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A B S T R A C T

Formaldehyde is toxic and has been implicated in the pathologies of various diseases, such as cognitive im-
pairment and cancer. Though D-ribose is widely studied and provided as a supplement to food such as flavor and
drinks, no laboratories have reported that D-ribose is involved in the formaldehyde production. Here, we show
that formaldehyde is produced from D-ribose in lysine or glycine solution and Tris−HCl buffer under neutral and
alkaline conditions. Intraperitoneal injection of C57BL/6J mice with D-ribose significantly increased the con-
centration of brain formaldehyde, compared to the injection with D-glucose or saline. These data suggest that
formaldehyde levels should be monitored for the people who take D-ribose as a supplement.

1. Introduction

D-Ribose, which is a component in many important biomolecules,
including riboflavin, ATP, GTP and RNA, is involved in various biolo-
gical functions [1–3]. Due to these important issues, recently, D-ribose
has been used as a supplementary nutrient [4]. D-Ribose is considered to
be an energy boosting agent that improves the symptoms of diseases
such as chronic fatigue syndrome, coronary artery disease, restless leg
syndrome and fibromyalgia [5–7]. As an energetic supplement, this
reduced sugar is administered to improve athletic performance [8,9]
and the ability to exercise by boosting muscle energy by acting as a
readily available source of energy [10–13]. D-Ribose is also employed in
surgeries to treat cardiovascular and cerebrovascular diseases, and oral
D-ribose (5 g/dose, t.i.d.) is used preoperatively. Some patients pre-
senting with acute myocardial infarction receive between 1 and 26 oral
doses (mean=8 doses) of D-ribose [14]. Thus, the average dose of 40 g
of D-ribose per day is administered to patients during treatment. To
treat myoadenylate deaminase deficiency, a dose of 40–60 g (daily) of
D-ribose is used [15]. However, whether any side-effect occurs during
the administration of D-ribose should be investigated.

Formaldehyde, the simplest aldehyde [16], is a severe cytotoxic
agent [17–20] and is implicated in aging and a variety of diseases, such
as neurodegenerative diseases [21–25], diabetes [26–28], pulmonary

fibrosis [29], chronic heart disorders and cancers [30,31]. For-
maldehyde in the human body comes from endogenous and exogenous
sources [32]. Endogenous formaldehyde is produced via different
pathways apart from methanol metabolism [16,33,34]. The exogenous
sources of formaldehyde typically include respiration and food [35–37].
However, whether exogenous reduced sugar can produce formaldehyde
has not been determined.

D-Ribose can be synthesized through an aldol reaction from for-
maldehyde [38]. On the other hand, the pentose ring is not planar but
occurs in one of a variety of conformations generally described as
“puckered”, which causes the unstable aldofuranose ring to be vulner-
able to reactions [39]. In retro aldol reaction, aldose could decompose
and produce formaldehyde under alkaline conditions. That is, D-ribose
may decompose and produce formaldehyde through retro aldol reac-
tion. Whether D-ribose can also produce formaldehyde under alkaline
conditions requires further investigation.

This work is concerned with production of formaldehyde from D-
ribose incubated with a solution of lysine, glycine, ammonia, or Tris
base. Levels of brain formaldehyde were elevated in mice who were
administrated with D-ribose through intraperitoneal injection.
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2. Materials and methods

2.1. Sample preparation

All of the reaction mixtures were filtered through 0.22 μm mem-
branes (Millipore, USA) before incubation at 37 °C for different dura-
tions. D-Ribose and D-glucose came from Amresco (USA). Other stan-
dard reagents and amino acids were obtained from Sigma-Aldrich
(USA).

2.2. Measurement of formaldehyde by high performance liquid
chromatography

The sample (0.4 mL) was mixed with 0.1 mL of 2,4-dini-
trophenylhydrazine (DNPH, final concentration of 1.0 g/l in acetoni-
trile), 0.1 mL of trichloroacetic acid (final concentration 10%, m/v) and
0.4 mL of acetonitrile. Then, the mixtures were centrifuged
(12,000 rpm, 4 °C, 10min). The supernatant was added to another
Eppendorf tube and heated in a water bath (60 °C, 30min). The samples
were analyzed by high performance liquid chromatography (HPLC)
after centrifugation (12,000 rpm, 4 °C, 10min). The HPLC system (LC-
20 A, Shimadzu, Japan) was equipped with an ultraviolet detector. The
mobile phase was a mixture of acetonitrile and water (6.5 : 3.5, v/v)
with a flow rate of 0.8ml/min (column temperature, 35 °C). The for-
maldehyde-DNPH derivative was eluted through a C18 column (re-
tention time, 6.5–7.5 min) and measured by UV detection at 355 nm.
The concentrations of tissue protein extracts were quantified with a
BCA Protein Assay Kit (Pierce, USA).

2.3. Hplc-ms

The HPLC system consisted of an Agilent 1290 Infinity Instrument

coupled to a 6530 Accurate-Mass Q-TOF (Agilent technologies,
Germany). The column was a LiChrospher 100 RP-18 column (5mm,
150× 4.6mm, Merck, Germany). The mobile phase for formaldehyde
was a 65% acetonitrile-water solution with a flow rate of 0.8ml/min.
Detection was performed in the electrospray ionization (ESI) negative
mode, and the source parameters were selected as follows: gas tem-
perature of 325 °C, capillary voltage of 3.8 kV and nozzle voltage of
1.0 kV.

2.4. Ethics statement

The handing of mice and experimental procedures were approved
by the Animal Welfare and Research Ethics Committee of the Institute
of Biophysics, Chinese Academy of Sciences (Permit Number:
SYXK2013-77), and the methods were performed in accordance with
the approved guidelines.

2.5. Animals and administration of D-ribose and D-glucose

Male C57BL/6 J mice (aged 8 weeks) were obtained from the Vital
River Laboratory Animal Technology Co. Ltd. (Beijing, China).
According to Parigian (2016), the dose of D-ribose administered as an
anti-aging nutrient was 15–30 g daily (Supplementary Information
1). According to the previous report for the dose of D-ribose taken
[14,15], we calculated the dose to mice. Conversion of the human dose
to a mouse dose resulted in a dose of 2.57 g/kg–5.14 g/kg daily if the
human body weight is regarded as 70 kg.

After 1 week of acclimatization to the cages, mice were randomly
divided into three groups and received intraperitoneal injection each
day of D-ribose at doses of 3.2 g/kg (21.2 mmole/kg), D-glucose at doses
of 3.82 g/kg (21.2 mmole/kg), and 0.9% saline as the control. All mice
were maintained in animal facilities under pathogen-free conditions.

Fig. 1. Formaldehyde is produced from D-ri-
bose incubated in Tris−HCl buffer. D-ribose
(100mM final concentration) was dissolved in
20mM Tris−HCl buffer (pH=8.0, at 37 °C) for
3 days, and aliquots were taken for the mea-
surement of formaldehyde with 1 g/l 2,4-dini-
trophenylhydrazine (DNPH) by HPLC. The yield
of formaldehyde from a D-ribose (rib) solution
(a) was greater than from a D-glucose (glc) so-
lution (c); 100 μM formaldehyde (b) and 20mM
Tris−HCl buffer alone (c) were used as positive
and negative controls under the experimental
conditions, respectively.
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After 10 days, formaldehyde in the serum, brain, liver and kidney was
measured by HPLC coupled with DNPH as mentioned above.

2.6. Data analysis

All of the values are reported as the mean ± S.E.M.. Data analysis
was performed by one-way analysis of variance (ANOVA) using Origin
8.0 statistical software. Differences with a probability level of 95%
(p≤ 0.05) were considered significant.

3. Results

To investigate whether D-ribose produces formaldehyde under al-
kaline conditions, we dissolved D-ribose (100mM final concentration)
in 20mM Tris−HCl buffer (pH=8.0, 37 °C) for 3 days and took ali-
quots for measurements of formaldehyde with 1.0 g/L 2,4-dini-
trophenylhydrazine (DNPH) at 60 °C for 30min. We loaded 20 μL of the
sample onto a HPLC column and monitored the absorbance at 355 nm
[40]. As shown in Fig. 1, the formaldehyde peak is distinctly observed
at 6.9min via HPLC (Fig. 1a), which is identical to the formaldehyde
standard reagent as a positive control (Fig. 1b). D-Glucose as a control
produced little formaldehyde, similar height to Tris−HCl buffer
(pH=8.0) (Fig. 1c and 1d). That is, D-ribose can produce for-
maldehyde under alkaline conditions, suggesting occurrence of the
retro-aldol reaction,

To further demonstrate the production of formaldehyde with D-ri-
bose in Tris−HCl buffer (pH=8.0), fractions of formaldehyde sepa-
rated by HPLC were used for mass spectrometric analysis
(Supplementary Fig. 1a). The product from the formaldehyde standard
reagent reacted with 2,4-dinitrophenylhydrazine (Supplementary
Fig. 1b) and formaldehyde 2,4-dinitrophenylhydrazone (formaldehyde-
2,4-DNPH) (Supplementary Fig. 1c) were used as controls. Based on
the mass to charge ratio and retention time, the peak separated by
HPLC from the product of D-ribose in 20mM Tris−HCl buffer
(pH=8.0) was confirmed to be formaldehyde. The mass to charge ratio
of the formaldehyde-2,4-DNPH derivative was 209 (M−). These data
again suggest that D-ribose can produce formaldehyde under alkaline

conditions.
To investigate whether the yield of formaldehyde from D-ribose

undergoes in concentration and time dependent manner, different
concentrations of D-ribose (10mM, 50mM, 100mM and 500mM) were
incubated with 20mM Tris−HCl buffer (pH=8.0, 37 °C), and aliquots
were taken at different time intervals for measurement with HPLC
(Fig. 2). The yield of formaldehyde was correlated to the concentration
of D-ribose in a time-dependent manner. Under the same experimental
conditions, formaldehyde was not significantly detected during in-
cubation of either D-glucose or Tris−HCl buffer (pH=8.0) alone.
These data demonstrate that formaldehyde is resulted from D-ribose.

To show the role played by the amino of the Tris base in the pro-
duction of formaldehyde from D-ribose, we incubated D-ribose with
double-distilled water (pH=8.0) (Supplementary Fig. 2). All of the
samples showed quantities of formaldehyde similar to the background
levels, and also the experiments using phosphate buffered saline (PBS,
pH=8.0) (Supplementary Fig. 3). This suggest that amino groups
may be a co-factor of D-ribose for the produce of formaldehyde under
alkaline conditions.

In human body, acid-base homeostasis maintains the blood pH
within a narrow range (7.35˜7.45) [41]. Human serum contains many
different molecules including amino acids. Their concentrations are
probably between 1mM and 10mM [42]. Thus, to normalize the ex-
perimental conditions, we used 10mM of the four compounds such as
glycine, 6-aminocaproic acid, norleucine, and lysine to incubate in
three different pH Tris−HCl buffer (pH: 7.0, 7.4, and 8.0). 500mM D-
ribose (or D-glucose) was incubated with different pH values (pH=7.0,
7.4, and 8.0) of 20mM Tris−HCl buffer for 3 days at 37 °C. As shown in
Fig. 3a, formaldehyde in the D-ribose-incubated solution was re-
markably increased with the elevation of pH values. Under the same
experimental conditions, formaldehyde was not significantly detected
during incubation of D-glucose in Tris−HCl buffer. Similar results were
found in the presence of amino acids, four different amino acids
(10mM) containing either D-ribose or D-glucose (500mM) were in-
cubated with different pH values (pH=7.0, 7.4, and 8.0) in 20mM
Tris−HCl buffer for 3 days at 37 °C (Fig. 3b, c, and d). The for-
maldehyde peak is distinctly observed via HPLC. That is identical to the

Fig. 2. Yield of formaldehyde in different
concentrations of D-ribose in Tris−HCl
buffer. Different concentrations of D-ribose
(10, 50, 100 and 500mM) were incubated in
20mM Tris−HCl buffer (pH=8.0) for 3 days.
Aliquots were taken for the measurement of
formaldehyde with DNPH by HPLC (a–d). D-
glucose solution and Tris−HCl buffer were also
measured. All of the values are expressed as the
means ± S.E.M. *p≤ 0.05, **p≤ 0.01,
***p≤ 0.001, n= 3.
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formaldehyde standard reagent as a positive control. D-Glucose pro-
duced little formaldehyde, similar to Tris−HCl buffer alone (pH=7.4),
while D-ribose in Tris−HCl buffer and D-ribose in lysine solution pro-
duced markedly higher levels of formaldehyde than D-glucose (Fig. 3e).
That is, under resemble human conditions (pH=7.4 and contained
amino), D-ribose can also produce formaldehyde.

To confirm this reaction in vivo further, we intraperitoneally (i.p.)

injected C57BL/6 J mice (n=14, each group) with D-ribose (rib, 3.2 g/
kg•d), D-glucose (glc, 3.82 g/kg•d), or saline (0.9% NaCl in double-dis-
tilled water as control) daily for 10 days. Mice injected with D-ribose, D-
glucose or saline showed no significant effects on in their body weights
from day 1 to day 11 (Supplementary Fig. 4a). Formaldehyde levels in
the brain and serum were measured through HPLC with 1.0 g/L DNPH
(Fig. 4). The results showed that D-ribose-treated mice had significantly

Fig. 3. Yield of formaldehyde in 500mM D-ribose/ D-glucose incubation with different amine acids in different pH Tris−HCl buffers. A 500mM D-ribose/
500mM D-glucose solution was incubated in 20mM Tris−HCl buffer (pH=7.0, 7.4, and 8.0) for 3 days. Aliquots were taken for the measurement of formaldehyde
with DNPH by HPLC (a). 10 mM lysine (Lys), norleucine (Nleu), 6-aminocaproic acid (Aca) and glycine (Gly) incubated with 500mM D-ribose/500mM D-glucose in
20mM Tris−HCl buffer (pH=7.0, 7.4, and 8.0). The peak of FA from a D-ribose series (rib), D-glucose (glc), Rib+ lys, standard FA, Tris−HCl solution were figured
out between 6–12min of the real time (b–d). All of the values are expressed as the means ± S.E.M. ***p≤ 0.001, n= 3. FA, formaldehyde.
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higher levels of formaldehyde in the brain than those in the saline
group and D-glucose group (p< 0.05) (Fig. 4a). Neither D-ribose-in-
jected nor D-glucose-injected mice got a significant elevation of serum
formaldehyde levels (p > 0.05), though elevation was observable
under the same neutral experimental conditions (Fig. 4 b). No marked
changes in the formaldehyde levels of liver and kidney in the three
groups could be observed except a significant decline of kidney for-
maldehyde in D-glucose-injected rats (Supplementary Fig. 4 b, c).
However, whether formaldehyde is produced from decomposition of D-
ribose through retro aldol reaction or from another metabolic pathway
of D-ribose in vivo requires further investigating.

4. Discussion

The current work provided information that D-ribose produces for-
maldehyde under neutral and alkaline conditions. Yield of for-
maldehyde occurred in solutions of lysine, glycine or Tris base. The
human body is rich in the 20 types of amino acids. Each amino acid
contains an amino group. Consequently, brain formaldehyde levels of D-

ribose-injected mice were significantly elevated, suggesting that D-ri-
bose intake induces formaldehyde production.

As early as 1861, Butlerow and research group studied the direct
synthesis of sugars from formaldehyde under alkaline condition [43].
Breslow proposed a mechanism for the aldol reaction [38]. In fact, the
aldol reaction is reversible overall [44]. Consequently, if an aldol, the
product of an aldol reaction, is treated with an acid or base catalyst in
an aqueous medium, the reverse reaction occurs [45,46] and for-
maldehyde can synthesize simple sugars under an early earth en-
vironment [47]. We observed the yield of formaldehyde when D-ribose
was incubated with either Tris−HCl buffer or amino acid solution. The
yield of formaldehyde underwent the D-ribose concentration and pH
value dependent manner. However, classical retro aldol reaction occurs
under strong alkali condition [43,48]. The reason why formaldehyde
yield was not so high may be due to the reaction of D-ribose under
relatively mild conditions. These data indicate that the retro-aldol re-
action is involved in the production of formaldehyde from D-ribose.

For the animal experiment, mice were administered 3.2 g/kg D-ri-
bose. We believe that a dose of 3.2 g/kg D-ribose (once daily) is rea-
sonable compared to the dose of D-ribose used in humans. D-Ribose was
orally administered or intravenously over at least 5 h to eight healthy
volunteers and five patients with myoadenylate deaminase deficiency
[49]. The administered dose was approximately 1.0 g/kg daily, and the
conversion of this dose to a mouse was 12.3 g/kg according to the
Guidance for Industry, Center for Drug Evaluation and Research, U.S.
(CDER, 2005, Supplementary Information 2). Oral administration of
15–20 g of D-ribose per hour (50–60 g, daily) was performed to prevent
pain and stiffness of the muscles [15]. On the basis of the work by
Bayram and coworkers, each patient received oral D-ribose (5 g, three
times a day, tid) for 6 weeks. Each dose of D-ribose (5 g) was added to
their chosen beverage during a meal or D-ribose was added directly to
the meal itself [50]. Oral D-ribose (5 g/dose) was given preoperatively.
On average, 8 doses of D-ribose were employed once the patient was a
surgical candidate for coronary artery bypass, and D-ribose was con-
tinued postoperatively following extubation [14]. Thus, an average
dose of 40 g of D-ribose was administered to the participants during the
treatment. The usage dose is approximately ˜0.57 g/kg when a person’s
weight is 70 kg. In this work, the conversion of the mouse dose to a
human dose should be ˜0.26mg/kg daily. Administration of this dose of
D-ribose significantly elevated the formaldehyde in mouse brain.

The concentration of endogenous formaldehyde is positively cor-
related with the severity of cognitive impairments in Alzheimer’s dis-
ease (AD) patients [21], which is due to the metabolic imbalance be-
tween synthesis and degradation of formaldehyde [16,34]. The average
pathological concentration of formaldehyde in the urine of AD patients
is 13.70 ± 5.17 μM, i.e., the pathological urine formaldehyde con-
centration for AD is ˜1.4 times as much as the physiological con-
centration (9.61 ± 2.90 μM) in age-matched normal participants [24].
Accumulation of a pathological concentration of endogenous for-
maldehyde (15 μM) induced chronic damage to N2a cells [24,51],
especially the impairment of neuronal processes and neurites, which
may result from Tau hyperphosphorylation [51]. As described pre-
viously [52], the elevation of brain formaldehyde levels resulted from
the administration of D-ribose may lead to cognitive impairment. Ac-
cording to the current results, administration of D-ribose elevated the
brain formaldehyde level to greater than 15 μM/g. However, increases
of liver formaldehyde levels could not be significantly observed though
it has hepatotoxicity, similar to other toxicants such as carbon tetra-
chloride [53] and imazamox [54]. In spite of these data from mice, they
reminds us that humans should have their serum and urine for-
maldehyde measured when they receive D-ribose as a supplement [55],
especially a high dosage of pentose for a long period.

In conclusion, we demonstrated that D-ribose can produce for-
maldehyde under neutral and alkaline conditions [17–19]. For-
maldehyde levels were showed to be significantly increased in the brain
of mice after administration of D-ribose. Thus, formaldehyde in urine

Fig. 4. Formaldehyde levels in C57BL/6 J mice after administration of D-
ribose. Mice (n=14 in each group) were injected (i.p.) with D-ribose series
(rib, 3.2 g/kg•d), D-glucose (glc, 3.82 g/kg•d), and saline (0.9% NaCl in double-
distilled water) as a control (ctrl) daily for 10 days, followed by the measure-
ment of formaldehyde in the brain (a), serum (b), with 1.0 g/l 2,4-dini-
trophenylhydrazine (DNPH) by HPLC, as described in the text. All of the values
are expressed as the mean ± S.E.M. *p<0.05, n=8.
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and serum should be monitored for a person especially an elderly in-
dividual who takes D-ribose as a supplement. However, whether for-
maldehyde is produced from the retro aldol reaction or from other
metabolic pathways of D-ribose in vivo should be further investigated.
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