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Methylglyoxal (MGO) is a reactive α-dicarbonyl compound that causes carbonylation of protein and DNA 
through the pathways of the Maillard reaction. It is known that MGO is physiologically involved in renal 
dysfunction, vascular disorders, and the acceleration of aging. In this study, we showed for the first time, that 
a trace amount of MGO was present as an impurity in glycerol preparations used as external medicines and 
intravenous infusions, when kept unused. The concentration of MGO in the glycerol solutions, diluted to a 
concentration of 20%, significantly increased after storage for one month when compared to the MGO con-
centration immediately after opening. Following storage for 6 months at 25°C, MGO concentration increased 
by about 300 times (approx. 170 µM), and at 40°C, it increased by about 600 times (approx. 350 µM). In the 
case of intravenous infusion preparations containing 10% glycerol, the MGO concentration increased by 4–15 
times (approx. 70 µM) after 2 months of storage at 40°C, and reached over 200 µM after 6 months. Results 
from the present study showed that glycerol in pharmaceutical preparations is gradually oxidized to form 
MGO via autoxidation, depending on the temperature and dissolved oxygen content. Thus, we suggest that 
precautions should be taken when storing glycerol preparations in bottles or plastic containers, with respect 
to the storage temperature and sealability to prevent MGO formation due to oxidation of glycerol.
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INTRODUCTION

Methylglyoxal (MGO) is a well-known byproduct of glu-
cose metabolism and polyol pathway. It belongs to the group 
of extremely reactive α-dicarbonyl compounds that exhibit 
cytotoxicity1) and genotoxicity.2) Previous studies have dem-
onstrated the involvement of MGO in the onset of arterio-
sclerosis,3) chronic kidney diseases,4) and neurodegenerative 
diseases.5) It is also reported that MGO modifies skin collagen 
in vivo through the Maillard reaction and produces advanced 
glycation end products (AGEs), which accumulate and inhibit 
the function of fibroblasts.6) Moreover, recent studies suggest 
that MGO directly reacts with vascular endothelial cells and 
leads to vascular disorders.7,8)

Glycerol, also known as glycerin, is a simple three-carbon 
tri-alcohol. Due to its mild antimicrobial and antiviral proper-
ties, it is widely used in wound and burn treatments. It is also 
used as a humectant in pharmaceutical preparations and as an 
osmotic agent against cerebral edema. We coincidently found 
that MGO was eluted from filter products, such as ultrafiltra-
tion membranes that used glycerin as a moisturizer. Glycerol 
and its preparations are usually stored at room temperature. 
Since the expiration date of glycerol preparations is usually 
long, there are chances of formation of byproducts derived 
from glycerol after opening the containers. However, till now 
there are no reports on the stability of glycerol in glycerol-
containing preparations.

In this study, we examined the formation of MGO by the 
oxidation of glycerol in 85% glycerin®, listed in Japanese 
Pharmacopoeia (Class 2 Pharmaceutical Products), and in 10% 
glycerol-containing intravenous infusion, such as Glyceol®, 
used to regulate intracranial osmotic pressure. Furthermore, 

we also investigated the conditions that led to the formation of 
MGO from glycerol and factors that suppressed its formation.

MATERIALS AND METHODS

Chemicals and Medical Preparations  1,2-Diamino-4,5-
methylenedioxybenzene (MDB) was purchased from Dojindo 
(Kumamoto, Japan). Methylglyoxal 1, 1-dimethyl acetal was 
purchased from Sigma (St. Louis, MO, U.S.A.). HPLC-grade 
acetonitrile and ammonium formate, ultrapure water, sodium 
metabisulfite, trichloroacetic acid, and 2-mercaptoethanol 
were obtained from Wako Pure Chemical Corporation (Osaka, 
Japan). Purified MGO was synthesized from methylglyoxal 1, 
1-dimethyl acetal, according to a previously described meth-
od.9) Five glycerol preparations (Glycerin® based on Japanese 
Pharmacopoeia, 84–87%), for medical use, were purchased 
from five pharmaceutical companies (Kozakai Pharmaceutical 
Co., Ltd. (Japan), Maruishi Pharmaceutical Co., Ltd. (Japan), 
Showa Seiyaku Co., Ltd. (Japan), Yakuhan Pharmaceutical 
Co., Ltd. (Japan), and Iwaki Seiyaku Co., Ltd. (Japan)). Five 
10% glycerin-containing intravenous infusions, used for regu-
lating the intracranial osmotic pressure, were obtained from 
five pharmaceutical companies (Chugai Pharmaceutical Co., 
Ltd. (Japan), Terumo Co., Ltd. (Japan), Fuso Pharmaceuti-
cal Industries Co., Ltd. (Japan), Kyowa CritiCare Co., Ltd. 
(Japan), and Hikari Pharmaceutical Co., Ltd. (Japan)).

Measurement of MGO Using HPLC with Fluorescent 
Detection  The concentration of MGO was measured by 
a previously described method10) using MDB, with minor 
modifications. After suitable dilution of each sample solution, 
trichloroacetic acid was added to a final concentration of 4% 
and centrifuged at 12000 × g for 10 min at 4°C. The superna-
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tant was diluted with an equal volume of 7 mM MDB solu-
tion and incubated at 60°C for 40 min in the dark. This MDB 
derived sample was then analyzed by HPLC with fluorescence 
detection. A 10 µL volume of the resultant mixture was in-
jected into a reverse-phased column (ODS-4, GL Science Co., 
4.6 × 150 mm), pre-equilibrated with the mobile phase solu-
tion which consisted of water : methanol : acetonitrile (10 : 7 : 3). 
The flow rate and running time were set at 1.0 mL/min and 
15 min, respectively. The retention times and peak areas were 
monitored at excitation and emission frequencies of 355 and 
393 nm, respectively.

Determination of MGO Concentration in Glycerol Solu-
tions  The concentration of MGO in the five glycerol prepa-
rations for medical use was determined immediately after 
opening the containers and diluting the solution 50 times with 
ultrapure water. In addition, the MGO concentrations in these 
glycerol preparations were determined after storage at 40°C 
for 1–2 months, using the same dilution procedure. The 20% 
glycerol solutions were prepared from 85% glycerol prepara-
tion (Glycerin “Maruishi”®) by dilution using ultrapure water. 
The MGO concentration in the 20% glycerol solutions was 
determined on the day of the preparation and after storage at 
4, 25, and 40°C for 1, 2, and 6 months.

Effect of Antioxidant and Dissolved Oxygen on the For-
mation of MGO  The 20% glycerol solutions were stored at 
40°C, in the presence of either ethylenediaminetetraacetic acid 
(EDTA) or metabisulfite, for 2 months. The dissolved oxygen 
in these solutions was removed by ultrasonic treatment with 
N2 purge for 30 (A), 10 (B) and 0 min (C). The dissolved oxy-
gen concentration was determined by an assay kit (AZ-DO-10, 
Kyoritsu Chemical-Check Lab., Corp. Tokyo, Japan). The 
non-treated solution (C: 8.5 mg O2/L) and the solutions with 
dissolved oxygen removed (A: < 1 mg O2/L, B: 2–3 mg O2/L), 
were stored at 40°C. The MGO concentration in each sample 
was determined on the day of the preparation and after 1 
month.

MGO Concentration in Intravenous Infusions Contain-
ing Glycerol  The concentration of MGO in intravenous in-
fusion preparations (n = 4) containing 10% glycerol, obtained 
from five companies, was determined before and after storage 
at 40°C for 1, 2, and 6 months. The samples were prepared by 
withdrawing a portion of infusion fluid from the drip bag into 
a syringe and diluting it appropriately using ultrapure water.

Statistical Analysis  Values are presented as the 
mean ± standard deviation (S.D.). Data were evaluated using 
the Tukey comparison test. p Value less than 0.05 was consid-
ered to be a statistically significant difference.

RESULTS

Determination of MGO Concentration in Glycerol Prep-
aration  MGO was detected in all the five glycerol prepara-
tions obtained from different pharmaceutical companies, im-
mediately after opening the containers (1.5–3.5 µM). When the 
glycerol preparations were stored at 40°C, as per the stability 
test of the Japanese Pharmacopoeia, significant increase in the 
MGO concentration was observed in all the products after 1 
or 2 months (7.5–42 µM) (Fig. 1).

Furthermore, as shown in Fig. 2, the MGO concentration 
in the 20% glycerol solutions, prepared from 85% glycerol 
as a usual moisturizing agent, was significantly higher after 

storage for 1 month at 40°C and 2 months at 25°C when 
compared to the MGO concentration just after opening the 
container. Following 6 months of storage at 25 and 40°C, the 
MGO concentration increased by about 300 (170 µM) and 600 
times (350 µM), respectively.

Effects of Antioxidant on the Formation of MGO in 
Glycerol Solution  To evaluate the inhibitory effects of 
antioxidants on MGO formation, we added two type of anti-
oxidants, namely EDTA and metabisulfite, in the 20% glycerol 
solutions during storage for 2 months. After storage at 40°C 
for 1–2 months, the increase in MGO concentration was sig-
nificantly inhibited by the addition of metabisulfite, as shown 
in Fig. 3. In contrast, EDTA did not have any effect on MGO 
formation (data not shown). These data imply that a hydro-
philic antioxidant, and not a metal chelating agent, is useful to 
prevent the formation of MGO in glycerol.

Effects of Dissolved Oxygen Concentration on the For-
mation of MGO in Glycerol Solution  It was expected 
that dissolved oxygen might be involved in the autoxidation 
process of glycerol to MGO. Therefore, we investigated the 
influence of changes in the dissolved oxygen concentration on 
the oxidative formation of MGO from glycerol. As shown in 
Fig. 4, lowering the dissolved oxygen concentration affected 
the formation of MGO in the glycerol solutions. Although the 
MGO concentration in 20% glycerol solution increased after 
storage at 40°C for 1 month, the concentration reduced signifi-

Fig. 1. Increase in MGO Concentration in Various Glycerol Prepara-
tions during Storage

An 85% glycerol preparation was stored at 40°C for the different time durations 
(0, 1, and 2 months) and the MGO content was determined after adequate dilution 
with ultrapure water. A; Iwaki, B; Yakuhan, C; Showa, D; Kozakai, and E; Maru-
ishi. Values are presented as the mean ± standard deviation (S.D.) (n = 4). Error 
bars represent the S.D. * (p < 0.05).

Fig. 2. Effects of Storage Temperature and Duration on the Formation 
of MGO in Glycerol Solution

The 20% glycerol solutions were stored at the indicated temperature (4, 25, 
40°C) for different time durations (0, 1, 2, and 6 months), and the MGO content 
was determined after adequate dilution with ultrapure water. Values are presented 
as the mean ± S.D. (n = 4). Error bars represent the S.D.* (p < 0.05).
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cantly based on the concentration of dissolved oxygen in the 
solution before storage.

MGO Formation in Intravenous Infusion Containing 
Glycerol  We measured the concentration of MGO in intra-
venous infusion, used for regulating the intracranial osmotic 
pressure, that contained 10% glycerol. Results showed that 
micromolar levels of MGO (4.2–6.5 µM) were found in all 
the five samples obtained from different pharmaceutical com-
panies (Fig. 5). Moreover, following storage for 2 months at 
40°C, the MGO concentration in the intravenous infusions 
increased by 4–15 times compared to the concentration before 
storage. After 6 months of storage, the MGO concentration in 
the intravenous infusions reached levels of 70–220 µM (Fig. 
6).

DISCUSSION

Riddle and Lorenz reported that MGO is formed in glyc-
erol by non-enzymatic reactions.11) A recent study showed 
that carbonyl compounds, including MGO, were produced 
from glycerol in e-cigarettes subjected to heat.12) However, 
there are no reports yet, regarding detailed investigation on 
the oxidative changes to glycerol in medical preparations. Our 
HPLC method previously developed for MGO determination 
has quantitative ranges between 0.05 and 2.0 µM.10) Thus, this 

method has sufficiently applicable for the measurement of 
MGO in glycerol preparation samples.

Glycerol is used in medical, pharmaceutical, and personal 
care preparations; often to improve smoothness, provide lubri-
cation, and act as a humectant. From the results of our study, 
it was found that MGO was initially present in a very small 
quantity in the glycerol preparations. However, its concentra-
tion increased during storage at either 25 or 40°C, regard-
less of whether the containers with the glycerol preparations 
were opened or not. Medicinal glycerol is produced through 
purification, concentration, and distillation of aqueous solu-
tions obtained by hydrolyzing natural fats and oils. Thus, we 
found that the initial concentrations of MGO in products from 
different companies varied owing to the variation in the raw 
materials (production lot). Results from the assessment of the 
temperature effect on MGO formation in Japanese pharma-
copoeia grade glycerol (84–87%) showed that the MGO con-
centration did not change much during the period of refriger-
ated storage (4°C). However, when stored at room temperature 
(25°C), a significant increase in the MGO concentration was 
noticed after one month. A more remarkable increase in MGO 
concentration was observed in 85% glycerol preparations for 
medical use, as demonstrated in the stability acceleration test 
at 40°C for 6 months. This test is generally followed for medi-
cal preparations listed in the Japanese Pharmacopoeia (17th 

Fig. 3. Effect of Metabisulfite on MGO Formation in Glycerol Solution
The 20% glycerol solutions were stored at 40°C, with or without metabisulfite, 

for different time durations (0, 1, and 2 months) and the MGO content was deter-
mined after adequate dilution with ultrapure water. Values are presented as the 
mean ± S.D. (n = 4). Error bars represent the S.D. * (p < 0.05).

Fig. 4. Effect of Dissolved Oxygen Concentration on MGO Formation 
in Glycerol Solution

The 20% glycerol solutions were degassed by N2 purge under ultrasonic treat-
ment for 30 (A: < 1 mg O2/L), 10 (B: 2–3 mg O2/L) and 0 min (C: 8.5 mg O2/L) and 
stored at 40°C for 1 month. The MGO content was determined after adequate dilu-
tion with ultrapure water. Values are presented as the mean ± S.D. (n = 4). Error 
bars represent the S.D. * (p < 0.05).

Fig. 5. Concentration of MGO in Intravenous Infusion Containing 10% 
Glycerol

The MGO content in intravenous infusion was determined immediately after 
opening the package and adequately diluting with ultrapure water. A; Chugai, B; 
Kyowa, C; Terumo, D; Hikari E; Fuso. Values are presented as the mean ± S.D. 
(n = 4). Error bars represent the S.D.

Fig. 6. Increase in MGO Concentration in Intravenous Infusion, Con-
taining 10% Glycerol, during Storage at 40°C

Each infusion bag, containing glycerol, was stored at 40°C for different time 
durations (0, 1, 2, and 6 months) and the MGO content was determined after ad-
equate dilution with ultrapure water. A; Chugai, B; Kyowa, C; Terumo, D; Hikari 
E; Fuso. Values are presented as the mean ± S.D. (n = 4). Error bars represent the 
S.D. * (p < 0.05).
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edition).
We showed representative results using 20% glycerol solu-

tion prepared from “Glycerin Maruishi®” (Fig. 2) because this 
product is commercially available in 500 mL size (expiration 
data: 3 years), which is usually used for longer period and 
stored at room temperature compared to small size products. 
When comparing the data shown in Figs. 1 and 2, it is clear 
that the rate of MGO formation in 20% glycerol solution was 
significantly higher than that in 85% glycerol preparation. 
Although the dissolved oxygen concentration in 85% glycerol 
is low, it is anticipated that this concentration increased after 
dilution with water at the same temperature. Therefore, it was 
considered that the content of dissolved oxygen in the solution 
was involved in the oxidative formation of MGO. In fact, we 
observed that the MGO formation rate at 40°C was reduced 
with a reduction in the initial dissolved oxygen concentration 
(Fig. 4). In addition, we found the rate of MGO formation 
was higher when the head space of the medication bottle was 
wider. In the present study, we did not perform specific treat-
ments, such as N2 replacement, for head space of each bottle 
after opening. Thus, the present study indicated that the MGO 
formation rate might depend mainly on the dissolved oxygen 
concentration in 85% glycerol preparations.

As shown in Fig. 3, it was clear that the addition of a 
water-soluble antioxidant could effectively suppress the oxida-
tive formation of MGO in 20% glycerol solution. This result 
indicates that autoxidation of glycerol may be a key factor 
involved in MGO formation. Since glycerol is generally ob-
tained from plant and animal sources through purification pro-
cesses and has been used as a component in a variety of medi-
cal preparations, such as humectant for skin, it is possible that 
various trace contaminants may be present in glycerol-based 
medical devices and products.13) Accordingly, when various 
trace oxidants, such as lipid peroxide, are present as impuri-
ties from raw materials of glycerol, the formation of MGO 
during the storage varies in each product dependent on the 
oxidative reactions between glycerol and the trace impurities. 
In the present study, the addition of EDTA was ineffective to 
prevent MGO formation. As EDTA is a typical chelating agent 
used to scavenge metal ions which may accelerate the oxida-
tive reaction, our result suggests that trace metal contamina-
tion does not act as an oxidation catalyst for forming MGO in 
glycerol solution.

Based on these results, it was clear that MGO is gradually 
formed in the glycerol preparations during storage, even at 
room temperature after opening, and its formation is accel-
erated depending on the temperature and dissolved oxygen 
concentration. It was also revealed that water-soluble antioxi-
dant is effective in inhibiting the MGO production due to the 
oxidation of glycerol. Therefore, we have estimated that the 
amount of MGO generated differs depending on the dissolve 
oxygen concentration and the trace oxidants contained in each 
glycerol product.

When glycerol that is within the expiration date and stored 
at a temperature less than 25°C, is used as an external medi-
cine, the concentration of MGO formed from glycerol is con-
sidered not to have any detrimental effect on human health. 
However, when the MGO content in glycerol preparations 
exceeds a threshold concentration of over 10 µM, following 
storage at high temperature, its application may induce protein 
carbonylation in the tissues.

Hence, it is feared that the repetitive application of glycerol 
preparations, containing MGO, promotes carbonylation of the 
skin. Glycation of collagen is thought to cause skin sclerosis 
and wrinkles, and it has been reported that lysine and arginine 
residues in collagen protein of the skin are susceptible to gly-
cation by MGO.14)

Glyceol® is an intravenous infusion commonly used as a 
therapeutic agent for cerebral edema.15–17) In the present study, 
it was shown that MGO is present in the intravenous infusion 
solution at much higher concentration than that in normal 
human blood plasma.10) In addition, since the drip bag is usu-
ally stored at room temperature, the concentration of MGO 
can increase overtime. Administration of these MGO-contam-
inated infusions would thus allow direct entry of MGO into 
the blood vessels and tissues. Specifically, MGO contained in 
intravenous infusion may cause damage to the vascular endo-
thelium,7,8) and when taken by the organs, such as kidney and 
brain, there is concern that MGO may modify proteins and 
DNA to form AGEs.18,19)

Although the reaction mechanism of MGO formation from 
glycerol is still uncertain, our results clearly indicate that 
MGO is formed from glycerol at high temperature under aero-
bic conditions. Thus, in the future, it is necessary to control 
the quality of glycerol preparations, considering the purity of 
the raw materials and the storage methods. Also, it is desirable 
to prevent the formation of MGO in glycerol preparations by 
using effective water-soluble antioxidants, such as metabisul-
fite.

Acknowledgments This work was supported in part 
by JSPS KAKENHI, Grant numbers JP19K07208 and 
JP19K1642.

Conflict of Interest The authors declare no conflict of 
interest.

REFERENCES

 1) Kalapos MP. Methylglyoxal in living organisms: chemistry, bio-
chemistry, toxicology and biological implications. Toxicol. Lett., 
110, 145–175 (1999).

 2) Migliore L, Barale R, Bosco E, Giorgelli F, Minunni M, Scarpato 
R, Loprieno N. Genotoxicity of methylglyoxal: cytogenetic damage 
in human lymphocytes in vitro and in intestinal cells of mice. Car-
cinogenesis, 11, 1503–1507 (1990).

 3) Hanssen NM, Stehouwer CD, Schalkwijk CG. Methylglyoxal and 
glyoxalase I in atherosclerosis. Biochem. Soc. Trans., 42, 443–449 
(2014).

 4) Rabbani N, Thornalley PJ. Advanced glycation end products in the 
pathogenesis of chronic kidney disease. Kidney Int., 93, 803–813 
(2018).

 5) Angeloni C, Zambonin L, Hrelia S. Role of methylglyoxal in Alz-
heimer’s disease. Biomed. Res. Int., 2014, 238485 (2014).

 6) Nowotny K, Castro JP, Hugo M, Braune S, Weber D, Pignitter M, 
Somoza V, Bornhorst J, Schwerdtle T, Grune T. Oxidants produced 
by methylglyoxal-modified collagen trigger ER stress and apoptosis 
in skin fibroblasts. Free Radic. Biol. Med., 120, 102–113 (2018).

 7) Tóth AE, Walter FR, Bocsik A, Sántha P, Veszelka S, Nagy L, 
Puskás LG, Couraud PO, Takata F, Dohgu S, Kataoka Y, Deli MA. 
Edaravone protects against methylglyoxal-induced barrier damage 
in human brain endothelial cells. PLOS ONE, 9, e100152 (2014).

 8) Wang Y, Hall LM, Kujawa M, Li H, Zhang X, O’Meara M, Ichinose 
T, Wang JM. Methylglyoxal triggers human aortic endothelial cell 

http://dx.doi.org/10.1016/S0378-4274(99)00160-5
http://dx.doi.org/10.1016/S0378-4274(99)00160-5
http://dx.doi.org/10.1016/S0378-4274(99)00160-5
http://dx.doi.org/10.1093/carcin/11.9.1503
http://dx.doi.org/10.1093/carcin/11.9.1503
http://dx.doi.org/10.1093/carcin/11.9.1503
http://dx.doi.org/10.1093/carcin/11.9.1503
http://dx.doi.org/10.1042/BST20140001
http://dx.doi.org/10.1042/BST20140001
http://dx.doi.org/10.1042/BST20140001
http://dx.doi.org/10.1016/j.kint.2017.11.034
http://dx.doi.org/10.1016/j.kint.2017.11.034
http://dx.doi.org/10.1016/j.kint.2017.11.034
http://dx.doi.org/10.1155/2014/238485
http://dx.doi.org/10.1155/2014/238485
http://dx.doi.org/10.1016/j.freeradbiomed.2018.03.022
http://dx.doi.org/10.1016/j.freeradbiomed.2018.03.022
http://dx.doi.org/10.1016/j.freeradbiomed.2018.03.022
http://dx.doi.org/10.1016/j.freeradbiomed.2018.03.022
http://dx.doi.org/10.1371/journal.pone.0100152
http://dx.doi.org/10.1371/journal.pone.0100152
http://dx.doi.org/10.1371/journal.pone.0100152
http://dx.doi.org/10.1371/journal.pone.0100152
http://dx.doi.org/10.1152/ajpcell.00117.2018
http://dx.doi.org/10.1152/ajpcell.00117.2018


Vol. 43, No. 5 (2020)� 883Biol. Pharm. Bull.

dysfunction via modulation of the KATP/MAPK pathway. Am. J. 
Physiol. Cell Physiol., 317, C68–C81 (2019).

 9) Rabbani N, Thornalley PJ. Measurement of methylglyoxal by stable 
isotopic dilution analysis LC-MS/MS with corroborative prediction 
in physiological samples. Nat. Protoc., 9, 1969–1979 (2014).

10) Ogasawara Y, Tanaka R, Koike S, Horiuchi Y, Miyashita M, Arai 
M. Determination of methylglyoxal in human blood plasma using 
fluorescence high performance liquid chromatography after de-
rivatization with 1,2-diamino-4,5-methylenedioxybenzene. J. Chro-
matogr. B Analyt. Technol. Biomed. Life Sci., 1029-1030, 102–105 
(2016).

11) Riddle VM, Lorenz FW. Nonenzymic formation of toxic levels 
of methylglyoxal from glycerol and dihydroxyacetone in Ringer’s 
phosphate suspensions of avian spermatozoa. Biochem. Biophys. 
Res. Commun., 50, 27–34 (1973).

12) Ohta K, Uchiyama S, Inaba Y, Nakagome H, Kunugita N. Deter-
mination of carbonyl compounds generated from the electronic 
cigarette using coupled silica cartridges impregnated with hydroqui-
none and 2,4-dinitrophenylhydrazine. Bunseki Kagaku, 60, 791–797 
(2011).

13) Wickramasekara S, Kaushal R, Li H, Patwardhan D. Paper spray 
portable mass spectrometry for screening of phorbol ester contami-
nation in glycerol-based medical products. Anal. Bioanal. Chem., 

411, 2707–2714 (2019).
14) Pageon H, Zucchi H, Dai Z, Sell DR, Strauch CM, Monnier VM, 

Asselineau D. Biological effects induced by specific advanced 
glycation end products in the reconstructed skin model of aging. 
Biores. Open Access, 4, 54–64 (2015).

15) Takahashi H, Kagawa T, Kobayashi K, Hirabayashi H, Yui M, 
Begum L, Mine T, Takagi S, Saheki T, Shinohara Y. A case of 
adult-onset type II citrullinemia–deterioration of clinical course 
after infusion of hyperosmotic and high sugar solutions. Med. Sci. 
Monit., 12, CS13–CS15 (2006).

16) Sakamaki M, Igarashi H, Nishiyama Y, Hagiwara H, Ando J, 
Chishiki T, Curran BC, Katayama Y. Effect of glycerol on ischemic 
cerebral edema assessed by magnetic resonance imaging. J. Neurol. 
Sci., 209, 69–74 (2003).

17) Stoll M, Hagen T, Bartylla K, Weber M, Jost V, Treib J. Changes 
of cerebral perfusion after osmotherapy in acute cerebral edema 
assessed with perfusion weighted MRI. Neurol. Res., 20, 474–478 
(1998).

18) Rabbani N, Xue M, Thornalley PJ. Dicarbonyls and glyoxalase in 
disease mechanisms and clinical therapeutics. Glycoconj. J., 33, 
513–525 (2016).

19) Allaman I, Bélanger M, Magistretti PJ. Methylglyoxal, the dark side 
of glycolysis. Front. Neurosci., 9, 23 (2015).

http://dx.doi.org/10.1152/ajpcell.00117.2018
http://dx.doi.org/10.1152/ajpcell.00117.2018
http://dx.doi.org/10.1038/nprot.2014.129
http://dx.doi.org/10.1038/nprot.2014.129
http://dx.doi.org/10.1038/nprot.2014.129
http://dx.doi.org/10.1016/j.jchromb.2016.07.019
http://dx.doi.org/10.1016/j.jchromb.2016.07.019
http://dx.doi.org/10.1016/j.jchromb.2016.07.019
http://dx.doi.org/10.1016/j.jchromb.2016.07.019
http://dx.doi.org/10.1016/j.jchromb.2016.07.019
http://dx.doi.org/10.1016/j.jchromb.2016.07.019
http://dx.doi.org/10.1016/0006-291X(73)91058-9
http://dx.doi.org/10.1016/0006-291X(73)91058-9
http://dx.doi.org/10.1016/0006-291X(73)91058-9
http://dx.doi.org/10.1016/0006-291X(73)91058-9
http://dx.doi.org/10.2116/bunsekikagaku.60.791
http://dx.doi.org/10.2116/bunsekikagaku.60.791
http://dx.doi.org/10.2116/bunsekikagaku.60.791
http://dx.doi.org/10.2116/bunsekikagaku.60.791
http://dx.doi.org/10.2116/bunsekikagaku.60.791
http://dx.doi.org/10.1007/s00216-019-01717-1
http://dx.doi.org/10.1007/s00216-019-01717-1
http://dx.doi.org/10.1007/s00216-019-01717-1
http://dx.doi.org/10.1007/s00216-019-01717-1
http://dx.doi.org/10.1016/S0022-510X(02)00465-3
http://dx.doi.org/10.1016/S0022-510X(02)00465-3
http://dx.doi.org/10.1016/S0022-510X(02)00465-3
http://dx.doi.org/10.1016/S0022-510X(02)00465-3
http://dx.doi.org/10.1080/01616412.1998.11740551
http://dx.doi.org/10.1080/01616412.1998.11740551
http://dx.doi.org/10.1080/01616412.1998.11740551
http://dx.doi.org/10.1080/01616412.1998.11740551
http://dx.doi.org/10.1007/s10719-016-9705-z
http://dx.doi.org/10.1007/s10719-016-9705-z
http://dx.doi.org/10.1007/s10719-016-9705-z
http://dx.doi.org/10.3389/fnins.2015.00023
http://dx.doi.org/10.3389/fnins.2015.00023

