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Background: D-ribose is an aldehyde sugar and a necessary component of all
living cells. Numerous reports have focused on D-ribose intervention in animal
models to assess the negative effects of D-ribose on cognition. However, the
results across these studies are inconsistent and the doses and actual effects
of D-ribose on cognition remain unclear. This systematic review aimed to
evaluate the effect of D-ribose on cognition in rodents.

Methods: The articles from PubMed, Embase, Sciverse Scopus, Web of
Science, the Chinese National Knowledge Infrastructure, SinoMed, Wanfang,
and Cqvip databases were screened. The results from the abstract on
cognitive-related behavioral tests and biochemical markers from the included
articles were extracted and the reporting quality was assessed.

Results: A total of eight trials involving 289 rodents met the eligibility criteria,
and both low- and high-dose groups were included. Meta-analyses of these
studies showed that D-ribose could cause a significant decrease in the number
of platform crossings (standardized mean difference [SMD]: —0.80; 95% ClI:
-1.14, -046; p < 0.00001), percentage of distance traversed in the target
quadrant (SMD: -1.20; 95% Cl: -147, -0.92; p < 0.00001), percentage
of time spent in the target quadrant (SMD: -0.93; 95% ClI: -1.18, —-0.68;
p < 0.00001), and prolonged escape latency (SMD: 0.41; 95% Cl: 0.16, 0.65;
p = 0.001) in the Morris water maze test. Moreover, D-ribose intervention
increased the levels of advanced glycation end products (AGEs) in the brain
(SMD: 049; 95% Cl: 0.34, 0.63; p < 0.00001) and blood (SMD: 0.50; 95%
Cl: 0.08, 0.92; p = 0.02). Subsequently, subgroup analysis for the dose of D-
ribose intervention revealed that high doses injured cognitive function more
significantly than low D-ribose doses.

Conclusion: D-ribose treatment caused cognitive impairment, and cognition
deteriorated with increasing dose. Furthermore, the increase in AGEs
in the blood and brain confirmed that D-ribose may be involved in
cognitive impairment through non-enzymatic glycosylation resulting in the
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generation of AGEs. These findings provide a new research idea for unveiling
basic mechanisms and prospective therapeutic targets for the prevention and
treatment of patients with cognitive impairment.

D-ribose, rodent, cognition, behavioral test, meta-analysis

Introduction

Alzheimer’s disease (AD) is the most common type
of dementia, accounting for 60-80% of all reported cases
1996; Abramov and Duchen, 2005). AD is a
disease

(Yankner,
progressive neurodegenerative characterized by
cognitive deficits, irreversibly destroying memory, language,
thinking, and other important mental skills (Devadhasan
et al.,, 2011; Ashraf et al., 2015, 2018; Lee et al., 2017). The
estimates from the World Health Organization suggest that
approximately 50 million individuals suffered from AD,
with nearly 10 million new cases being added annually.
Globally, the number of elderly is increasing rapidly, making
AD a critical public health concern in the 21st century
(Dartigues, 2009; Scheltens et al, 2021). According to the
Alzheimer Report 2022, the overall global cost of dementia
treatment is more than US$800 billion. Jia et al. (2018)
estimated that the cost was US$957.56 billion in 2015
and is expected to rise to US$2.54 trillion in 2030, and
US$9.12 trillion in 2050. The public health system is also
heavily burdened by AD (Alzheimers Dementia, 2021).
However, specific risk factors and mechanisms underlying
AD remain unclear.

D-ribose is an aldehyde sugar present in all living cells
and plays significant biological roles (Akhter et al, 2016;
Li et al, 2021). It is a component of RNA and adenosine
triphosphate (ATP) and a synthetic material for nucleotide
coenzymes and vitamin B2 (Broom et al, 1964; Keller et al,
1988; Wei et al, 2012). It can be synthesized endogenously
from glucose through the pentose phosphate pathway and
exogenously from riboflavin-rich foods like fruits and vegetables
(Mauser et al., 1985; Dhanoa and Housner, 2007). Serum D-
ribose level in humans is 0.02 mM in healthy people, and
0.01-0.1 mM in the cerebrospinal fluid (Seuffer, 1977; Cai et al,,
2005). In the case of metabolic diseases, including diabetes
mellitus, the serum and urinary D-ribose levels are elevated,
resulting in the dysregulation of D-ribose metabolism. Evidence
shows that dysregulated D-ribose metabolism causes several
neurodegenerative diseases such as AD.

As a reactive sugar, D-ribose can bind to protein or
lipid molecules for non-enzymatic glycation, resulting in the
production of advanced glycation end products (AGEs) (Wei
et al, 2012; Akhter et al., 2014; Siddiqui et al., 2018).
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Reports show that AGEs are involved in the pathogenesis
of aging, diabetes, and neurodegenerative diseases (Akhter
et al, 2013, 2015). Moreover, AGEs are neurotoxic in cultured
neurons, and their precursors, including methylglyoxal and
glyoxal, also promote intracellular aggregation of amyloid-
beta carboxy-terminal fragments and cytotoxicity (Takeuchi
et al, 2000; Woltjer et al, 2003). An animal study also
reported that D-ribose accelerated the formation of AGEs
in astrocytes, ultimately activating the NF-kB pathway in
the brain and causing cognitive impairment (Han et al,
2014). Chen et al. (2019b) showed that the synthesis of
hepatic triglycerides is significantly influenced by D-ribose,
which in turn affects hepatocellular steatosis and cognitive
functions.

Animal experiments show that D-ribose impairs the spatial
learning and memory of mice. For example, Han et al. (2014)
demonstrated that high concentrations of D-ribose led to
cognitive losses in mice. Notably, not all studies suggest that
D-ribose significantly affects spatial learning and memory,
especially those using low-dose D-ribose intervention. For
example, Han et al. (2011) found that low concentrations of D-
ribose showed no effects on spatial cognition. The inconsistent
results might be due to the differences in the intervention doses
of D-ribose. To date, D-ribose and its role in cognition remain
unclear. Therefore, we systematically reviewed and analyzed the
available evidence to clarify the actual effects of D-ribose and its
differential doses on cognition.

Methods

Literature search and screen

A literature search on the effects of D-ribose on cognitive
dysfunction was performed using the search term, “ribose;
in combination with “Cognitive Dysfunction, Cognition

Disorders, Dementia, AD, Cognitive Impairment, Mild
Cognitive Impairment, Mild Neurocognitive Disorder,
Cognitive Decline, and Memory deficits,; in PubMed,

Embase, Sciverse Scopus, Web of Science, the Chinese

National Knowledge Infrastructure (CNKI), SinoMed,
Wanfang, and Cqvip databases for studies published
from database creation up to January 2022. In the
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FIGURE 1

Prisma flowchart depicting the article selection process.

beginning, no filters were applied for the search, including
date, of
route of administration, and duration of administration.

language, publication dose administration,
Two reviewers (SY and YD) examined the papers to
ensure that they met the inclusion criteria for the meta-
analysis. A third member (YL) was consulted in case of a

disagreement.

Eligibility criteria

The systematic review was limited to published studies, i.e.,
random assignment of rodents to treatment groups. An intact
design with at least one healthy control group of rodents treated
with vehicle (saline, phosphate-buffered saline, or a similar
solution) and at least an experimental group of rodents treated
with D-ribose was an inclusion criterion. All the included studies
reported at least one measure of learning and memory after the

Frontiers in Aging Neuroscience

03

intervention. Studies with incomplete data in the published text
or Supplementary material, or in cases of D-ribose administered
with other components, were excluded.

Quality assessment and data extraction

The Animal Research: Reporting in vivo Experiments
(ARRIVE) guidelines checklist 2.0 including 21 entries was
used to assess the quality of each study (Percie et al,, 2020).
Two reviewers (SY and YD) independently extracted the data
in a standardized format suited for animal study design from
the reports that met the inclusion criteria. The items recorded
were as follows: fundamental information (name of the author,
year of publication, and nation); animals (animal species, age,
weight, gender, and sample size); study design (dose, route,
and duration of D-ribose manipulation); and measurement
outcomes (behavioral test results such as those of the Morris
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TABLE 1 Characteristics of the included studies.
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References  Country/ Animals Intervention
Region
Species Age Weight Gender Sample size Way Dose Duration
(day)
Intervention Control
group group
Xu et al., 2021 China C57BL/6] 8-10 weeks \ Male  Low-dosen=15 n=22 Intraperitoneal Low-dose 0.4 g/kg/day 28
mice high-dose n =22 injection High-dose 4 g/kg/day
Wu et al,, 2019 China Sprague 8 weeks \ Male n=10 n=10 Tailintravenous  0.025 g/kg/day 30
Dawley rats injection
Han et al, 2011 China C57BL/6] 8-10 weeks \ Male  Low-dosen=12 n=12 Intraperitoneal Low-dose 0.2 g/kg/day 30
mice high-dose n = 12 injection High-dose 2 g/kg/day
Wu et al., 2015 China C57BL/6] 8 weeks \ Male  Low-dosen=12 n=12 Gavage Low-dose 0.375 g/kg/day 180
mice high-dose n = 12 administration High-dose 3.75 g/kg/day
Han et al., 2014 China C57BL/6] 8-10 weeks \ Male n=12 n=12  Intraperitoneal First dose 0.4 g/kg/day 10
mice injection Second dose 0.8 g/kg/day
Third dose 1.6 g/kg/day
Forth dose 3.2 g/kg/day
Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgrou Mean _ SD Total Mean SD Total Weight IV, Fixed, 95% Cl IV, Fixed, 95% Cl
Wuetal 20151 2.005 1.933 12 3 2761 12 17.6% -0.40[1.21,0.41] = BT ES
W etal. 201511 0.2056 0.464 12 3 2781 12 141% -1.36 [2.27,-0.46]
Wuetal 2019 3.32 1673 10 374 1.294 10 14.8% -0.27 [1.15, 0.61] T M| @
Huetal 20211 1.34 0848 16 2319 1191 22 241% -0.90 [-1.59,-0.21] - R
Huetal 202111 1.287 0.924 22 2319 1191 22 29.4% -0.95 [1.58,-0.32] e
Total (95% CI) 71 78 100.0% -0.80 [-1.14, -0.46] A
Heterogeneity: Chi*= 4.11, df= 4 (P = 0.39); F= 3% ?2 51 z 1! é

Test for overall effect: Z= 4.61 {F = 0.00001)

FIGURE 2

Forest plot of the number of platforms crossing in the Morris water maze test.

Favours [experimental] Favours [contral]

Experimental Control

Heterogeneity: Chi*= 8.79, df= 8 (P = 0.36); F=9%
Test for overall effect: Z= 8.41 (P < 0.00001)

FIGURE 3

Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI

Hanetal 20141 50 10.659 12 60 10.659 12 108%
Han et al. 201411 44,493 29.736 12 60 10.659 12 11.4%
Han et al. 2014111 38.548 19.018 12 60 10659 12  9.5%
Han etal. 20141V 28192 21.585 12 60 10659 12  82%
Wuetal 20151 29.091 8.878 12 36.996 15315 12 115%
WWu et al. 201511 19.13 574 12 36.996 15315 12 91%
Wuetal 2019 30323 3.651 10 34677 6.829 10 9.3%
Huetal 20211 225 2.847 15 28676 4.142 22 132%
Kuetal 202111 20.735 6.21 22 28676 4142 22 171%
Total (95% CI) 119 126 100.0%

Forest plot of the percentage of distance in target quadrant in the Morris water maze test.

Std. Mean Difference
IV, Fixed, 95% CI

-0.91 [1.75,-0.06]
-0.67 [1.50, 0.16]
-1.34 [2.25,-0.44]
-1.80 [-2.78,-0.83]
-0.61 [1.43,0.21]
-1.49[-2.42,-0.57)
-0.76 [-1.68, 0.15]
-1.64 [2.41,-0.88]
-1.48 [-2.15,-0.80]

—_—
—i
—_—

' !

t t t

-4 <2 0
Favours [experimental] Favours [control]

1.20 [-1.47,.0.92]

Feun

water maze test and biochemistry such as AGEs). If data were
not obtained in a table or in text, the Web Plot Digitizer
software to extract data from images was used to obtain these
from the published figures (Drevon et al,, 2017). For studies
that compared the results of groups treated with different

D-ribose doses with those of a single control group, the data
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from the latter were utilized in each of the dose intervention
meta-analyses. The mean score and standard deviation [SD]
were extracted for the meta-analysis. If an error was presented
as a standard error [SE] or a 95% CI, the formula provided
in the Cochrane Handbook was used to convert it into SD

values.
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Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgrou Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Hanetal. 20111 23519 10621 12 22778 4874 12 9.6% 0.09 [-0.71, 0.89] T
Hanetal. 201111 16.296 4.943 12 22778 4874 12 7.7% -1.27 [-2.17,-0.38]
Hanetal 20141 50 10.659 12 60 10.659 12 8.5% -0.91 [-1.75, -0.06] SEEEE TR
Han etal. 201411 53.315 23158 12 60 10659 12 9.4% -0.36 [-1.17, 0.45] R B
Han et al. 2014III 38.548 19.018 12 60 10659 12 7.5% -1.34 [[2.25,-0.44]
Han etal. 20141V 40.082 22.364 12 60 10659 12  8.1% -1.10[-1.97,-0.23]
Wuetal 20151 29.249 11.057 12:395:57321:335 12 9.4% -0.36 [1.17,0.45] T T
Wu etal. 201511 17.866 8.484 12 35573 21.335 12 8.2% -1.05[-1.92,-0.19] S
Wuetal 2019 31613 4925 10 37.258 9.216 10 7.4% -0.73[1.64,0.18] — e
Huetal 20211 2187 333 15 28626 5.005 22 1089% -1.50 [-2.25,-0.79] TN A
Huetal 202111 19.58 6.613 22 28626 5005 22 133% -1.51 [-2.19,-0.84] S TR
Total (95% Cl) 143 150 100.0% -0.93[-1.18, -0.68] <
Heterogeneity: Chi*= 16.90, df= 10 (P = 0.08); F= 41% 4 2 q 2 4
Test for overall'effect Z=7.37 (P « 0.00001) Favours [experimental] Favours [control]
FIGURE 4

Forest plot of the percentage of time in target quadrant in the Morris water maze test.

Experimental Control

Study or Subgrou Mean SD Total Mean

Hanetal 20111 16.69 10877 12 1569 10153 12 9.4%
Han etal. 201111 24483 8958 12 1569 10153 12  91%
Hanetal 2014 I 18.514 14435 12 15616 7.531 12 93%
Han et al. 201411 18514 182 12 15616 7.531 12 93%
Han et al. 2014III 25.58 20081 12 15616 7.531 12 9.2%
Han etal. 20141V 33.188 20085 12 15616 7.531 12 8.9%
Wuetal. 20151 24,469 14.653 12 27.821 14632 12 9.3%
Wu etal 201511 46.592 16.056 12 27.821 14.632 12 8.9%
Wuetal. 2019 6203 1.898 10 16582 3798 10 59%
HXuetal. 20211 35364 13.083 15 31.391 10249 22 10.2%
Xuetal. 202111 41126 12115 22 31391 10249 22 10.4%
Total (95% Cl) 143 150 100.0%

Heterogeneity: Tau? = 0.48; Chi*= 38.37, df= 10 (P < 0.0001); F= 74%

Std. Mean Difference
SD Total Weight IV, Random, 95% CI

Std. Mean Difference
IV. Random. 95% CI

0.00 [-0.80, 0.80]
089 [0.04,1.73]
0.24 [-0.56, 1.05] =
0.20 [-0.60, 1.00] =]
063 [-0.19, 1.46] 2
1.121(0.25,1.99]

-0.22 1.02, 0.58]
1.18 [0.30, 2.06]

-3.31 [-4.75,-1.87]
0.34 [-0.32,1.00] =
0.85[0.23,1.47]

0.29[-0.19, 0.77]

-t

: -
-4 8

2

Testfor overall effect Z=1.18 (P = 0.24) Favours [experimental] Favours [control]
FIGURE 5
Forest plot of the escape latency in the Morris water maze test.

Experimental Control Std. Mean Difference Std. Mean Difference

Study or Subgrou Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed. 95% CI

Hanetal 20111 1.469 0.602 5 1 0315 5 10.0% 0.88 [-0.45,2.22] =

Hanetal. 201111 226 0.729 5 1 0315 5  B.3% 2.03[0.34,3.71] ————*

Hanetal 20141 1 0185 7 1 009 7 16.2% 0.00 [-1.085, 1.05] BT TR

Han etal. 201411 1.146 045 7 1 009 7 157% 0.42 [-0.64, 1.48] T T R

Han et al. 2014111 1187 0.212 7 1 009 7 135% 1.07 [0.07,2.22] Il &

Han etal. 20141V 1.334 0.262 7 1 009 7011.2% 1.60[0.34, 2.85] —

Wu etal. 20151 0.884 0.483 6 1 0311 6 13.7% -0.26 [-1.40, 0.88] =

Wu etal. 201511 0.826 0.314 6 1 0311 6 13.3% -0.51 [-1.67, 0.65] TELS TS

Total (95% CI) 50 50 100.0% 0.50 [0.08, 0.92] -

Heterogeneity: Chi= 12.91, df= 7 (P = 0.07); F= 46% E 4 5 ) :

Testfor overall effect: Z=2.33 (P =0.02)

FIGURE 6
Forest plot of the serum AGEs.

Favours [experimental] Favours [control]

Statistical analysis

Data were analyzed using the Review Manager (version
5.4, The Nordic Cochrane Centre, The Cochrane Collaboration,
Copenhagen, Denmark). According to the Cochrane Handbook
for Systematic Reviews of Interventions, the standardized mean
difference (SMD) corresponding to the difference of the means
of the two groups and 95% Cls as our effect size of interest was

used to estimate the effect of D-ribose treatment on cognitive
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outcomes (Garcia-Bonilla et al., 2012). The I? statistic was
used to assess heterogeneity, reflecting the percentage variance
between trials for low (<50%) and high (>50%) heterogeneity
values. A random effect model was used when heterogeneity was
more than 50%, and a fixed effect model was employed when
heterogeneity was less than 50% (Borenstein et al., 2010). A value
of o = 0.05 was considered statistically significant. Subgroup
analysis was conducted for the dose of D-ribose treatment

(low dose: <1 g/kg/day vs. high dose: >2 g/kg/day). To assess
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Experimental Control

Study or Subgrou Mean SD Total Mean

Hanetal 20111 1.6566 0.425 ] 1 0183 5 143%
Hanetal 201111 3395 0.794 ] 1 0183 5 101%
Hanetal 20141 1.26 0.583 G 1 0.049 6 13.4%
Han etal 201411 1334 048 G 1 0.049 6 145%
Han et al. 2014111 1.429 0218 G 1 0049 6 16.2%
Han etal. 20141V 1.4 0.392 6 1 0,049 6 15.5%
Wiuetal 20151 13156 0.4948 6 1 08933 6 B.E%
Wiy etal 201511 0808 022 6 1 08933 6 95%
Total (95% CI) 46 46 100.0%

Heterogeneity: Tau®= 0.18; Chi*= 3243, df=7 (P = 0.0001); F=78%
Testfor overall effect 2= 313 (P =0.002)

FIGURE 7
Forest plot of the brain AGEs.

the possible causes for heterogeneity in case of a significant
difference (I > 50%), sensitivity analysis was performed by
removing the included data points one by one to see whether
the changes had any impact on the combined result estimate.

Results

Study selection and inclusion

A total of 3,200 reports were identified including 287 from
PubMed, 521 from Embase, 485 from Scopus, 986 from Web
of Science, 137 from CNKI, 472 from Wanfang, 274 from
SinoMed, and 38 from Cqvip. Subsequently, 1,970 records
were retained after all the searches were pooled and duplicates
were deleted. After construing all the titles and abstracts, 1,831
records were found to be irrelevant (the majority of these were
excluded as they were conference publications or studies focused
on other topics). After reading the full text of the remaining 139
records, 5 studies met the predefined eligibility criteria. Non-
consensus on the inclusion of these articles was not applicable.
The representation of the article selection process is shown in
Figure 1.

Study characteristics

Most of the included studies were published in the last
decade, and 2 were published in the past 3 years. Among the 5
studies included, C57BL/6] mice were used in 4 reports, while
Sprague Dawley rats were used in the remaining one. All the
male rodent models were 8-10 weeks old and no study reported
the animal weights.

For the D-ribose treatment, the most frequently selected
duration was 30 days (2 studies), followed by 10 days
(1 study), 28 days (1 study), and 180 days (1 study).
Intraperitoneal injection was the most commonly used route
for D-ribose administration, except for two studies, which
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0.86 [0.15, 0.96]
2.40[1.68, 3.11]
0.25[0.22,072]
0.33[0.05,0.72]
0.43[0.17, 0.69]
0.40([0.18,0.82]
0.31 [-0.75,1.38]

—_—

——

i E—
——
-

0.55 [0.21, 0.90]

2 A 0 1 2
Favours [experimental] Favours [control]

employed intravenous tail injection and gavage administration,
respectively. Among the total of 11 experimental groups in the
5 studies, 6 used a dose of less than 1 g/kg/day; 4 employed
a dose of more than 2 g/kg/day, and 1 used a dose of
1.6 g/kg/day according to administration protocol. The specific
characteristics of the included studies are shown in Table 1.

Study quality

In the ARRIVE guidelines for assessing the quality of
studies, all showed the four items, comprising the title,
objectives, experimental outcomes, and estimated outcomes. For
the experimental procedure, although most studies mentioned,
“What was done, how it was done, and what was used”
and “When and how often,” only two studies detailed “Why
(provided the rationale for procedures).” All studies presented
the sample size but they did not explain how the sample
size was estimated. The specific results of the quality assessment
were shown in Table 2.

Meta-analysis of study outcomes

Morris water maze test

All studies described the effects of D-ribose on cognition
in the Morris water maze test, and these studies were included
in the meta-analysis. Three studies reported the number of
platform crossings; four studies reported the percentage of the
distance traversed in the target quadrant; five studies reported
the percentage of time spent in the target quadrant, and all
studies reported the escape latency.

The number of platform crossings, the percentage of the
distance traversed in the target quadrant, and the percentage of
time spent in the target quadrant were counted and analyzed
by RevMan in trials to test memory functions (Vorhees and
Williams, 2006). Meta-analysis indicated that D-ribose reduced
the number of platform crossings (Figure 2; SMD: -0.80;
95% CI: -1.14, -0.46; p < 0.00001) with less heterogeneity
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among studies (I> = 3%). Moreover, in a total of 245 animals,
the meta-analysis showed less percentage of the distance
traversed in the target quadrant in the D-ribose-treated group
as compared to the control group, with an SMD of -1.20,
suggesting less heterogeneity (Figure 3; 95% CL -1.47, -
0.92; p < 0.00001; I> = 9%). The D-ribose group showed a
substantially decreased percentage of time spent in the target
quadrant relative to the control group (Figure 4; SMD: -
0.93; 95% CIL: -1.18, -0.68; p < 0.00001). Evidence of low
heterogeneity among studies was found (I*> = 41%). The
heterogeneity in the sensitivity analysis obviously declined after
excluding the data in the low-dose group in the study reported
by Han et al. (2011) (I> = 9%).

The escape latency was assessed and analyzed by RevMan
in trials to test spatial learning ability (Vorhees and Williams,
2006). Meta-analysis revealed that D-ribose intervention had no
significant effects on escape latency (Figure 5; SMD: 0.29; 95%
CIL: -0.19, 0.77; p = 0.24).

Levels of advanced glycation end products

Advanced glycation end products have been investigated
extensively owing to their involvement in cognitive diseases
such as AD (Vlassara et al., 1994; Dukic-Stefanovic et al., 2001).
Serum AGEs were adopted as an outcome in three studies,
and the analysis showed the effects of D-ribose in significantly
elevating AGEs in mouse blood (Figure 6; SMD: 0.50; 95%
CI: 0.08, 0.92; p = 0.02); the heterogeneity in the studies was
acceptable (I> = 46%), and the results remained unaffected after
sensitivity analysis.

The brain AGEs were adopted as an outcome in
three
increased the levels of AGEs in the mouse brain (Figure 7;
SMD: 0.55; 95% CI: 0.21, 0.90; p = 0.002). However,
there was significant heterogeneity among the

studies, and D-ribose intervention significantly

studies
(I> = 78%). The heterogeneity in the sensitivity analysis
completely disappeared after excluding the data of the
high-dose group in the study reported by Han et al. (2011)
(I* = 0%).

Subgroup analysis

To further investigate the potential influence of dose on
the effects of D-ribose on cognition and assess the source of
heterogeneity, a subgroup analysis was conducted based on the
dose of D-ribose intervention (low dose: <1 g/kg/day vs. high
dose: >2 g/kg/day).

After the D-ribose intervention, the number of platform
crossings reduced remarkably in both groups of D-ribose
intervention, and the group with a high intervention dose
had a larger effect size (SMD = -1.08; 95% CI. -1.60, -
0.57; p < 0.0001) as compared to the group with a low
administration of D-ribose dose (SMD = -0.58; 95% CI: -
1.03, -0.13; p = 0.01). Similarly, regarding the percentage of
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TABLE 3 Results of subgroup analysis.

10.3389/fnagi.2022.1036315

Results Subgroups Estimate mean (95% CI) Heterogeneity Studies (n)  Comparisons
(n)
The number of platform High dose SMD = -1.08; 95% CI: -1.60, -0.57 I? = 0%; p = 0.46 34 34
crossing Low dose SMD = -0.58; 95% CI: ~1.03,-0.13 I? = 0%; p =048 34 44
The percentage of distance High dose SMD = -1.56; 95% CI:-2.03,-1.08 12 = 0%; p = 0.85 46 46
in target quadrant Low dose SMD = -0.95; 95% CI: -1.32, -0.58 I? = 9%;p = 0.35 61 68
The percentage of time in High dose SMD = -1.27; 95% CI:-1.68,-0.87 I? = 0%; p = 0.83 58 58
target quadrant Low dose SMD = -0.64; 95% CI: -0.97, -0.31 12 = 48%;p = 0.09 73 80
The escape latency High dose SMD = 0.98; 95% CI: 0.59,1.37 I? = 0%; p = 0.92 58 58
Low dose SMD = -0.29; 95% CI: -1.01, 0.43 12 = 77%;p = 0.0005 73 80
Serum AGEs High dose SMD = 0.27; 95% CI:0.10,0.44 I? = 86%; p = 0.0008 18 18
Low dose SMD = 0.03; 95% CI: -0.10, 0.16 12 =2%;p = 0.38 25 25
Brain AGEs High dose SMD = 0.69; 95% CI:0.42,0.96 12 = 93%; p < 0.00001 17 17
Low dose SMD =0.39; 95% CI: 0.15, 0.62 2= 0%;p = 0.78 23 23

the distance traversed and time spent in the target quadrant,
the effect was more pronounced in the group with a high
D-ribose dose intervention (distance: SMD = -1.56; 95% CI:
-2.03, -1.08; p < 0.00001; time: SMD = -1.27; 95% CI: -
1.68, -0.87; p < 0.00001). In addition, D-ribose intervention
showed no significant influence on escape latency. However,
the subgroup analysis revealed that the escape latency increased
significantly in the group with a high D-ribose dose intervention
(SMD = 0.98; 95% CI: 0.59, 1.37; p < 0.00001), while the
group with a low D-ribose dose intervention did not affect the
escape latency in rodents (SMD = -0.29; 95% CI: -1.01, 0.43;
p=044).

The specific results of the subgroup analysis are shown in
Table 3. Subgroup analysis showed that the levels of serum
AGEs increased markedly in the group with a high D-ribose
dose intervention (SMD = 0.27; 95% CI: 0.10, 0.44; p = 0.002),
while there was no significant difference in the group with a
low D-ribose dose intervention as compared to the controls
(SMD = 0.03; 95% CI: -0.10, 0.16; p = 0.60). Moreover, the brain
AGEs reduced significantly in both groups; however, a larger
effect size was found in the group with a high D-ribose dose
(SMD = 0.69; 95% CI: 0.42, 0.96; p < 0.00001) as compared to
the group with a low D-ribose dose intervention (SMD = 0.39;
95% CI: 0.15, 0.62; p = 0.001).

Discussion

Metabolic disorder of ribose is associated with adverse
effects on cognition (Siddiqui et al.,, 2018). Although studies
focused on D-ribose intervention show inconsistent findings, no
systematic review of D-ribose on cognitive alterations has been
published. We examined animal studies to assess the effects of
D-ribose on cognition through a systematic review and meta-
analysis of the impact of differential D-ribose doses on cognition.

D-ribose treatment caused cognitive impairment, and the
cognition deteriorated with increasing dose. We assessed the
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effects of different doses of D-ribose on cognitive changes in
mice and rats according to the results of the Morris water
maze, the number of platform crossings, the percentage of the
distance traversed in the target quadrant, and the percentage
of time spent in the target quadrant to test memory function
and escape latency to assess spatial learning abilities. The
meta-analysis revealed that D-ribose intervention produced
a significant impairment in the spatial learning task but
not in the spatial memory task. We verified that D-ribose
caused cognitive impairment, consistent with previous studies,
which suggest that metabolic disorders due to D-ribose are a
possible risk factor for age-related neurodegenerative disorders
such as AD (Zhu et al, 2022). Lyu et al. (2019) found
that D-ribose levels in patients with AD were considerably
higher than those in age-matched controls with normal
cognition. A cross-sectional study reported that T2DM-MCI
patients had higher serum concentrations of D-ribose and
were correlated negatively with the MoCA score (Lu et al,
2021).

In addition, our subgroup analysis revealed that the group
with a high D-ribose dose intervention injured cognitive
function more significantly than the group with a low D-ribose
dose intervention. It was clear that the impaired spatial memory
ability was more prominent in the high-dose group than the
low-dose D-ribose-treated group. D-ribose at a low dose did not
cause a decline in the spatial learning ability in rodents, and
only D-ribose at a high dose led to a significant decrease in the
spatial learning ability. For the increase in brain AGEs, D-ribose
at a high dose had a stronger impact relative to the low-dose D-
ribose group. Moreover, only a high dose of D-ribose but not
a low dose led to the rise in AGEs in serum. These outcomes
clearly suggested cognitive detriment due to D-ribose at a high
dose.

Sensitivity analysis explained most of the heterogeneity.
In terms of the significant reduction of heterogeneity in the
percentage of time spent in the target quadrant, contrary
results were found in the study of Han et al. (2011), whereby
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a low dose of D-ribose was used. Similarly, the obvious
reduction of heterogeneity in the latency was attributed to the
results reported by Wu et al. (2019) which were contrary to
other studies. Regarding the brain AGEs, sensitivity analysis
revealed the source of heterogeneity which may be attributed to
differences in dose, sample size, and eligibility criteria (Garcia-
Alamino et al., 2017).

In the included studies, the rodents used were all male.
Population-based studies suggest that gender may affect
cognitive impairment (Au et al, 2017; Tang et al, 2019; C
Silva et al., 2022). Nonetheless, owing to hormonal secretion,
physical fitness, and other factors, males are usually selected
as experimental subjects in animal studies (Schaeffer, 2018).
Hence, future research is needed to further address these
gender-based differences. As for sample size, due to ethical
and economic reasons, a sample size calculation is not
necessary for each experiment, and at least 7-10 animals
are utilized per group in most animal studies (Festing, 2018;
Ricci et al, 2020). The sample size can be further calculated
based on power analysis, precision analysis, and other methods
in future studies.

Evidence suggests that D-ribose is involved in the generation
of free oxygen radicals, glycation, protein aggregation, AGEs,
and age-related neurodegenerative illnesses (Chen et al,
2009, 2017, 2019a; Batkulwar et al, 2018). According to
cell-based experiments, D-ribose interacts with proteins and
produces AGEs. Furthermore, the expression of the receptor
of advanced glycation end products (RAGE) is linked to
AGE elevation caused by ribosylation in both astrocytoma
cells and astrocytes, resulting in RAGE-dependent NF-kB
activation and astrocyte stimulation, further impairing the
spatial learning and memory (Ian et al, 2014). Our analysis
of AGE:s is consistent with the conclusions reported previously,
i.e., ribose-induced cognitive impairment may be related to
AGEs produced by non-enzymatic glycosylation of D-ribose
(Chen et al,, 2010; Wei et al,, 2012). These findings suggested
that D-ribose-induced non-enzymatic glycosylation may play
a role in the pathogenesis of cognitive impairment. However,
the mechanisms underlying D-ribose-mediated cognitive
impairment remain unclear, and these should be further
investigated in the future.

Limitations

This review, however, has some limitations, including a
relatively small total sample size and the number of included
studies. Furthermore, poor reporting quality increased the
likelihood of bias and reduced the validity of the findings. To
validate the harm caused by D-ribose in cognitive impairment
and comprehensively study the underlying mechanisms, more
precise and rigorous experiments with high sample sizes are
warranted.
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Conclusion

We summarized the effects of D-ribose intervention with
different doses based on cognitive and behavioral tests and
found that D-ribose was related to learning and memory
functions. Our findings indicate that D-ribose intervention
causes cognitive impairment, and cognition deteriorated with
increasing dose. Furthermore, the increase in AGEs in the blood
and brain confirmed that D-ribose may be involved in cognitive
impairment through glycosylation, resulting in the generation
of AGEs. These provide a new research direction for unveiling
basic mechanisms and prospective therapeutic targets for the
prevention and treatment of cognitive impairment in these
patients.
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