,
and a possible link exists between glucose metabolism dis-
orders and diabetes complicated by AD [79]. Several studies
have demonstrated that D-ribose contributes not only to cog-
nitive impairment and memory loss [80-83] but also plays
arole in the onset of AD [58, 84]. Ribosylated BSA, incu-
bated with ribose for approximately 7 days, exhibits the most
pronounced cytotoxicity, resulting in a significant reduction
in the viability of SH-SYSY cells cultured for 24 hours
[85]. The administration of D-ribose elevates formaldehyde
concentration in the brains of mice and leads to cognitive
dysfunction [86]. Moreover, D-ribose has been reported to
activate Ca**/calmodulin-dependent protein kinase IT (CaM-
KII), which catalyses the phosphorylation of Tau protein and
consequently leads to cognitive impairment in mice [87].

RAGEs have been implicated in memory loss in rats,
inhibiting brain-derived neurotrophic factor and tropomy-
osin-related kinase B (TrkB), ultimately resulting in Tau
protein hyperphosphorylation [49, 88]. Additionally, levels
of D-ribose, AGEs, Tau hyperphosphorylation, and neuronal
cell death increase in the hippocampal CA4/DG region of
streptozotocin-induced T1DM rats. Treatment with the
transketolase (TKT) activator benfotiamine reduces TKT
expression and activity in the brain, subsequently lower-
ing D-ribose levels, albeit not D-glucose, and significantly
reducing AGE accumulation [55]. Xu's study reveals that
D-ribose can glycate neural cell alpha-synuclein (a-Syn),
leading to the formation of molten globular aggregates that
induce oxidative stress, resulting in heightened cytotoxicity
[82].

Conclusion

The debate regarding whether D-ribose is "beneficial" or
"detrimental” has persisted for over half a century, yet a
definitive answer remains elusive. This is due to the numer-
ous inconsistencies and unknowns that persist in our under-
standing of D-ribose’s metabolism and biological functions.
On one hand, D-ribose is considered a dietary supplement or
pharmaceutical agent used to provide energy to the myocar-
dium and skeletal muscles, with applications in the treatment
of associated medical conditions. Conversely, in vitro stud-
ies have consistently reported cytotoxicity resulting from
D-ribose’s potent nonenzymatic glycation capability.
Although the EFSA Panel on Dietetic Products, Nutri-
tion and Allergies also established a general safe intake
level for D-ribose, elevated D-ribose levels have been
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detected in both diabetic patients and animal models of
diabetes, with strong associations with DN and diabetic
encephalopathy [89]. Consequently, whether the supple-
mentation of exogenous D-ribose proves advantageous or
detrimental effects to cells and the human body neces-
sitate comprehensive and systematic research on various
aspects, including D-ribose’s impact on transmembrane
transport, in vivo biodistribution, tissue-specific metab-
olism, metabolic regulation and dysfunction, its role in
human diseases, and more. These efforts are vital for a full
comprehension of D-ribose’s functionality, applications,
and potential side effects.

Additionally, analytical techniques for quantifying
D-ribose in vivo are of paramount importance in assess-
ing its role in disease diagnosis. While some quantitative
methods for detecting D-ribose in body fluids and cells have
been developed [90-92], further refinements are needed to
enhance sensitivity, accuracy, and practicality, enabling their
clinical implementation.

Acknowledgements The authors are grateful for the funding supports
for this study: National Natural Science Foundation of China [Grant
Number 81860029, 82360165]; Natural Science Foundation of Inner
Mongolia [Grant Number 2020MS08008]; Postgraduate Education
Innovation Program of Inner Mongolia [Grant Number S20210166Z];
Health Science and Technology Project of Inner Mongolia [Grant
Number 202201394]; Grassland Talents Project of Inner Mongolia
(2022).

Author contributions All authors contributed to the manuscript prepa-
ration. Reference collection were performed by ZW and ZY; Reference
analysis were performed by YS, ZL, QM, XL, and LA; The first draft
of the manuscript was written by YT and ZZ; all authors commented
on previous versions of the manuscript. All authors read and approved
the final manuscript.

Funding This work was supported by [National Natural Science Foun-
dation of China] (Grant Number [81860029, 82360165]), Yan Su has
received research support from National Natural Science Foundation
of China; [Natural Science Foundation of Inner Mongolia] (Grant
Number [2020MS08008]), Yan Su has received research support from
Science and Technology Department of Inner Mongolia; [Postgradu-
ate Education Innovation Program of Inner Mongolia] (Grant Number
[S20210166Z]), Yu Tai has received research support from Educa-
tion Department of Inner Mongolia; [Health Science and Technology
Project of Inner Mongolia] (Grant Number [202201394]), Yan Su has
received research support from Health Commission of Inner Mongo-
lia; [Grassland Talents Project of Inner Mongolia] (2022), Yan Su has
received research support from Organization Department of Baotou
Municipal Committee,[Research Program of Science and Technology
at Universities of Inner Mongolia Autonomous Region] (Grant Number
[NJZZ22063]), Liu Zhi has received research support from Education
Department of Inner Mongolia,[Baotou health science and technology
project] (Grant Number [wsjkkj029]), Liu Zhi has received research
support from Municipal Health Commission of Baotou and Municipal
Science and Technology Bureau of Baotou

Declarations

Competing interest The authors have no relevant financial or non-
financial interests to disclose.



Molecular Biology Reports (2024) 51:220

Page70f10 220

Ethical approval This review does not contain any studies with human
participants or animals performed by the authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Li S, Wang J, Xiao Y, Zhang L, Fang J, Yang N, Zhang Z,
Nasser MI, Qin H (2021) D-ribose: POTENTIAL clinical appli-
cations in congestive heart failure and diabetes, and its compli-
cations (Review). Exp Ther Med 21(5):496. https://doi.org/10.
3892/etm.2021.9927

2. BanJ, Shabbir S, Lim M, Lee B, Rhee H (2017) Synthesis of
I-ribose from d-ribose by a stereo conversion through sequen-
tial lactonization as the key transformation. Synthesis 49:4299—
4302. https://doi.org/10.1055/s-0036-1588857

3. Zhu X, Wei Y, He Y, He R, Li J (2022) Urine D-ribose lev-
els correlate with cognitive function in community-dwelling
older adults. BMC Geriatr 22(1):693. https://doi.org/10.1186/
s12877-022-03288-w

4. EFSA Panel on Dietetic Products, Nutrition and Allergies
(NDA); Turck D, Bresson JL, Burlingame B, Dean T, Fair-
weather-Tait S, Heinonen M, Hirsch-Ernst KI, Mangelsdorf
I, McArdle H, Naska A, Neuhiduser-Berthold M, Nowicka
G, Pentieva K, Sanz Y, Siani A, Sjodin A, Stern M, Tomé
D, Vinceti M, Willatts P, Engel KH, Marchelli R, Poting A,
Poulsen M, Schlatter JR, Germini A, Van Loveren H (2018)
Safety of d-ribose as a novel food pursuant to Regulation (EU)
2015/2283. EFSA J 16(5):e05265. https://doi.org/10.2903/j.
efsa.2018.5265

5. EFSA Panel on Nutrition, Foods Novel, Allergens Food, (NDA);
Turck D, Castenmiller J, De Henauw S, Hirsch-Ernst KI, Kearney
J, Knutsen HK, Maciuk A, Mangelsdorf I, McArdle HJ, Naska
A, Pelaez C, Pentieva K, Siani A, Thies F, Tsabouri S, Vinceti
M, Dean T, Engel KH, Heinonen M, Marchelli R, Neuhduser-
Berthold M, Poulsen M, Péting A, Sanz Y, Schlatter JR, Germini
A, van Loveren H (2018) Statement on the safety of d-ribose.
EFSA J 16(12):e05485. https://doi.org/10.2903/j.efsa.2018.5485

6. Chen X,SuT,Chen Y,He Y,LiuY, XuY, Wei Y, LiJ, He R
(2017) d-Ribose as a contributor to glycated haemoglobin. EBio-
Medicine 25:143—153. https://doi.org/10.1016/j.ebiom.2017.10.
001

7. Siddiqui Z, Faisal M, Alatar AR, Ahmad S (2019) Prevalence of
auto-antibodies against D-ribose-glycated-hemoglobin in diabetes
mellitus. Glycobiology 29(5):409-418. https://doi.org/10.1093/
glycob/cwz012

8. Segal S, Foley J (1958) The metabolism of D-ribose in man. J Clin
Invest 37(5):719-735. https://doi.org/10.1172/JC1103658

9. Gaitonde MK, Arnfred T (1971) Metabolism of d-[U-14C] ribose
in rat tissuses. J Neurochem 18(10):1971-1987. https://doi.org/10.
1111/5.1471-4159.1971.tb09603.x

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Clark PM, Flores G, Evdokimov NM, McCracken MN, Chai T,
Nair-Gill E, O’Mahony F, Beaven SW, Faull KF, Phelps ME, Jung
ME, Witte ON (2014) Positron emission tomography probe dem-
onstrates a striking concentration of ribose salvage in the liver.
Proc Natl Acad Sci USA 111(28):E2866-E2874. https://doi.org/
10.1073/pnas.1410326111

. Alzoubi KH, Ismail ZB, Al-Essa MK, Alshogran OY, Abutayeh

RF, Abu-Baker N (2018) Pharmacokinetic evaluation of D-ribose
after oral and intravenous administration to healthy rabbits. Clin
Pharmacol 10:73-78. https://doi.org/10.2147/CPAA.S167150
Jargiello P (1978) Pentose-utilizing variants of Novikoff hepatoma
cells: phenotypic characterization. Somatic Cell Genet 4(6):647—
660. https://doi.org/10.1007/BF01543156

Lager I, Fehr M, Frommer WB, Lalonde S (2003) Development of
a fluorescent nanosensor for ribose. FEBS Lett 553(1-2):85-89.
https://doi.org/10.1016/s0014-5793(03)00976-1.ElliottKR ,Bate AJ
Naula CM, Logan FJ, Wong PE, Barrett MP, Burchmore RJ (2011)
A glucose transporter can mediate ribose uptake: definition of
residues that confer substrate specificity in a sugar transporter. J
Biol Chem. 2010;285(39):29721-29728. https://doi.org/10.1074/
jbc.M110.106815

Craik JD (1984) Specificity of the rat hepatocyte monosaccharide
transporter. Int J Biochem. 16(12):1251-1253. https://doi.org/10.
1016/0020-711x(84)90224-6

Takakura Y, Kuentzel SL, Raub TJ, Davies A, Baldwin SA, Bor-
chardt RT (1991) Hexose uptake in primary cultures of bovine
brain microvessel endothelial cells. I. Basic characteristics
and effects of D-glucose and insulin. Biochim Biophys Acta
1070(1):1-10. https://doi.org/10.1016/0005-2736(91)90139-y
Ge T, Yang J, Zhou S, Wang Y, Li Y, Tong X (2020) The role
of the pentose phosphate pathway in diabetes and cancer. Front
Endocrinol (Lausanne) 11:365. https://doi.org/10.3389/fendo.
2020.00365

Gatreddi S, Pillalamarri V, Vasudevan D, Addlagatta A, Qureshi
1A (2019) Unraveling structural insights of ribokinase from Leish-
mania donovani. Int J Biol Macromol 136:253-265. https://doi.
org/10.1016/j.ijbiomac.2019.06.001

Seifert JG, Brumet A, St Cyr JA (2017) The influence of D-ribose
ingestion and fitness level on performance and recovery. J Int Soc
Sports Nutr 14:47. https://doi.org/10.1186/s12970-017-0205-8
Cao W, Qiu J, Cai T, Yi L, Benardot D, Zou M (2020) Effect
of D-ribose supplementation on delayed onset muscle soreness
induced by plyometric exercise in college students. J Int Soc Sports
Nutr 17(1):42. https://doi.org/10.1186/s12970-020-00371-8
Pierce JD, Mahoney DE, Hiebert JB, Thimmesch AR, Diaz FJ,
Smith C, Shen Q, Mudaranthakam DP, Clancy RL (2018) Study
protocol, randomized controlled trial: reducing symptom burden
in patients with heart failure with preserved ejection fraction using
ubiquinol and/or D-ribose. BMC Cardiovasc Disord 18(1):57.
https://doi.org/10.1186/s12872-018-0796-2

Shecterle LM, Terry KR, St Cyr JA (2018) Potential clinical
benefits of D-ribose in ischemic cardiovascular disease. Cureus
10(3):e€2291. https://doi.org/10.7759/cureus.2291

Lopaschuk GD, Karwi QG, Tian R, Wende AR, Abel ED
(2021) Cardiac energy metabolism in heart failure. Circ Res
128(10):1487-1513. https://doi.org/10.1161/CIRCRESAHA.121.
318241

Derosa G, Pasqualotto S, Catena G, D’Angelo A, Maggi A, Maf-
fioli P (2019) A randomized, double-blind, placebo-controlled
study to evaluate the effectiveness of a food supplement contain-
ing creatine and D-Ribose combined with a physical exercise
program in increasing stress tolerance in patients with ischemic
heart disease. Nutrients 11(12):3075. https://doi.org/10.3390/
nul1123075

. Pierce JD, Shen Q, Vacek J, Rahman FK, Krueger KJ, Gupta

B, Hiebert JB (2020) Potential use of ubiquinol and d-ribose in

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3892/etm.2021.9927
https://doi.org/10.3892/etm.2021.9927
https://doi.org/10.1055/s-0036-1588857
https://doi.org/10.1186/s12877-022-03288-w
https://doi.org/10.1186/s12877-022-03288-w
https://doi.org/10.2903/j.efsa.2018.5265
https://doi.org/10.2903/j.efsa.2018.5265
https://doi.org/10.2903/j.efsa.2018.5485
https://doi.org/10.1016/j.ebiom.2017.10.001
https://doi.org/10.1016/j.ebiom.2017.10.001
https://doi.org/10.1093/glycob/cwz012
https://doi.org/10.1093/glycob/cwz012
https://doi.org/10.1172/JCI103658
https://doi.org/10.1111/j.1471-4159.1971.tb09603.x
https://doi.org/10.1111/j.1471-4159.1971.tb09603.x
https://doi.org/10.1073/pnas.1410326111
https://doi.org/10.1073/pnas.1410326111
https://doi.org/10.2147/CPAA.S167150
https://doi.org/10.1007/BF01543156
https://doi.org/10.1016/s0014-5793(03)00976-1.ElliottKR,BateAJ
https://doi.org/10.1074/jbc.M110.106815
https://doi.org/10.1074/jbc.M110.106815
https://doi.org/10.1016/0020-711x(84)90224-6
https://doi.org/10.1016/0020-711x(84)90224-6
https://doi.org/10.1016/0005-2736(91)90139-y
https://doi.org/10.3389/fendo.2020.00365
https://doi.org/10.3389/fendo.2020.00365
https://doi.org/10.1016/j.ijbiomac.2019.06.001
https://doi.org/10.1016/j.ijbiomac.2019.06.001
https://doi.org/10.1186/s12970-017-0205-8
https://doi.org/10.1186/s12970-020-00371-8
https://doi.org/10.1186/s12872-018-0796-2
https://doi.org/10.7759/cureus.2291
https://doi.org/10.1161/CIRCRESAHA.121.318241
https://doi.org/10.1161/CIRCRESAHA.121.318241
https://doi.org/10.3390/nu11123075
https://doi.org/10.3390/nu11123075

220

Page 8 of 10

Molecular Biology Reports (2024) 51:220

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

patients with heart failure with preserved ejection fraction. Ann
Med Surg (Lond) 55:77-80. https://doi.org/10.1016/j.amsu.2020.
05.009

Krueger KJ, Rahman FK, Shen Q, Vacek J, Hiebert JB, Pierce
JD (2021) Mitochondrial bioenergetics and D-ribose in HFpEF:
a brief narrative review. Ann Transl Med 9(19):1504. https://doi.
org/10.21037/atm-21-2291

Addis P, Shecterle LM, St Cyr JA (2012) Cellular protection dur-
ing oxidative stress: a potential role for D-ribose and antioxidants.
J Diet Suppl 9(3):178-182. https://doi.org/10.3109/19390211.
2012.708715

Faller KM, Medway DJ, Aksentijevic D, Sebag-Montefiore L,
Schneider JE, Lygate CA, Neubauer S (2013) Ribose supple-
mentation alone or with elevated creatine does not preserve high
energy nucleotides or cardiac function in the failing mouse heart.
PLoS ONE 8(6):e66461. https://doi.org/10.1371/journal.pone.
0066461

Del-Corso A, Cappiello M, Moschini R, Balestri F, Mura U, Ipata
PL (2019) The furanosidic scaffold of d-ribose: a milestone for
cell life. Biochem Soc Trans 47(6):1931-1940. https://doi.org/10.
1042/BST20190749

Perrone A, Giovino A, Benny J, Martinelli F (2020) Advanced
glycation end products (AGEs): biochemistry, signaling, ana-
lytical methods, and epigenetic effects. Oxid Med Cell Longev
2020:3818196. https://doi.org/10.1155/2020/3818196

Nowotny K, Jung T, Hohn A, Weber D, Grune T (2015) Advanced
glycation end products and oxidative stress in type 2 diabetes mel-
litus. Biomolecules 5(1):194-222. https://doi.org/10.3390/biom5
010194

Mou L, Hu P, Cao X, Chen Y, Xu Y, He T, Wei Y, He R (2022)
Comparison of bovine serum albumin glycation by ribose and
fructose in vitro and in vivo. Biochim Biophys Acta Mol Basis Dis
1868(1):166283. https://doi.org/10.1016/j.bbadis.2021.166283
Khanam A, Alouffi S, Rehman S, Ansari IA, Shahab U, Ahmad
S (2021) An in vitro approach to unveil the structural alterations
in d-ribose induced glycated fibrinogen. J Biomol Struct Dyn
39(14):5209-5223. https://doi.org/10.1080/07391102.2020.18023
39

LiulJJ, You Y, Gao SQ, Tang S, Chen L, Wen GB, Lin YW (2021)
Identification of the protein glycation sites in human myoglobin
as rapidly induced by d-ribose. Molecules 26(19):5829. https://
doi.org/10.3390/molecules26195829

Mou L, Cao X, He T, He R (2022) The potential role of albu-
min glycation by ribose in diabetes mellitus. Sci China Life Sci
65(12):2552-2555. https://doi.org/10.1007/s11427-022-2190-6
Syrovy I (1994) Glycation of albumin: reaction with glucose,
fructose, galactose, ribose or glyceraldehyde measured using four
methods. J Biochem Biophys Methods 28(2):115-121. https://doi.
org/10.1016/0165-022x(94)90025-6

ChenY, YuL, Wang Y, Wei Y, Xu Y, He T, He R (2019) d-Ribose
contributes to the glycation of serum protein. Biochim Biophys
Acta Mol Basis Dis 1865:2285-2292. https://doi.org/10.1016/j.
bbadis.2019.05.005

Zhang Z, Tai Y, Liu Z, Pu Y, An L, Li X, Li L, Wang Y, Yang
Z, Duan C, Hou K, Zhang Q, Ren F, Ma Q, Su Y (2023) Effects
of d-ribose on human erythrocytes: non-enzymatic glycation of
hemoglobin, eryptosis, oxidative stress and energy metabolism.
Blood Cells Mol Dis 99:102725. https://doi.org/10.1016/j.bcmd.
2023.102725

Ishtikhar M, Siddiqui Z, Ahmad A, Ashraf JM, Arshad M, Doctor
N, Al-Kheraif AA, Zamzami MA, Al-Thawadi SM, Kim J, Khan
RH (2021) Phytochemical thymoquinone prevents hemoglobin
glycoxidation and protofibrils formation: a biophysical aspect. Int
J Biol Macromol 190:508-519. https://doi.org/10.1016/j.ijbiomac.
2021.08.202

@ Springer

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Siddiqui Z, Faisal M, Alatar AA, Ahmad S (2019) Glycation of
hemoglobin leads to the immunogenicity as a result of neo-epitope
generation. Int J Biol Macromol 123:427—435. https://doi.org/10.
1016/j.ijbiomac.2018.11.063

Zhang N, Tu Z, Wang H, Liu G, Wang Z, Huang T, Qin X, Xie
X, Wang A (2018) Liquid chromatography high-resolution mass
spectrometry identifies the glycation sites of bovine serum albu-
min induced by d-ribose with ultrasonic treatment. J Agric Food
Chem 66(3):563-570. https://doi.org/10.1021/acs.jafc.7b04578
Alouffi S, Khanam A, Husain A, Akasha R, Rabbani G, Ahmad
S (2022) d-ribose-mediated glycation of fibrinogen: role in the
induction of adaptive immune response. Chem Biol Interact
367:110147. https://doi.org/10.1016/j.cbi.2022.110147
Farzadfard A, Konig A, Petersen SV, Nielsen J, Vasili E,
Dominguez-Meijide A, Buell AK, Outeiro TF, Otzen DE. Gly-
cation modulates alpha-synuclein fibrillization kinetics: A sweet
spot for inhibition. J Biol Chem. 2022;298(5):101848. https://
doi.org/10.1016/j.jbc.2022.101848

Farzadfard A, Konig A, Petersen SV, Nielsen J, Vasili E,
Dominguez-Meijide A, Buell AK, Outeiro TF, Otzen DE. Gly-
cation modulates alpha-synuclein fibrillization kinetics: A sweet
spot for inhibition. J Biol Chem. 2022;298(5):101848. https://
doi.org/10.1016/j.jbc.2022.101848

Ahmad S, Al-Shaghdali K, Rehman S, Khan MY, Rafi Z, Faisal
M, Alatar AA, Tahir IK, Khan S, Ahmad S, Shahab U (2022)
Nonenzymatic glycosylation of isolated human immunoglobu-
lin-G by D-ribose. Cell Biochem Funct 40(5):526-534. https://
doi.org/10.1002/cbf.3722

Siddiqui Z, Ishtikhar M, Moinuddin Ahmad S (2018) d-Ribose
induced glycoxidative insult to hemoglobin protein: an approach
to spot its structural perturbations. Int J Biol Macromol
112:134-147. https://doi.org/10.1016/j.ijbiomac.2018.01.161
Alvi SS, Nabi R, Khan MS, Akhter F, Ahmad S, Khan MS
(2021) Glycyrrhizic acid scavenges reactive carbonyl species
and attenuates glycation-induced multiple protein modifica-
tion: an in vitro and in silico study. Oxid Med Cell Longev
2021:7086951. https://doi.org/10.1155/2021/7086951

Nabi R, Alvi SS, Shah MS, Ahmad S, Faisal M, Alatar AA,
Khan MS (2020) A biochemical & biophysical study on in-
vitro anti-glycating potential of iridin against d-Ribose modified
BSA. Arch Biochem Biophys 686:108373. https://doi.org/10.
1016/j.abb.2020.108373

Rodriguez-Capote K, Tovell K, Holmes D, Dayton J, Hig-
gins TN (2015) Analytical evaluation of the Diazyme glycated
serum protein assay on the siemens ADVIA 1800: comparison
of results against HbAlc for diagnosis and management of dia-
betes. J Diabetes Sci Technol 9(2):192-199. https://doi.org/10.
1177/1932296814567894

Peng F, Xia X, He F, Li Z, Huang F, Yu X (2015) The eftect
of glycated hemoglobin and albumin-corrected glycated serum
protein on mortality in diabetic patients receiving continuous
peritoneal dialysis. Perit Dial Int 35(5):566-575. https://doi.org/
10.3747/pdi.2014.00011

Akhter F, Khan MS, Alatar AA, Faisal M, Ahmad S (2016)
Antigenic role of the adaptive immune response to d-ribose gly-
cated LDL in diabetes, atherosclerosis and diabetes atheroscle-
rotic patients. Life Sci 151:139-146. https://doi.org/10.1016/j.
1fs.2016.02.013

Akhter F, Khan MS, Singh S, Ahmad S (2014) An immunohisto-
chemical analysis to validate the rationale behind the enhanced
immunogenicity of D-ribosylated low density lipo-protein.
PLoS ONE 9(11):e113144. https://doi.org/10.1371/journal.
pone.0113144

Akhter F, Khan MS, Ahmad S (2015) Acquired immunogenic-
ity of calf thymus DNA and LDL modified by D-ribose: a


https://doi.org/10.1016/j.amsu.2020.05.009
https://doi.org/10.1016/j.amsu.2020.05.009
https://doi.org/10.21037/atm-21-2291
https://doi.org/10.21037/atm-21-2291
https://doi.org/10.3109/19390211.2012.708715
https://doi.org/10.3109/19390211.2012.708715
https://doi.org/10.1371/journal.pone.0066461
https://doi.org/10.1371/journal.pone.0066461
https://doi.org/10.1042/BST20190749
https://doi.org/10.1042/BST20190749
https://doi.org/10.1155/2020/3818196
https://doi.org/10.3390/biom5010194
https://doi.org/10.3390/biom5010194
https://doi.org/10.1016/j.bbadis.2021.166283
https://doi.org/10.1080/07391102.2020.1802339
https://doi.org/10.1080/07391102.2020.1802339
https://doi.org/10.3390/molecules26195829
https://doi.org/10.3390/molecules26195829
https://doi.org/10.1007/s11427-022-2190-6
https://doi.org/10.1016/0165-022x(94)90025-6
https://doi.org/10.1016/0165-022x(94)90025-6
https://doi.org/10.1016/j.bbadis.2019.05.005
https://doi.org/10.1016/j.bbadis.2019.05.005
https://doi.org/10.1016/j.bcmd.2023.102725
https://doi.org/10.1016/j.bcmd.2023.102725
https://doi.org/10.1016/j.ijbiomac.2021.08.202
https://doi.org/10.1016/j.ijbiomac.2021.08.202
https://doi.org/10.1016/j.ijbiomac.2018.11.063
https://doi.org/10.1016/j.ijbiomac.2018.11.063
https://doi.org/10.1021/acs.jafc.7b04578
https://doi.org/10.1016/j.cbi.2022.110147
https://doi.org/10.1016/j.jbc.2022.101848
https://doi.org/10.1016/j.jbc.2022.101848
https://doi.org/10.1016/j.jbc.2022.101848
https://doi.org/10.1016/j.jbc.2022.101848
https://doi.org/10.1002/cbf.3722
https://doi.org/10.1002/cbf.3722
https://doi.org/10.1016/j.ijbiomac.2018.01.161
https://doi.org/10.1155/2021/7086951
https://doi.org/10.1016/j.abb.2020.108373
https://doi.org/10.1016/j.abb.2020.108373
https://doi.org/10.1177/1932296814567894
https://doi.org/10.1177/1932296814567894
https://doi.org/10.3747/pdi.2014.00011
https://doi.org/10.3747/pdi.2014.00011
https://doi.org/10.1016/j.lfs.2016.02.013
https://doi.org/10.1016/j.lfs.2016.02.013
https://doi.org/10.1371/journal.pone.0113144
https://doi.org/10.1371/journal.pone.0113144

Molecular Biology Reports

(2024) 51:220

Page9of10 220

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

comparative study. Int J Biol Macromol 72:1222-1227. https://
doi.org/10.1016/j.ijbiomac.2014.10.034

Hong J, Wang X, Zhang N, Fu H, Li W (2018) D-ribose induces
nephropathy through RAGE-dependent NF-xB inflammation.
Arch Pharm Res 41(8):838-847. https://doi.org/10.1007/
$12272-018-1061-z

Zhang N, Zhao S, Hong J, Li W, Wang X (2019) Protective
effects of kaempferol on D-ribose-induced mesangial cell injury.
Oxid Med Cell Longev 2019:7564207. https://doi.org/10.1155/
2019/7564207

Khalid M, Petroianu G, Adem A (2022) Advanced glycation end
products and diabetes mellitus: mechanisms and perspectives.
Biomolecules 12(4):542. https://doi.org/10.3390/biom120405
42

Wu XQ, Zhang DD, Wang YN, Tan YQ, Yu XY, Zhao YY
(2021) AGE/RAGE in diabetic kidney disease and ageing kid-
ney. Free Radic Biol Med 171:260-271. https://doi.org/10.
1016/j.freeradbiomed.2021.05.025

Javed M, Ahmad MI, Javed H, Naseem S (2020) D-ribose and
pathogenesis of Alzheimer’s disease. Mol Biol Rep 47(3):2289—
2299. https://doi.org/10.1007/s11033-020-05243-7

Rowan S, Bejarano E, Taylor A (2018) Mechanistic targeting of
advanced glycation end-products in age-related diseases. Bio-
chim Biophys Acta Mol Basis Dis 1864(12):3631-3643. https://
doi.org/10.1016/j.bbadis.2018.08.036

De Bruyne S, van Schie L, Himpe J, De Somer F, Everaert I,
Derave W, Van den Broecke C, Huizing M, Bostan N, Speec-
kaert M, Callewaert N, Van Aken E, Delanghe JR (2021) A
potential role for fructosamine-3-kinase in cataract treatment.
Int J Mol Sci 22(8):3841. https://doi.org/10.3390/ijms22083841
WuB, YuL,HuP,LuY,LilJ, Wei Y, He R (2018) GRP78 pro-
tects CHO cells from ribosylation. Biochim Biophys Acta Mol
Cell Res 1865(4):629-637. https://doi.org/10.1016/j.bbamcr.
2018.02.001

Goyal R, Jialal I (2023) Type 2 Diabetes. StatPearls Publishing,
Treasure Island

Su T, He R (2014) D-ribose, an overlooked player in type 2
diabetes mellitus? Sci China Life Sci 57(3):361. https://doi.org/
10.1007/s11427-014-4614-5

Yu L, Chen Y, Xu Y, He T, Wei Y, He R (2019) D-ribose is
elevated in TIDM patients and can be involved in the onset of
encephalopathy. Aging (Albany NY) 11(14):4943-4969. https://
doi.org/10.18632/aging.102089

Wang Y, Yang P, Yan Z, Liu Z, Ma Q, Zhang Z, Wang Y, Su
Y (2021) The relationship between erythrocytes and diabetes
mellitus. J Diabetes Res 2021:6656062. https://doi.org/10.1155/
2021/6656062

Yoo S, Bae JY, Moon J, Koh G (2020) System  c- overexpres-
sion prevents 2-deoxy-d-ribose-induced p-cell damage. Free
Radic Biol Med 153:17-25. https://doi.org/10.1016/j.freeradbio
med.2020.04.012

Papatheodorou K, Banach M, Bekiari E, Rizzo M, Edmonds
M (2018) Complications of diabetes 2017. J Diabetes Res
2018:3086167. https://doi.org/10.1155/2018/3086167
Iannuzzi C, Borriello M, Carafa V, Altucci L, Vitiello M, Bal-
estrieri ML, Ricci G, Irace G, Sirangelo I (2016) D-ribose-gly-
cation of insulin prevents amyloid aggregation and produces
cytotoxic adducts. Biochim Biophys Acta 1862:93—104. https://
doi.org/10.1016/j.bbadis.2015.10.021

Thipsawat S (2021) Early detection of diabetic nephropathy in
patient with type 2 diabetes mellitus: a review of the literature.
Diab Vasc Dis Res 18(6):14791641211058856. https://doi.org/
10.1177/14791641211058856

Guo J, Zheng HJ, Zhang W, Lou W, Xia C, Han XT, Huang W],
Zhang F, Wang Y, Liu WJ (2020) Accelerated kidney aging in

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

diabetes mellitus. Oxid Med Cell Longev 27(2020):1234059.
https://doi.org/10.1155/2020/1234059

Hong J, Li G, Zhang Q, Ritter J, Li W, Li PL (2019) D-Ribose
induces podocyte NLRP3 inflammasome activation and glo-
merular injury via AGEs/RAGE pathway. Front Cell Dev Biol
7:259. https://doi.org/10.3389/fcell.2019.00259

Zhu L, Han J, Yuan R, Xue L, Pang W (2018) Berberine amelio-
rates diabetic nephropathy by inhibiting TLR4/NF-kB pathway.
Biol Res 51(1):9. https://doi.org/10.1186/s40659-018-0157-8
Miles WR, Root HF (1922) Psychologic tests applied in diabetic
patients. Arch Intern Med 30:767-777. https://doi.org/10.1001/
archinte.1922.00110120086003

Cheng LZ, Li W, Chen YX, Lin YJ, Miao Y (2022) Autophagy
and diabetic encephalopathy: mechanistic insights and potential
therapeutic implications. Aging Dis 13(2):447-457. https://doi.
org/10.14336/AD.2021.0823

Liu Y, Li M, Zhang Z, Ye Y, Zhou J (2018) Role of microglia-
neuron interactions in diabetic encephalopathy. Ageing Res Rev
42:28-39. https://doi.org/10.1016/j.arr.2017.12.005

Diniz Pereira J, Gomes Fraga V, Morais Santos AL, Carvalho
MDG, Caramelli P, Braga GK (2021) Alzheimer’s disease and
type 2 diabetes mellitus: a systematic review of proteomic studies.
J Neurochem 156(6):753-776. https://doi.org/10.1111/jnc.15166
Nguyen TT, Ta QTH, Nguyen TKO, Nguyen TTD, Giau VV
(2020) Type 3 diabetes and its role implications in Alzheimer’s
disease. Int J Mol Sci 21(9):3165. https://doi.org/10.3390/ijms2
1093165

Rorbach-Dolata A, Piwowar A (2019) Neurometabolic evidence
supporting the hypothesis of increased incidence of type 3 diabe-
tes mellitus in the 21st century. Biomed Res Int 2019:1435276.
https://doi.org/10.1155/2019/1435276

LyulJ, Yu LX, He YG, Wei Y, Dong, LL, Zhang SZ, Ma Y, Rong-
Qiao He. (2019) A brief study of the correlation of urine D-ribose
with MMSE scores of patients with Alzheimer’s disease and cog-
nitively normal participants. Am J Urol Res 4(1):018-023

Lu Y, Jiang H, Zhang H, Li R, Zhang Q, Luo D, Cai X, Li M
(2021) Serum oxidized low density lipoprotein serves as a media-
tor for the inverse relationship between serum d-ribose and cogni-
tive performance in type 2 diabetic patients. Free Radic Biol Med
171:91-98. https://doi.org/10.1016/j.freeradbiomed.2021.05.015
Han C, Lu Y, Wei Y, Wu B, Liu Y, He R (2014) D-ribosylation
induces cognitive impairment through RAGE-dependent astro-
cytic inflammation. Cell Death Dis 5(3):e1117. https://doi.org/
10.1038/cddis.2014.89

Xu K, Wang M, Zhou W, Pu J, Wang H, Xie P (2021) Chronic
D-ribose and D-mannose overload induce depressive/anxiety-like
behavior and spatial memory impairment in mice. Transl Psychia-
try 11(1):90. https://doi.org/10.1038/s41398-020-01126-4

Zhu X, Wei Y, He Y, He R, Li J (2022) Urine D-ribose lev-
els correlate with cognitive function in community-dwelling
older adults. BMC Geriatr 22(1):693. https://doi.org/10.1186/
$12877-022-03288-w

Song Y,Du Y, An Y, Zheng J, Lu Y (2022) A systematic review
and meta-analysis of cognitive and behavioral tests in rodents
treated with different doses of D-ribose. Front Aging Neurosci
14:1036315. https://doi.org/10.3389/fnagi.2022.1036315

XiM, Zhang L, Wei Y, Li T, Qu M, Hua Q, He R, Liu Y (2022)
Effect of ribose-glycated BSA on histone demethylation. Front
Genet 13:957937. https://doi.org/10.3389/fgene.2022.957937
Wang Y, Shi C, Chen Y, Yu L, Li Y, Wei Y, Li W, He R (2019)
Formaldehyde produced from d-ribose under neutral and alka-
line conditions. Toxicol Rep 6:298-304. https://doi.org/10.1016/].
toxrep.2019.02.005

WeiY, Han C, Wang Y, Wu B, Su T, Liu Y, He R (2015) Ribosyla-
tion triggering Alzheimer’s disease-like Tau hyperphosphorylation

@ Springer


https://doi.org/10.1016/j.ijbiomac.2014.10.034
https://doi.org/10.1016/j.ijbiomac.2014.10.034
https://doi.org/10.1007/s12272-018-1061-z
https://doi.org/10.1007/s12272-018-1061-z
https://doi.org/10.1155/2019/7564207
https://doi.org/10.1155/2019/7564207
https://doi.org/10.3390/biom12040542
https://doi.org/10.3390/biom12040542
https://doi.org/10.1016/j.freeradbiomed.2021.05.025
https://doi.org/10.1016/j.freeradbiomed.2021.05.025
https://doi.org/10.1007/s11033-020-05243-7
https://doi.org/10.1016/j.bbadis.2018.08.036
https://doi.org/10.1016/j.bbadis.2018.08.036
https://doi.org/10.3390/ijms22083841
https://doi.org/10.1016/j.bbamcr.2018.02.001
https://doi.org/10.1016/j.bbamcr.2018.02.001
https://doi.org/10.1007/s11427-014-4614-5
https://doi.org/10.1007/s11427-014-4614-5
https://doi.org/10.18632/aging.102089
https://doi.org/10.18632/aging.102089
https://doi.org/10.1155/2021/6656062
https://doi.org/10.1155/2021/6656062
https://doi.org/10.1016/j.freeradbiomed.2020.04.012
https://doi.org/10.1016/j.freeradbiomed.2020.04.012
https://doi.org/10.1155/2018/3086167
https://doi.org/10.1016/j.bbadis.2015.10.021
https://doi.org/10.1016/j.bbadis.2015.10.021
https://doi.org/10.1177/14791641211058856
https://doi.org/10.1177/14791641211058856
https://doi.org/10.1155/2020/1234059
https://doi.org/10.3389/fcell.2019.00259
https://doi.org/10.1186/s40659-018-0157-8
https://doi.org/10.1001/archinte.1922.00110120086003
https://doi.org/10.1001/archinte.1922.00110120086003
https://doi.org/10.14336/AD.2021.0823
https://doi.org/10.14336/AD.2021.0823
https://doi.org/10.1016/j.arr.2017.12.005
https://doi.org/10.1111/jnc.15166
https://doi.org/10.3390/ijms21093165
https://doi.org/10.3390/ijms21093165
https://doi.org/10.1155/2019/1435276
https://doi.org/10.1016/j.freeradbiomed.2021.05.015
https://doi.org/10.1038/cddis.2014.89
https://doi.org/10.1038/cddis.2014.89
https://doi.org/10.1038/s41398-020-01126-4
https://doi.org/10.1186/s12877-022-03288-w
https://doi.org/10.1186/s12877-022-03288-w
https://doi.org/10.3389/fnagi.2022.1036315
https://doi.org/10.3389/fgene.2022.957937
https://doi.org/10.1016/j.toxrep.2019.02.005
https://doi.org/10.1016/j.toxrep.2019.02.005

220

Page 10 of 10

Molecular Biology Reports (2024) 51:220

88.

89.

90.

via activation of CaMKII. Aging Cell 14(5):754-763. https://doi.
org/10.1111/acel.12355

Wu B, Wang Y, Shi C, Chen Y, Yu L, LiJ, Li W, Wei Y, He
R (2019) Ribosylation-derived advanced glycation end products
induce Tau hyperphosphorylation through brain-derived neuro-
trophic factor reduction. J Alzheimers Dis 71(1):291-305. https://
doi.org/10.3233/JAD-190158

Moschini R, Balestri F, Cappiello M, Signore G, Mura U, Del-
Corso A (2022) Ribose intake as food integrator: is it a really
convenient practice? Biomolecules 12(12):1775. https://doi.org/
10.3390/biom12121775

Castells CB, Arias VC, Castells RC (2002) Precolumn derivatiza-
tion of reducing carbohydrates with 4- (3-Methyl-5-oxo0-2-pyra-
zolin-1-yl) benzoic acid study of reaction, high-performance liq-
uid chromatographic separation and quantitative performance of
method. Chromatographia 56(3/4):153-160. https://doi.org/10.
1007/BF02493204

@ Springer

91.

92.

Zemerov SD, Roose BW, Farenhem KL, Zhao Z, Stringer MA,
Goldman AR, Speicher DW, Dmochowski 1J (2020) 129Xe NMR-
protein sensor reveals cellular ribose concentration. Anal Chem
92(19):12817-12824. https://doi.org/10.1021/acs.analchem.0c009
67

Gao XD, Hu Y, Wang WF, Zhao XB, Du XZ, Shi YP (2022)
Rapid and selective 19F NMR-based sensors for fingerprint iden-
tification of ribose. Anal Chem 94(33):11564—11572. https://doi.
org/10.1021/acs.analchem.2c01832

Publisher's Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1111/acel.12355
https://doi.org/10.1111/acel.12355
https://doi.org/10.3233/JAD-190158
https://doi.org/10.3233/JAD-190158
https://doi.org/10.3390/biom12121775
https://doi.org/10.3390/biom12121775
https://doi.org/10.1007/BF02493204
https://doi.org/10.1007/BF02493204
https://doi.org/10.1021/acs.analchem.0c00967
https://doi.org/10.1021/acs.analchem.0c00967
https://doi.org/10.1021/acs.analchem.2c01832
https://doi.org/10.1021/acs.analchem.2c01832

	D-ribose metabolic disorder and diabetes mellitus
	Abstract
	Introduction
	Absorption, distribution, and transmembrane transport of D-ribose in the body
	Absorption and distribution of D-ribose
	Tansmembrane transport of exogenous D-ribose

	Intracellular metabolic pathways of D-ribose
	Effect of exogenous D-ribose on cells
	Cytoprotective effect of exogenous D-ribose on skeletal muscle and cardiomyocytes
	Cytotoxicity effect of exogenous D-ribose
	Strong nonenzymatic glycosylation ability of D-ribose
	Ribosylation products and their autoantibodies
	Cytotoxicity effects of exogenous D-ribose


	Elevated D-ribose levels in diabetes mellitus
	Elevated serum and urine D-ribose levels in diabetic patients
	D-ribose accelerates the progression of diabetes complications
	Diabetic nephropathy
	Diabetic encephalopathy


	Conclusion
	Acknowledgements 
	References


