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Glycated haemoglobin (HbA1c) is the most important marker of hyperglycaemia in diabetes mellitus. We show
that D-ribose reacts with haemoglobin, thus yielding HbA1c. Using mass spectrometry, we detected glycation of
haemoglobin with D-ribose produces 10 carboxylmethyllysines (CMLs). The first-order rate constant of
fructosamine formation for D-ribose was approximately 60 times higher than that for D-glucose at the initial
stage. Zucker Diabetic Fatty (ZDF) rat, a common model for type 2 diabetes mellitus (T2DM), had high levels of
D-ribose and HbA1c, accompanied by a decrease of transketolase (TK) in the liver. The administration of
benfotiamine, an activator of TK, significantly decreased D-ribose followed by a decline inHbA1c. In clinical inves-
tigation, T2DM patients with high HbA1c had a high level of urine D-ribose, though the level of their urine D-glu-
cosewas low. That is, D-ribose contributes to HbA1c, which prompts future studies to further explore whether D-
ribose plays a role in the pathophysiological mechanism of T2DM.
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1. Introduction

Type 2 diabetesmellitus (T2DM) is themost common type of diabe-
tes mellitus and is characterized by hyperglycaemia (Trujillo et al.,
2013) and insulin resistance (Reaven, 1988). Many diabetic patients de-
velop acute or chronic complications, includingblood vessels, brain, kid-
ney, and liver damage (Nathan, 1993). Glycated haemoglobin A1c
(HbA1c), resulting from an abnormally high level of reduced monosac-
charides (such as D-glucose and D-ribose), is a factor in these complica-
tions (Chou et al., 2009; Huang et al., 2015; Sherwani et al., 2016). Both
D-ribose and D-glucose react with haemoglobin (Hb), thus yielding
HbA1c (Huisman et al., 1958; Koenig et al., 1976), which is themost im-
portant biomarker for chronic hyperglycaemia (Berg, 2013). As an ac-
tive reducing monosaccharide, D-ribose reacts with amino acids,
peptides and proteins, and produces glycated derivatives much more
rapidly than D-glucose (Chen et al., 2009; Wei et al., 2009). The link be-
tween blood D-glucose and HbA1c has been intensively studied (Makris
and Spanou, 2011); however, whether D-ribose is involved in the
glycation of Hb and the subsequent production of HbA1c in diabetic pa-
tients is still not fully clarified and therefore requires further
investigation.
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2. Materials and Methods

2.1. Materials

D-ribose, D-glucose and benfotiamine (benzenecarbothioic acid, S-
[2-[[(4-amino-2-methyl-5-pyrimidinyl) methyl] formylamino]-1-[2-
(phosphonooxy)ethyl]-1-propen-1-yl]ester) were purchased from
Sigma (St. Louis, Missouri). 4-(3-methyl-5-oxo-2-pyrazolin-1-yl)
benzoic acid was purchased from J&K Scientific (Beijing, China).

2.2. Subject Enrolment

Patients with T2DM (n= 82, between 50 and 83 years old) were re-
cruited from the JianhengDiabetes Hospital, Beijing. Age-matched com-
munity-dewelling healthy subjects (n= 41)were used as controls, and
their physical examinations were performed by the Medical Examina-
tion Center of the Third Hospital of Peking University. Informed con-
sents were obtained from all participants. Subjects with T2DM
conformed to the classification scheme and diagnostic criteria for DM
as published in a report from an international expert committee. Their
personal information and medical history were recorded in details. Ac-
cording to the diagnosis of diabetes recommended by theWHO, the pa-
tients were divided into two groups on the basis of their HbA1c levels:
group 1 (6.5% (48 mmol/mol) ≤ [HbA1c] b 8.0% (64 mmol/mol)), and
group 2 (HbA1c ≥ 8.0% (64 mmol/mol)). The patients were excluded if
they were tested positive for urine proteins. To ensure the accuracy of
sample analysis and to avoid protein interference, middle stream
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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morning urine was collected from subjects before their breakfast. The
participants were instructed to avoid consuming high-fat diets and
sugar oneweek before the samplings. Beverages such as wine and alco-
hol were forbidden the day before sampling. Prior to analysis, the sam-
ples were stored in a sealed sterile container at−80 °C. This study was
approved by the ethics committee of the Institute of Biophysics, Chinese
Academy of Sciences (2014-HRQ-1).

2.3. Data Availability

This trial was registered with the Chinese Clinical Trial Registry
(ChiCTR), which was granted by the WHO International Clinical Trial
Registration Platform (WHO ICTRP). The trial number is ChiCTR-RCS-
14004437 (http://www.chictr.org/cn/).

2.4. Measurements of Urine D-ribose and D-glucose by UV-HPLC

Analyses of urine D-ribose and D-glucose were performed in a dou-
ble-blindmanner by the biochemical laboratory and the clinic (Jianheng
Diabetic Hospital, Beijing, China). Urine D-ribose and D-glucose were
measured as described previously (Su et al., 2013). A 1.0 ml urine sam-
ple (thawed at 4 °C) was pipetted into 1.5 ml Eppendorf tube and cen-
trifuged (12,000 rpm, 4 °C, and 30 min). Serum proteins were then
precipitated by addition of three-fold acetonitrile and were centrifuged
(12,000 rpm, 4 °C, and 10min). A 0.4 ml aliquot of the supernatant was
mixed with 0.6 ml 4-(3-methyl-5-oxo-2-pyrazolin-1-yl) benzoic acid
(MOPBA, final concentration 150 mM, in 250 mM NaOH in 50% metha-
nol-water solution). Samples were vortexed vigorously for 30 s before
centrifugation (12,000 rpm, 4 °C, and 10 min) and then heated in a 70
°Cwater bath for 90min; this was followed by additional centrifugation
(12,000 rpm, 4 °C, and 10min). Themixturewas acidified by addition of
150 μl of aqueous 2MHCl solution to precipitate the excessMOPBA. The
mixturewas vigorously vortexed and centrifuged (12,000 rpm, 4 °C, and
10 min) and then filtered (0.22 μm). Twenty microliters of the solution
was then subjected to high-performance liquid chromatography
(HPLC).

The HPLC system (LC-20A, Shimadzu, Japan) was equipped with an
ultraviolet detector. The MOPBA-sugar derivative was collected from
the C18 column with a binary mobile phase gradient. Mobile phase A
was 10 mM of sodium 1-hexanesulfonate; the pH was stabilized at 2.5
by phosphoric acid. Mobile phase B was 50% acetonitrile solution. The
elution conditions were 38%–60% B for 15 min, 100% B for 5 min, and
38% B for 5 min. The flow rate was 1 ml/min, and the column tempera-
ture was 40 °C. The procedure for D-ribose analysis was identical to the
procedure for detecting D-glucose, except in the latter phase, in which
the elution conditions were 42%–60% B for 15 min, 100% B for 5 min,
and 42% B for 5 min, and 2 μl of the solution was injected into the ana-
lytical column. The reference concentrations of D-ribose and D-glucose
were determined according to the standard curve.

2.5. In Vitro Studies

Blood samples were obtained from healthy volunteers from 20 to
40 years of age. Whole blood was treated with EDTA anticoagulant
and incubated with 0.2 mM D-ribose, 7 mM D-ribose or 7 mM D-glucose
in a rigorous sterile operation; as in a previous study, the urine D-ribose
level was approximately 0.2 mM (Su et al., 2013a). The samples were
warmed in a 37 °Cwater bath for 7 days. To observe the effects of differ-
ent concentrations of D-ribose and D-glucose on red blood cells, blood
films were used, as described in a previous study (Warhurst and
Williams, 1996). The blood cell numbers were counted with a
haemacytometer (Hamaker, 1958).

D-ribose (0.5 mM)was added to foetal calf serum or human urine at
37 °C, and aliquotswere collected and used formeasurement of D-ribose
at different time intervals (0, 2, 4, 6, 8, 24, 36, 48, and 72 h).
Haemoglobin (10 mg/ml) was incubated with different concentrations
of D-ribose (0, 1, 20, 50, 100, and 200 mM) for 5 days, and aliquots
were collected and used for the detection of HbA1c each day.
Haemoglobin (10 mg/ml) was incubated with 0.2 mM D-ribose or
7mMD-glucose (0, 6, 12, 24, 36, 48, 72, and 96 h), and aliquotswere col-
lected and used for detection of HbA1c at each interval. HbA1c was de-
termined with an ELISA kit for human HbA1c. All data were from 3
separate experiments.

2.6. Determination of HbA1c

1) Levels of HbA1c (clinical samples) weremeasured using the ion-
exchange HPLC method, as certified by NGSP (Weykamp et al.,
2011; Kashiwagi et al., 2012), with an HbA1c detective system
MQ-2000PT, according to the manufacturer's instructions
(Medconn Corporation, Shanghai, China).

To verify that the ribosylation of Hb produced HbA1c, haemoglobin
(final concentration 10 mg/ml, Sigma, USA) was incubated with
100 mM D-ribose or D-glucose for 3 days, and aliquots were collected
for measurements with a Human HbA1c Kit (Catalogue #80099, Crystal
Chem, USA).

To determine whether D-ribose could enter RBCs, fresh blood (2ml)
was incubated with D-ribose (0.2 mM or 7 mM) or D-glucose for 7 days
and centrifuged to isolate blood cells. The cells were treated with lysis
buffer, and HbA1c was determined according to the manufacturer's
instructions.

2) Mouse and rat HbA1c levels were determined with a Mouse
HbA1c Kit (Catalogue #80310, Crystal Chem, USA) and Rat
HbA1c kit (Catalogue #80300, Crystal Chem, USA), according to
the manufacturer's instructions.

3) Tomonitor the kinetics of the ribosylation of Hb, the time course of
fructosamine formation was determined with an NBT assay Kit
(Huili Biotech, China) during the incubation of Hb with D-ribose.
First, 500 μl of human haemoglobin (final concentration
10mg/ml, Sigma, USA)was dissolved in 500 μl of D-ribose or D-glu-
cose (final concentration 100mM) at 37 °C for 7 days. Then, 100 μl
of pre-warmed NBT reagent (Somani et al., 1989; Xu et al., 2002)
was added to the 100 μl mixture, and the absorbance was mea-
sured at 530 nm in the 96-well plates for a time interval between
5 min (A1) and 10 min (A2) on a multiscan spectrum (SpectrMax
Para4digm,MolecularDevices, USA). TheΔA=A2−A1wasmea-
sured, and the data were expressed as ΔA/min.

4) To investigate the potential contribution of D-ribose to HbA1c for-
mation, different concentrations of D-ribose (0, 1, 20, 50, 100, and
200 mM) were incubated with human haemoglobin (10 mg/ml)
(H7379, Sigma, USA) at 37 °C for five days. The levels of HbA1c
were detected with an Enzyme-linked Immunosorbent Assay kit
(CEA190Hu, Cloud-Clone Corp., China) for humanHbA1c each day.

2.7. Analysis of Carboxymethyl-L-lysine in HbA1c by LC-MS/MS

Human haemoglobin (final concentration 10mg/ml) was incubated
with D-ribose (1 M) for four days, and aliquots (containing 10 μg pro-
tein) were collected daily and used for analysis by 15% SDS-PAGE. The
bands were excised from the polyacrylamide gel, washed twice with
double-distilled water, and destained with 40% acetonitrile/50 mM
NH4HCO3 for CBB staining. The gel pieces were dehydrated with 100%
acetonitrile and dried for 5 min with a SpeedVac. Disulfide bonds
were reduced with DTT (10 mM, 56 °C, 45 min), and free sulfhydryl
groups were alkylated with iodoacetamide (55 mM, 25 °C, 60 min in
the dark). Gel pieceswerewashedwith 50mMNH4HCO3, then 50% ace-
tonitrile/50mMNH4HCO3, and dehydratedwith 100% acetonitrile. After
being dried with a SpeedVac, the gel was rehydrated with 100 ng/μl
chymotrypsin (50 mM NH4HCO3, pH = 8.3) on ice for 30 min, and the
digestion was carried out at 37 °C for 60 min and then quenched with
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1.0% formaldehyde. The chymotryptic peptides were extracted twice
with 60% acetonitrile containing 0.1% formaldehyde, and then the com-
bined digest solution was concentrated to 10 μl under vacuum.

All analyses were performed on a nano-LC-LTQ-Orbitrap XL mass
spectrometer at a resolution of 60,000 (Thermo, San Jose, CA)
(Lopez-Clavijo et al., 2014; Tessier et al., 2016). For nano-LC-LTQ-
Orbitrap XL MS/MS, chymotrypsin-digested peptides were separated
with a C18 reverse phase column (filled with 3-μm ReproSil-Pur C18-
AQ fromDr. Maisch GmbH, Ammerbuch, Germany) and loaded through
a C18 reverse phase column (filled with 5-μm ReproSil-Pur C18-AQ
from Dr. Maisch GmbH) into the LTQ-Orbitrap MS/MS system. Data
were analysed with Proteome Discoverer Software (version 1.4.0.288,
Thermo Fischer Scientific). The second MS spectra were searched in
the human database by using the SEQUEST search engine. The mass ac-
curacy was set at 20 ppm for MS mode and at 0.6 Da for MS/MS mode,
and twomissed chymotryptic cleavage siteswere allowed in the search.
Carboxymethyl-L-lysine (CML) and the oxidation of methionine and
proline were set as variable modifications. Cam of cysteine was set as
a fixed modification. The matching of the searched peptide and MS
spectra was filtered by Percolator calculation. The rawmass spectrome-
try data are available online (http://pan.baidu.com/s/1kVoJV4V).
2.8. Animals and Treatments

Male C57BL/6J mice (8 weeks) were obtained from Vital River Labo-
ratory Animal Technology Co. Ltd. (China). After 1 week of acclimatiza-
tion to the cages, themicewere randomly divided into three groups (12
mice per group) and received intraperitoneal D-ribose injections each
day for 7 days. The treatment doses were 4 g/kg (D-ribose), 4.8 g/kg
(D-glucose), and 0.9% saline as control (Han et al., 2011).

Male Sprague-Dawley (SD) rats (150–200 g) were obtained from
Vital River Laboratory Animal Technology Co. Ltd. (China). A type 1 dia-
betic animal model was prepared as previously described (Leehey et al.,
2008; Erdal et al., 2012) through a single intraperitoneal injection of STZ
(65 mg/kg body weight, Sigma, USA). Control rats matched for age and
body weight received an equal volume of the vehicle. After 7 days, dia-
betic rats were assigned to three groups with different intraperitoneal
injections (once daily, for 7 days) of D-ribose at a dose of 4 g/kg (STZ
+ R), D-glucose at a dose of 4.8 g/kg (STZ + G), or 0.9% saline (STZ).
There were 12 rats in each group (Han et al., 2011). Age- and weight-
matched SD rats without the treatments were used as controls. Animals
were sacrificed after 2 weeks of treatment. All rats were maintained in
animal facilities under pathogen-free conditions.

Male ZDF rats (ZDF/Gmi-fa/fa) and LEAN control rats (ZDF/Gmi-fa/
+) were obtained from Vital River Laboratory Animal Technology Co.
Ltd. (China) at an age of 10 weeks. These rats spent a week in their
new cages to acclimate. Animals were sacrificed at the age of
18 weeks. LEAN rats were divided into three groups: rats fed a normal
diet (L-N), rats fed a normal diet but injected (i.p.) with 65 mg/kg STZ
(L-STZ) one week before sacrificed, and rats fed a Purina 5008 diet (L-
P). ZDF rats were maintained on a Purina 5008 diet.

Male ZDF rats (ZDF/Gmi-fa/fa) and LEAN control rats (ZDF/Gmi-fa/
+) were obtained from Vital River Laboratory Animal Technology Co.
Ltd. (China) at an age of 10 weeks and were maintained on a Purina
5008 diet. The rats were divided into four groups: a group of ZDF rats
gavaged with benfotiamine for 4 months (Fraser et al., 2012) (ZDF-
Ben, n = 13), a group of ZDF-Ben with benfotiamine withdrawn at the
end of the 8th week (Withdrawal, n = 14), a group of ZDF rats gavaged
with carboxymethylcellulose sodium (ZDF-CMC, n = 14), and the L-P
group (n=15). All ratsweremaintained in animal facilities under path-
ogen-free conditions and were sacrificed at the end of the 4th month.

All the mice and rats were maintained in animal facilities under
pathogen-free conditions. All animal experiments were conducted in
accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and were approved by the Biological
Research Ethics Committee of the Institute of Biophysics, Chinese Acad-
emy of Sciences (Permit Number: SYXK2013-33).

2.9. Sample Collection

Whenmice and rats were sacrificed, their blood was placed at room
temperature for 30 min, then centrifuged (3000g, 20 min, 4 °C) (Weng
et al., 2007). The serum was aspirated and stored at −80 °C until anal-
ysis. At the same time, the liver was quickly dissected out and then ei-
ther immediately homogenized in RIPA Lysis Buffer (Beyotime, China)
and centrifuged to yield supernatants for western blotting, or fixed in
4% paraformaldehyde for immunohistochemical experiments.

2.10. Blood Physiochemical Assays

Fasting Blood Glucose (FBG) was measured using the glucose oxi-
dase method, with an automatic biochemical analyser D280 (Sinnowa
Corporation, Jiangsu, China). Blood insulin, C-peptide, insulin autoanti-
body (IAA) and glucagon were determined with a Rat C-Peptide RIA
Kit (RCP-21K, LINCO Research, USA), Rat Insulin RIA Kit (RI-13K,
LINCO Research, USA), Insulin Autoantibody (IAA) RIA Kit (KR6790,
KRONUS, USA), and Glucagon RIA Kit (GL-32K, LINCO Research, USA),
respectively, with a DFM-96 radioimmune γ counter (Zhongcheng Cor-
poration, Hefei, China).

2.11. Western Blotting and Enzyme Activity Assay

The concentrations of tissue protein extracts were quantified with a
BCA Protein Assay Kit (Pierce, USA). Equivalent amounts of tissue pro-
tein extracts (50 μg) were resolved on 12% SDS-PAGE gels and trans-
ferred to PVDF membranes. Membranes were then incubated with
anti-transketolase polyclonal antibodies (A91959, 1:2000, Sigma, USA)
or anti-β-actin monoclonal antibodies (A1978, 1:10000, Sigma, USA)
overnight at 4 °C. Each membrane was washed three times with PBS
with 0.1% (v/v) Tween-20 (PBST, pH = 7.4), and then incubated with
horseradish peroxidase-conjugated anti-mouse IgG at 37 °C for 1 h.
The membranes were washed three more times with PBST, and then
immunoreactive bands were visualized using enhanced chemilumines-
cence detection reagents (Applygen, China). The protein bandswere vi-
sualized through exposure of the membranes to Kodak X-ray film and
quantified with Quantity One 1D analysis software 4.5.2 (Bio-Rad,
USA). The results were from at least three independent experiments.

The TK activity in the liver was assayed by using a Rat ELISA kit
(Invitrogen, USA) according to the manufacturer's instructions. The re-
sults were from at least three independent experiments.

2.12. RNA Extraction and Real-time PCR

Total RNA was extracted from the tissues with an RNeasy Micro Kit
(Qiagen, Germany) according to the manufacturer's instructions. First-
strand cDNAsynthesiswas performedwithM-MLVReverse Transcriptase
(Promega, USA). The following primers were used for PCR: TK (forward:
5′-TTCGGTCGGTCCCTATGT-3′, reverse: 5′-GGAAATCCTCGTTGTTGCTAT-
3′) and β-actin (forward: 5′-CACCCGCGAGTACAACCTTC-3′, reverse: 5′-
CCCATACCCACCATCACACC-3′). PCR was conducted using normalized
amounts of template. The number of PCR cycles performed varied from
24 to 30 depending on the individual gene. An annealing temperature
of 56 °C was used for the TK and β-actin primers. For real-time PCR, the
resultant cDNA was diluted 1:20. The PCR reactions were performed
with a TransStart Green qPCR SuperMix UDG kit (Transgen, China) on
an MJ Research Chromo4 detector (Bio-Rad) by using a SYBR green fluo-
rescencequantification system. The relative expression levelwas calculat-
ed by the 2−ΔΔCt method. The means ± s.d. are from three independent
replicates.

http://pan.baidu.com/s/1kVoJV4V
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2.13. Immunofluorescence Staining

Rat livers were immersed in 4% paraformaldehyde for 48 h immedi-
ately after dissection. After fixation, the liver tissues were embedded in
paraffin blocks. Five micrometre thick sections were processed for im-
munofluorescent staining. After deparafinization, hydration, and
immunoreactivity enhancement, the sections were incubated in 10%
normal goat serum in PBS at room temperature for 30 min and probed
overnight at 4 °C with anti-transketolase polyclonal antibody diluted
in TBST buffer. Bound antibodies were visualizedwith Alexa 488-conju-
gated anti-mouse IgG (Invitrogen, USA), and cell nuclei were stained
with the DNA-specific fluorescent reagent Hoechst 33258.
Immunolabelled tissues were observed under an AEC microscope
(Nikon Optical, Japan). The results were from at least three independent
experiments.
2.14. Statistical Analysis

The significances between two groups were calculated with two-
sided unpaired Student t-tests. The demographic variables of more
than two groups were assessed using one-way analysis of variance
(ANOVA) for continuous variables or a χ2 analysis for categorical vari-
ables. Correlations between urine D-ribose and HbA1c, as well as be-
tween urine D-glucose and HbA1c, were assessed using partial
correlation methods. Linear regression (stepwise method) was con-
ducted to assess the influence of D-ribose and D-glucose on HbA1c. P
values of b 0.05 were considered significant. All statistical analyses
were performed using SPSS 17.0 (International Business Machines Cor-
poration, USA).
Fig. 1.Glycation of haemoglobin in thepresence of D-ribose in vitro and in vivo. (a) The formatio
0.1M D-ribose or 0.1MD-glucose for 3 days. (b) The formation of fructosaminewas determined
glucose. (c) Thefirst-order rate constant of fructosamine formationwas analysed by Tsou'smet
et al., 2008)with D-ribose or D-glucose. (d)Humanwhole bloodwas supplementedwith 0.2mM
determined with a human HbA1c kit (n = 15). Data are shown as the mean ± s.d.; *, P b 0.05
3. Results

3.1. Glycation of Haemoglobin in the Presence of D-Ribose

Clinically, elevated HbA1c is used as a criterion to support the diag-
nosis of diabetes. The human HbA1c Kit (Dooley et al., 2016; ElGendy
and Abbas, 2014; Mul et al., 2012), which uses the specific fructosyl va-
line oxidase (FVO) enzyme to cleave N-terminal valines (Liu et al.,
2008), was used to test whether the ribosylation of Hb produces
HbA1c. As shown in Fig. 1a, D-ribose reactedwith the N-terminal valinyl
residues of Hb, thus producing significantly higher HbA1c levels (P b

0.001) than D-glucose after three days of incubationwith 0.1M D-ribose
or 0.1 M D-glucose. This result demonstrated that both D-ribose and D-
glucose glycate Hb and produce HbA1c.

To clarify how quickly D-ribose reacts with haemoglobin, an NBT
assay was performed to determine the formation of fructosamine dur-
ing the incubation of human haemoglobin with D-ribose at 37 °C. As
shown in Fig. 1b, fructosamine significantly increased with time in the
D-ribose group, compared with the D-glucose group, especially during
the initial two days. Using Tsou's method (Tsou, 1962), we found that
the first-order rate constant of fructosamine formation in the D-ribose
group (98.72 × 10−7·s−1) was approximately 60 times greater than
in the D-glucose group (1.65 × 10−7·s−1; Fig. 1c). In other words,
under the experimental conditions, D-ribose glycates haemoglobin
more rapidly than D-glucose in vitro.

Because Hb exists in red blood cells (RBCs), whether D-ribose enters
the cells needs to be demonstrated. As shown in Fig. 1d, the HbA1c
levels in blood cells were significantly higher (P b 0.05, n = 15) in the
D-ribose group as well as in the D-glucose group, compared with the
control group. A significant increase (P b 0.05, n = 15) in HbA1c was
n ofHbA1cwasdeterminedduring the incubation of humanhaemoglobin (60mg/ml)with
during the incubation of humanhaemoglobin (60mg/ml)with 0.1MD-ribose and 0.1MD-
hod (Tsou, 1962). The level of HbA1cwas determined after incubation of haemoglobin (Liu

D-ribose, 7mM D-ribose and 7mMD-glucose at 37 °C for 7 days. The levels of HbA1cwere
; ***, P b 0.001.
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observed in the presence of 200 μM D-ribose. During incubation, the
cells were maintained almost intact (Fig. S1a–d), and the cell numbers
decreased slightly, by 5.05%, 9.45% and 6.59% for the 200 μM D-ribose
group, 7 mM D-ribose group and 7 mM D-glucose group, respectively
(Supplementary Table S1). These results showed that D-ribose can
enter RBCs and produce HbA1c.

To clarifywhich amino acid residue is ribosylated inHbA1c,we incu-
bated Hbwith D-ribose, collected aliquots at different time intervals and
performed SDS-PAGE analysis (Fig. S2a). The apparent molecular
masses of HbA1c increased in the presence of D-ribose. The protein
bands were digested with 100 ng/μl chymotrypsin, and the fragments
were analysed with a mass spectrometer. We found 10 lysinyl residues
to be chemically modified (Fig. S2b). As shown in Fig. S2c, one of the
ribosylated Hb polypeptides was 58 Da heavier than the control (Fig.
S2d). The difference in molecular mass between carboxymethyllysine
(CML, 205 Da) and lysine (147 Da) is 58 Da (Tessier et al., 2016).
These data indicated the yield of CML resulting from ribosylation.

To investigate the kinetic changes in HbA1c levels in the presence of
D-ribose, we incubated human Hbwith different concentrations of D-ri-
bose for different time intervals (Fig. S3a). The levels of HbA1c and D-ri-
bosewere linearly correlated during the initial stage of the reaction (Fig.
S3b). Tomimic in vivo conditions, 0.2mMD-ribose and 7mMD-glucose
were added to human Hb (10 mg/ml), and aliquots were collected at
different intervals for measurement (Fig. S3c). The initial amounts of
HbA1c were higher in the presence of D-ribose than of D-glucose.
3.2. Administration of D-ribose Leads to the Elevation of HbA1c

To investigate whether D-ribose levels are correlated with HbA1c
levels, we treated wildtype C57BL/6 (C57) mice (n= 12) with D-ribose
by intraperitoneal injection for a period of 7 days. The D-ribose-treated
mice, compared with those in the other groups, showed no significant
difference (P N 0.05) in their body weights (Fig. S4a). However, their
blood D-glucose concentrations were significantly lower than those in
the positive control group (P N 0.05; Fig. S4b). As shown in Fig. S4c,
HbA1c was significantly increased (P b 0.05) by the injection of D-ribose
compared with the levels after D-glucose injection and the control
levels. A marked increase in blood D-ribose was observed (P b 0.001)
in the D-ribose-injected group but not in the D-glucose- or saline-
injected groups (Fig. S4d). This result indicates that HbA1c is elevated
in wildtype C57 mice as a consequence of D-ribose administration.

Because the relationship of D-ribose with HbA1c was revealed in
wildtype C57 mice, we sought to investigate whether D-ribose also af-
fects HbA1c in diabetic Sprague-Dawley (SD) rat models. To determine
whether ribosylation is reactive in the glycation of haemoglobin, we
injected high doses of streptozotocin (STZ, 65 mg/kg body weight) to
damage the islet β-cells in SD rats and thereby developed an STZ
model (Erdal et al., 2012). These rats were intraperitoneally injected
with D-ribose (once daily) for one week. The levels of HbA1c showed
an increase but not significant in the STZ model. This may be due to
the 14-day procedure but not so long as the life span of rat Hb is
68 days (Van Putten, 1958). However, HbA1c was significantly (P b

0.05) increased in STZ rats injected with D-ribose (STZ + R) compared
with rats injectedwith D-glucose (STZ+G) or saline (STZ), or ratswith-
out STZ in the control group (n = 12 each group; Fig. 2a). The body
weights of the rats in all treated groups decreased compared with
those in the control group (P b 0.05), but no significant differences
among the treated groups (P N 0.05; Fig. S5a).

To demonstrate whether the increase in HbA1c resulted from D-ri-
bose, the blood D-ribose levels were measured. The blood D-ribose of
STZ + R was markedly elevated, but no significant increase in the D-ri-
bose levels of STZ+ Gwas observed (n= 12, P N 0.05; Fig. 2c), thus in-
dicating that D-glucose had a weak effect on D-ribose level. The rats
treated with saline did not show a significant (P N 0.05) increase in
blood D-ribose. These data suggested that the elevation of HbA1c in
STZ rats was a result of the administration of D-ribose rather than D-
glucose.

To investigate the metabolism of D-ribose after injection, we mea-
sured urine D-ribose in the rats (Fig. 2b). On one hand, a marked in-
crease in urine D-ribose was observed in STZ + R, in contrast with the
other groups (n = 12, P b 0.001). On the other hand, the injection of
D-ribose did not increase the concentration of either blood or urine D-
glucose (P N 0.05; Fig. 2d, Fig. S5b). The STZ rats administered D-ribose,
D-glucose and saline showed low levels of blood insulin (Fig. S5c). To-
gether, our results indicated that the increase in HbA1c was mainly
caused by D-ribose.

3.3. HbA1c Levels in ZDF Rats are Associated With D-Ribose Levels

To further demonstrate the relationship between HbA1c and D-ri-
bose in vivo, we used Zucker diabetic fatty (ZDF/Gmi-fa/fa) rats fed a
Purina 5008 diet (ZDF rat), which is an accepted T2DM animal model
(Kawaguchi et al., 1999). As described by Pold et al. (2005), age-
matched LEAN (ZDF/Gmi-fa/+) rats were used as controls for ZDF rats
(Fig. S6a). LEAN ratswere divided into three groups: rats fedwith a nor-
mal diet (L-N), rats fed with a normal diet but injected (i.p.) with
65 mg/kg STZ (L-STZ), and rats fed with a Purina 5008 diet (L-P). The
body weights of both ZDF rats (n = 11, P b 0.001) and age-matched L-
P rats (n = 12, P b 0.05) increased after rearing for 4 weeks. However,
the weights of the ZDF rats increased to a significantly greater extent
than all other groups (Fig. S6b). The levels of urine D-glucose in the L-
STZ (n = 10) and ZDF groups were significantly higher than those in
the L-N (n = 12) and L-P groups, although significant differences (P N

0.05) were not observed between the L-STZ and ZDF groups (Fig. S6c).
The levels of blood insulin were decreased in L-STZ rats. The insulin au-
toantibody level (IAA)was significantly increased (P b 0.01) in the L-STZ
rats compared with the L-N rats. The ZDF rats had significantly higher
levels of insulin, C-peptide, and IAA, thus indicating insulin resistance
(Fig. S6d, e, f). Notably, both urine D-ribose and D-glucose levels of ZDF
rats were significantly elevated (P b 0.001) after feeding a Purina 5008
diet for oneweek (above the pre-treatment levels of ZDF-N; Fig. S6g, h).

Under the experimental conditions, the ZDF rats had higher levels of
HbA1c than did age-matched L-P, L-STZ, and L-N rats (Fig. 3d). Both
urine and blood D-ribose levels were significantly increased (P b

0.001) in ZDF rats but not in the other three groups (Fig. 3e, f). Blood
D-glucose levels increased (P b 0.001) in both the L-STZ (19.80 ±
1.58 mM) and ZDF groups (20.48 ± 2.79 mM), though there were no
significant differences (P N 0.05) between the two groups (Fig. 3g).
These results revealed that the higher level of HbA1c in the ZDF rats
was dependent on D-ribose.

3.4. Inactivation of Transketolase in ZDF Rats

Transketolase (TK) is the most active enzyme involved in the non-
oxidative branch of the pentose phosphate pathway (Matsushika et
al., 2012) and generates the ribose-5-P molecules necessary for aerobic
or anaerobic metabolism (Su and He, 2014). To clarify the mechanisms
leading to high levels of D-ribose, we investigated the TK expression and
enzymatic activity in ZDF rats (Fig. 3a). The protein level and enzymatic
activity of TK (P b 0.001) were markedly decreased in the livers of ZDF
rats (Fig. 3b, c). In contrast, neither the L-P group nor the L-STZ group
showed significant decreases (P N 0.05) in TK level or activity. These
data suggested that ZDF rats modelling T2DM have a low ability to me-
tabolize D-ribose, owing to the inactivation of TK.

3.5. Benfotiamine Impedes Increases in HbA1c and D-Ribose Through TK
Activation

To demonstrate that high levels of D-ribose in the blood and urine
resulted from decreased TK levels, ZDF rats were administered



Fig. 2. Accumulation of HbA1c and D-ribose in STZ rats after injection of D-ribose. (a) STZ rats were treatedwith 65mg/kg STZ (1 injection, i.p.) and reared for 7 days. HbA1cwasmeasured
after STZ rats were injected with D-ribose (4 g/kg) or D-glucose (4.8 g/kg) (once daily) for another 7 days. (b, c and d) Urine D-ribose (b), blood D-ribose (c) and blood D-glucose (d) were
detected (n = 12). STZ, STZ rats injected (i.p.) with saline; STZ + R, STZ rats injected (i.p.) with D-ribose; STZ + G, STZ rats injected (i.p.) with D-glucose. All values are expressed as the
mean ± s.d.; *, P b 0.05; ***, P b 0.001.
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benfotiamine, an activator of TK (Hammes et al., 2003). The rats were
divided into four groups: a group of ZDF rats gavagedwith benfotiamine
for 4months (Fraser et al., 2012) (ZDF-Ben, n=13), a group of ZDF-Ben
with benfotiamine withdrawn at the end of the 8th week (Withdrawal,
n=14), a group of ZDF rats gavagedwith carboxymethylcellulose sodi-
um (ZDF-CMC, n= 14), and the L-P group (n=15) as described above.
After one month, the ZDF-Ben rats showed a marked decrease in urine
D-ribose, as compared with the ZDF-CMC group, and a similar D-ribose
level to that of the L-P group (Fig. 4a). Both the blood D-ribose and
HbA1c levels of the ZDF-Ben rats decreased to a normal level, as com-
pared with the controls after a 4-month treatment with benfotiamine.
However, when the drug was withdrawn at the beginning of the third
month, the levels of blood D-ribose and HbA1c rebounded to pre-treat-
ment levels (Fig. 4b, c). This result indicated that the inactivation of TK
contributes to the elevation of D-ribose.

To confirm that the activation of TK resulted in a decrease in HbA1c
induced by D-ribose, we further investigated whether TK was rescued
by benfotiamine. We found that ZDF-CMC rats had significantly lower
(P b 0.001) levels of TK (both mRNA and protein) than did L-P rats
(Fig. 5a–d). ZDF-Ben rats, compared with ZDF-CMC rats, showed signif-
icant increases in TK levels of both mRNA and protein (P b 0.001) (Fig.
5a–d). However, TK decreased to the pre-treatment level after
benfotiamine was withdrawn. Higher levels of TK expression were ob-
served in liver sections of rats from the L-P and ZDF-Ben groups by im-
munofluorescence staining, as compared with the ZDF-CMC and
Withdrawal groups (Fig. 5e, f, Fig. S7). Therefore, benfotiamine activates
TK in the livers of ZDF rats.

To determine whether benfotiamine affects insulin metabolism,
after ZDF rats were reared for 4 months, the levels of D-glucose, insulin,
C-peptide, IAA, and glucagon in the blood and the body weights were
measured (Fig. S8a–f). All levels were significantly higher (P b 0.001)
in the ZDF-Ben, Withdrawal, and ZDF-CMC groups than in the L-P
group. However, the differences in these levels among the ZDF-Ben,
Withdrawal, and ZDF-CMC groups were not significant (P N 0.05). In
other words, benfotiamine did not markedly affect the metabolism of
D-glucose, insulin, or glucagon.

3.6. Correlation of Urine D-Ribose and HbA1c Levels in Patients With T2DM

To investigate whether D-ribose is associated with T2DM, we per-
formed a cross-section clinical trial. The participants with HbA1c levels
of 5.49 ± 0.30%, 6.93 ± 0.29%, and 9.20 ± 1.05% were divided into the
control group, group1 and group2, respectively. As shown in Fig. 6, con-
centrations of urine D-riboseweremarkedly (P b 0.05) higher in group 1
than in the control group. The patients in group 2 had significantly (P b

0.001) higher urine D-ribose levels than did both the control group and
group 1 (Fig. 6a). Compared with the levels in the control group, the
levels of urine D-glucose were significantly elevated in both diabetic
group 1 (P b 0.01) and group 2 (P b 0.001; Fig. 6b). Demographic char-
acteristics of the participants are shown in Table 1.

To assess the association of urine D-ribose with T2DM, a partial cor-
relation analysis was used to analyse the relation between urine D-ri-
bose and HbA1c. Under these conditions (controlling for age, sex, and
duration of diabetes), HbA1c levels were correlated not only with
urine D-glucose (r = 0.457) but also with urine D-ribose (r = 0.507).
Moreover, the correlation coefficient for urine D-ribose with HbA1c
was higher than that for urine D-glucose with HbA1c. As shown in
Table 2, urine D-ribose was positively correlated with FBG (r = 0.370)
and urine D-glucose (r = 0.285).

To examine the direction and strength of the association between
urine D-ribose and HbA1c, linear regression analysis was applied. The
scatter diagrams organized by diabetic patients with different HbA1c
levels (Fig. 6c, d), indicated a significant association between urine D-ri-
bose and urine D-glucose levels in the control group (r2 = 0.556, P b

0.001, n = 41) and group 1 (r2 = 0.214, P b 0.001, n = 38). However,
no similar association was observed in group 2 (r2 = 0.002, P =



Fig. 3.ZDF rats lack transketolase in their livers. (a) A decrease in TK in the livers of ZDF ratswasdetected bywestern blotting using polyclonal anti-TK antibody.β-actin levelswere used as
loading controls. (b) Quantification bywestern blotting showed statistically significant decreases in TK levels in ZDF rats. (c) Inactivation of TK in ZDF ratswas assayedwith anELISA kit. (d,
e, f and g) The levels of HbA1c and blood and urine D-ribose in ZDF rats were elevated. HbA1c (d), urine D-ribose (e), blood D-ribose (f) and blood D-glucose (g) of L-N, L-P, L-STZ and ZDF
ratsweremeasured. LEAN rats fed a normal diet servedas controls (L-N, n=12),with a Purina5008 diet (L-P, n=12), or injected (1 injection, i.p.)with 65mg/kg STZ (L-STZ, n=10). ZDF
rats (ZDF, n=11)were fed a Purina 5008 diet. The resultswere fromat least three independent experiments. All values are expressed as themean± s.d.; ***, P b 0.001; n.s., not significant.
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0.784, n = 44; Fig. 6e). The elevation in both urine D-ribose and D-glu-
cose levels in group 1 and group 2 revealed that D-ribose may also
play a role in the contribution of HbA1c to the development of T2DM.
Notably, we collected urine samples rather than serum samples in our
clinic trial because D-ribose reacts with proteins and rapidly decreases
in serum (Fig. S9a) but not in urine (Fig. S9b).

4. Discussion

T2DM is a group of carbohydrate metabolism disorders character-
ized by hyperglycaemia, usually caused by an insufficient response to
insulin (Chen et al., 2011; Badawi et al., 2010). It has long been known
that there is a direct correlation between blood D-glucose and HbA1c
(Abdul-Ghani et al., 2011), both of which are thought to be predictors
of diabetic complications (Bittencourt et al., 2014). In contrast, D-ribose
has, to date, been overlooked as a potential risk factor in the develop-
ment of T2DM (Yokoi et al., 2013; Su and He, 2015).

D-ribose may play a role in diabetes. The reasons are as follows: (i)
the ribosylation of proteins such as alpha-synuclein, Tau protein, and
bovine serum albumin (BSA) (Chen et al., 2009; Chen et al., 2010; Wei
et al., 2009) occurs much more rapidly than glycation with D-glucose,
as a result of D-ribose glycation; (ii) the formation of AGEs in the reac-
tion of proteinswith D-ribose is alsomuch quicker than that with D-glu-
cose; (iii) the cytotoxicity of the ribosylation products is higher than
that of the glycated products (Wei et al., 2012a, Wei et al., 2015); (iv)
a high level of D-ribose may be one of the important risk factors for



Fig. 4. Benfotiamine decreases the levels of D-ribose and HbA1c in ZDF rats. (a) ZDF rats
were administered benfotiamine by gavage (300 mg/kg, once daily) for 4 months, and
this was followed by measurements of their urine D-ribose levels at different time
intervals (1, 2, 4, 6, 8, 12, and 16 weeks). ZDF rats fed a Purina 5008 diet were gavaged
with benfotiamine (ZDF-Ben, n = 13). Benfotiamine was mixed into sodium
carboxymethylcellulose (CMC). The other three groups were as follows: LEAN rats fed a
Purina 5008 diet (L-P, n = 15), ZDF rats fed a Purina 5008 diet and gavaged with CMC
(ZDF-CMC, n = 14), and a ZDF-Ben group withdrawn from benfotiamine at the end of
the 8th week (Withdrawal, n = 14). The levels of D-ribose in L-P at each week were
normalized to 100%. The levels of urine D-ribose were measured. (b) The levels of blood
D-ribose were measured. (c) The levels of HbA1c were measured. All values are
expressed as the mean ± s.d.; *, P b 0.05; **, P b 0.01; ***, P b 0.001; n.s., not significant.
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the formation of HbA1c in the development of diabetes; and (v) de-
creasing the concentration of D-ribosewith benfotiamine results in a de-
crease in glycated haemoglobin. Therefore, the role of an increase in D-
ribose and the subsequent ribosylation of proteins in the progression
of T2DM should not be neglected.

As described previously (Wei et al., 2009), ribosylated proteins are
highly toxic to neuroblast cells; the lethal dose of 50% (LD50) is as low
as ~6 μM ribosylated BSA. Attention should be paid to the effects of ele-
vated serum D-ribose levels, although the complications resulting from
the ribosylation remain to be clarified. The highest level of urine D-ri-
bose observed in T2DM patients was 490 μM. Han et al. have demon-
strated that a high level of D-ribose triggered inflammation in the
mouse brain, thus leading to cognitive impairment (2011, 2014). High
levels of D-ribose also led to the hyperphosphorylation of Tau through
the activation of CaMKII (Wei et al., 2015). Long-term (6months) feed-
ing of wildtype C57 mice not only induced the formation of amyloid β-
like deposits but also induced Tau hyperphosphorylation and aggrega-
tion, accompanied by cognitive impairments (Wu et al., 2015). In
short, ribosylation may be an important risk factor involved in the for-
mation of HbA1c.

Clinically, the measurement of D-ribose from urine has been consid-
eredmuchmore precisely than fromblood, as urine contains only traces
of proteins and other bio-macromolecules (Bair and Krebs, 2010). The
contamination possibilities in the D-ribose analysis of urine samples
was much less than in blood samples, thus the clinic data through
urine D-ribose measurements are convincing. As mentioned above,
morning urine samples were collected from T2DM patients (n = 123)
by nurses in clinics. It is difficult to obtain accurate data of D-ribose in
clinical blood samples collected by nurses on different days because D-
ribose is highly reactive with blood proteins, thus resulting in error
values out of range, although the method used can precisely determine
the concentration of D-ribose. Therefore, it was crucial to determine the
concentration immediately after sampling. Determination was per-
formed by using 4-(3-methyl-5-oxo-2-pyrazolin-1-yl) benzoic acid
(MOPBA) chromogenic reagent with HPLC methods (Su et al., 2013b).
Serum proteins or other unknown biochemical moleculesmay interfere
with the analysis, thus leading to bias and poor reproducibility. Howev-
er, in the animal experiments, we controlled the conditions, thereby
providing reliable blood D-ribose data with low errors. This is to say, a
method to determine blood D-ribose in the clinic or at home still
needs to be developed.

We believe that patients with diabetes suffer from dysmetabolism
involving not only D-glucose but also D-ribose. This viewpoint, that D-ri-
bose plays an important role in the formation of HbA1c, is based on the
following observations: (i) chemical modification of HbA1c by D-ribose
produces carboxymethyllysines (CMLs), as identified by mass spec-
trometry (Lopez-Clavijo et al., 2014; Tessier et al., 2016); (ii) elevated
levels of D-ribose result in increased ribosylation and the accumulation
of advanced glycation end products (AGEs) in SH-SY5Y cells (Wei et
al., 2012, Wei et al., 2009); (iii) ZDF rats have high levels of D-ribose in
the blood and urine, caused by the low activity of TK; (iv) benfotiamine
has been proposed to antagonize diabetes (Babaei-Jadidi et al., 2003,
2005) through the activation of TK, which suppresses D-ribose levels;
(v) abnormal increases in urine D-ribose levels have been reported in di-
abetic patients (Su et al., 2013a, Chen et al., 2016); and (vi) the positive
correlation of urine D-ribose with HbA1c in T2DM patients is similar to
the pattern for D-glucose.

D-ribose has been detected by high-performance liquid chromatog-
raphy (HPLC) (Su et al., 2013a) in normal human urine (35.99 ± 5.64
μM male and 33.72 ± 6.29 μM female), in the blood (Cai et al., 2005)
and in the cerebrospinal fluid (0.01–0.1 mM) (Seuffer, 1977). The
level of ribosylated protein in the blood is still difficult to quantify, be-
cause there is no successful method to clarify which glycated protein
is induced by D-ribose or D-glucose. D-Ribose reacts with proteins and
produces AGEs. The concentration of D-ribose decreases rapidly in the
serum, but not in the urine. This difference occurs because D-ribose is
present in the blood and is highly reactive in the process of ribosylation
before it is excreted in the urine. Furthermore, urine D-ribose levels are
positively correlated with HbA1c levels. This finding indicates an insep-
arable relationship between D-ribose and HbA1c.

Transketolase is a homodimeric enzyme that catalyses the reversible
transfer of two carbons from a ketose donor substrate to an aldose
acceptor substrate (Zhao and Zhong, 2009; Fullam et al., 2012). TK is
themost active enzyme involved in the non-oxidative branch of the pen-
tose phosphate pathway and is responsible for generating the ribose-5-P
molecules necessary for nucleic acid synthesis (Schaaffgerstenschlager
and Zimmermann, 1993) (Kim et al., 2012). According to Coy et al.
(2005), TK levels aremarkedly decreased in T2DMpatients. Thiamine de-
ficiency, as amajor risk factor, iswidely accepted to be associatedwith the
decrease in TK activity (Brady et al., 1995; Lonsdale, 2015). However, ac-
cording to the work of Michalak et al. (2013), the decrease in TK activity
associatedwith diabetic neuropathymay be independent of thiamine de-
ficiency. In our study, the elevation of D-ribose was found to be the result
of a decrease in TK levels and activity in T2DM.Wewould like to hypoth-
esize that D-ribose is an important contributors to HbA1c in T2DM pa-
tients. Benfotiamine, an activator of TK, may be used to effectively
decrease abnormally high levels of D-ribose to decrease HbA1c (Fig. 7).

Benfotiamine counteracts and reverses high D-glucose-induced
damage in vascular cells (Tarallo et al., 2012). In the work of Stirban et
al. (2006), increased carboxymethyllysine levels in T2DM patients
have been prevented by 3-day therapy with benfotiamine. Short-term
treatment with benfotiamine counteracts smoking-induced vascular
dysfunction (Stirban et al., 2012). According to Gadau et al. (2006),



Fig. 5.Benfotiamine rescues the activity of TK in the livers of ZDF rats. (a) Conditionswere as in Fig. 4. Levels of TK protein in the livers of ZDF rats weremeasured bywestern blotting using
polyclonal anti-TK antibody. The β-actin levels were used as loading controls. (b) Quantification of the western blotting results was performed for TK rescued by benfotiamine. (c) The
activity of TK was measured with an ELISA kit. (d) The level of TK mRNA in the liver was assayed by real-time PCR. (e) The liver sections were double-labelled for TK with anti-TK
(green) and nuclei with Hoechst 33258 (blue). Scale bar, 200 μm. (f) The fluorescent signals of TK in the cells were quantified. The results were from at least three independent
experiments. All values are expressed as the mean ± s.d.; ***, P b 0.001; n.s., not significant.
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benfotiamine is able to aid in the post-ischaemic healing of diabetic an-
imals via the PKB/Akt-mediated potentiation of angiogenesis and the in-
hibition of apoptosis. HbA1c is a biomarker of glycaemic control that
Fig. 6. Concentrations of urine D-ribose and D-glucose in enrolled subjects. (a and b) T2DMpatie
three groups on the basis of their HbA1c levels: a control group (n = 41, 5.49 ± 0.30%), group
ribose (a) and D-glucose (b) are plotted in the columns. (c, d and e) the concentrations in the co
analysed by one-way ANOVA and shown as the mean ± s.e.m.; *, P b 0.05; **, P b 0.01; ***, P b
predicts the development of microvascular complications (2011). In
this study, D-ribose play an important role in the contribution to
HbA1c in ZDF rats. D-ribose levels were closely related to those of
nts and age-matched elderly participantswithout diabeteswere enrolled and divided into
1 (n= 38, 6.93 ± 0.29%), and group 2 (n= 44, 9.20 ± 1.05%). Concentrations of urine D-
ntrol group (c), group 1 (d) and group 2 (e) are shown in the scatter diagrams. Data were
0.001.



Table 1
Demographic characteristics of participants with different levels of HbA1c.

Control
(n = 41)

Group 1
(n = 38)

Group 2
(n = 44)

P value

Age (years) 61.69 ± 7.22 63.20 ± 6.10 62.63 ± 6.47 0.430
Male (%) 59.21 61.22 50.00 0.301
Diabetes history (years) – 11.85 ± 7.94 12.05 ± 6.50 0.541
HbA1c (%) 5.49 ± 0.30 6.93 ± 0.29⁎⁎⁎ 9.20 ± 1.05⁎⁎⁎ b0.001
FBG (mM) 5.64 ± 0.60 6.32 ± 0.75⁎⁎⁎ 8.04 ± 2.05⁎⁎⁎ b0.001

Data are shown as themean±s.d. n, number of individuals. P valueswere calculatedusing
χ2 for the categorical variables and ANOVA for the continuous variables.
⁎⁎⁎ P b 0.001, compared with control group. FBG, fasting blood glucose.

Fig. 7. D-ribose acts as a contributor to glycation of haemoglobin. D-ribose is able to glycate
Hb and produces HbA1c. Transketolase (TK) suppresses the yield of D-ribose. HbA1c is
downregulated via activation of TK by befotiamine, through decreasing levels of D-ribose.
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HbA1c in the experiments in vivo and in vitro, thus suggesting that
benfotiamine decreases HbA1c through regulating the levels of D-ribose.
The relationship between the dysmetabolism of D-ribose and diabetic
vascular damage requires further investigation.

In conclusion, the concentration of HbA1c in T2DM patients is posi-
tively correlated with urine D-ribose in clinical investigations. ZDF rats,
which are commonly used in T2DM studies (Siwy et al., 2012), have
high levels of D-ribose and HbA1c in their blood as well as in their
urine. Benfotiamine activates TK (Hammes et al., 2003) and decreases
blood and urine D-ribose, followed by a decrease in HbA1c in ZDF rats.
Thus, D-ribose is one of the important factors in the interpretation of
HbA1c, which prompts future studies to explore whether D-ribose
could also lead to diabetic complications.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2017.10.001.
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Table 2
Correlations of urine D-ribose with HbA1c, FBG and urine D-glucose.

Uric D-ribose Uric D-glucose

r p r p

HbA1ca 0.507 b0.001 0.457 b0.001
FBGa 0.370 b0.001 0.302 b0.01
Uric D-glucosea 0.285 b0.01 – –

FBG: fasting blood glucose.
a The variables were controlled for age, sex, and duration of diabetes. “r” is the corre-

lation coefficient.
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