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Abstract

Dicarbonyl stress describes the increased formation of 1,2-dicarbonyl compounds and is associated with age-related pathologies. The
role of dicarbonyl stress in healthy aging is poorly understood. In a preliminary study, we analyzed 1,2-dicarbonyl compounds, namely
3-deoxyglucosone (3-DG), glyoxal (GO), and methylglyoxal (MGO) in plasma of older (25 months, 7z = 11) and younger (5 months, 7 = 14)
male C57BL/6] (B6) mice via ultra performance liquid chromatography tandem mass spectrometry. Postprandial 3-DG was higher in younger
compared to older mice, whereas no differences were found for GO and MGO. Subsequently, in the main study, we analyzed fasting serum of
older women (OW, 72.4 = 6.14 years, n = 19) and younger women (YW, 27.0 = 4.42 years, n = 19) as well as older men (OM, 74.3 = 5.20 years,
n = 15) and younger men (YM, 27.0 = 3.34, n = 15). Serum glucose, insulin, 1,2-dicarbonyl concentrations, and markers of oxidative
stress were quantified. In a subgroup of this cohort, an oral dextrose challenge was performed, and postprandial response of 1,2-dicarbonyl
compounds, glucose, and insulin were measured. In women, there were no age differences regarding fasting 1,2-dicarbonyl concentrations nor
the response after the oral dextrose challenge. In men, fasting MGO was significantly higher in OM compared to YM (median: 231 vs 158 nM,
p = .006), whereas no age differences in fasting 3-DG and GO concentrations were found. Glucose (310 = 71.8 vs 70.8 = 11.9 min-mmol/L)
and insulin (7 149 = 1 249 vs 2 827 + 493 min-pIU/mL) response were higher in OM compared to YM, which did not translate into a higher
1,2-dicarbonyl response in older individuals. Overall, aging does not necessarily result in dicarbonyl stress, indicating that strategies to cope
with 1,2-dicarbonyl formation can remain intact.
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Dicarbonyl stress is a consequence of mitochondrial dysfunction 3-deoxyglucosone (3-DG), methylglyoxal (MGO), and glyoxal (GO),

and cellular senescence, which are hallmarks of aging (1). The ac- is the degradation of monosaccharides as well as triosephosphates
cumulation of reactive carbonyl compounds and oxygen species (3). Only a minor amount is ingested with the diet (4,5). Fasting blood
causes cellular damage, therefore contributing to the aging process concentrations of 1,2-dicarbonyl compounds in healthy adults range
(2). In vivo, the main source of 1,2-dicarbonyl compounds, such as between 100 nM and 1 pM (3,6). In normoglycemic participants,

© The Author(s) 2021. Published by Oxford University Press on behalf of The Gerontological Society of America. 934
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs licence (https://creativecommons.org/licenses/
by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any medium, provided the original work is not altered or transformed in any

way, and that the work is properly cited. For commercial re-use, please contact journals.permissions@oup.com


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0003-3059-1705
https://orcid.org/0000-0002-2054-6233
https://orcid.org/0000-0002-7404-0449
mailto:Jana.raupbach@dife.de?subject=

Journals of Gerontology: BIOLOGICAL SCIENCES, 2022,Vol. 77, No. 5 935

acute glucose ingestion resulted in increased plasma concentrations
of 3-DG, GO, and MGO after 30 minutes due to their endogenous
formation (7). Subsequently, glucose and 1,2-dicarbonyl concen-
trations return to fasting levels within 120 minutes after ingestion.
However, participants with an impaired glucose metabolism or type
2 diabetes exhibit a delayed postprandial peak of 1,2-dicarbonyl
compounds as well as a prolonged time until fasting concentrations
are reached (7). The abnormal accumulation of 1,2-dicarbonyl com-
pounds due to reduced degradation or increased formation is termed
dicarbonyl stress. Naturally, the body possesses defense systems to
maintain 1,2-dicarbonyl concentrations at low levels. 3-DG can be
reduced to 3-deoxyfructose via aldose and aldehyde reductase or
oxidized to 3-deoxy-2-ketogluconate via aldehyde or 2-oxoaldehyde
dehydrogenase (3,8-10). MGO and GO are mainly metabolized via
the glyoxalase system, which consists of the enzymes glyoxalase 1
and 2 (Glo1, Glo2) as well as glutathione (3). Glo1 activity is known
to decrease with age (11). When 1,2-dicarbonyls are chronically ele-
vated, the reactive carbonyl groups can irreversibly modify proteins
via nonenzymatic glycation, resulting in the formation of advanced
glycation end products and their pathophysiological consequences
(12). Associations of dicarbonyl stress and various age-related path-
ologies such as diabetes (7), obesity (13), cancer (14), and cognitive
decline (15) have been found. Furthermore, dicarbonyl stress is asso-
ciated with oxidative stress and vice versa (3).

Because current studies analyzed 1,2-dicarbonyl compounds in
samples of older participants with underlying pathologies (16,17),
it is difficult to derive the role of dicarbonyl compounds in older
individuals without severe health impairments. In a preliminary ex-
periment, we examined postprandial 1,2-dicarbonyl concentrations
in male mice of different ages. Subsequently, we analyzed fasting
1,2-dicarbonyl concentrations, markers of glucose metabolism, as
well as oxidative stress in older and younger adults. Furthermore, a
subgroup of the human cohort was subjected to a dextrose challenge
to investigate postprandial 1,2-dicarbonyl response. We hypothe-
sized that fasting concentrations and response to a dextrose chal-
lenge of 3-DG, GO, and MGO were different: (a) in older age due
to the age-related activity decline of detoxification enzymes and (b)
between women and men as there are sex-specific responses to oxi-
dative stress and Glo1 activity differences described (18,19).

Method

Animal Experimental Procedure

Male C57Bl/6] (B6, Janvier’s Labs: CS 4105 Le Genest St Isle,
53941 Saint Berthevin Cedex, France) were housed in open cages
of 4 to 5 animals in a controlled environment (20 = 2°C, 12/ 12
hours light/dark cycle) with ad libitum access to a standard diet
(SD; V1534-300 Ssniff, Soest, Germany) and water. At an age of
5 months (younger group) and 25 months (older group), body
weight was measured and mice were subsequently sacrificed by
acute isoflurane exposure. Blood samples were taken and blood glu-
cose was immediately analyzed by using a Contour XT glucometer
(Bayer, Leverkusen, Germany). Subsequently, blood was centrifuged
for 5 minutes, 13 000xg, and plasma samples were stored at -80°C
until analysis of 1,2-dicarbonyl compounds. Blood samples were
taken in the morning between 7 and 10 AM. Because mice are noc-
turnal animals and were not fastened before sacrifice, the morning
blood drawing was considered to be postprandial. All mice were
kept in agreement with the National Institutes of Health guidelines
for care and use of laboratory animals and with the guidelines of the

German Law on the Protection of Animals. Final organ removal and
blood collection were approved by the local authorities.

Study Population

This is a secondary analysis of a larger study which is described
in detail elsewhere (20). In brief, the study was performed in
community-dwelling older (65-85 years) and younger adults (18—
35 years). Exclusion criteria were type 1 and 2 diabetes, a stroke or
heart attack in the past 6 months, food allergies and intolerances,
pregnancy, or any severe or malignant disease. The study was ap-
proved by the ethics committee of the University of Potsdam and
registered at drks.de as DRKS00017090. All participants signed a
written informed consent. In this study, 19 older (OW) and younger
women (YW), as well as 15 older (OM) and younger men (YM),
were included in the analyses. From these participants, blood sam-
ples after an oral dextrose challenge were available in 7 = 14 OW,
n=10YW,7n=5OM,and n=35 YM.

Study Protocol

Participants were instructed to refrain from vigorous exercise and
alcohol on the day prior to the study. After an overnight fast, par-
ticipants arrived between 07:30 and 08:15 am at the study facility;
body weight and height were measured. A cannula was then inserted
into an antecubital vein for repeated blood sampling. After taking a
blood sample in the fasted state, a subgroup of participants received
a dextrose drink consisting of 50 g dextrose in 300 mL water that
had to be consumed within 15 minutes. Blood samples were taken
15, 30, 60, 120, and 240 minutes after ingestion. During this time,
participants were allowed to drink water ad libitum. Blood serum
and EDTA plasma were obtained and stored at -80°C until analysis.

Measurement of Blood Parameters of the Glucose
Metabolism

Serum insulin (intraassay coefficient of variance: 4.8-6.0%, interassay
coefficient of variance: 8.1-9.0%; BioVendor, Brno, Czech Republic)
was quantified using an immunosorbent assay. Furthermore, serum
glucose was measured using a colorimetric method (ABX Pentra
400; Horiba, Ltd, Montpellier, France). Homeostasis model assess-
ment (19) was used to estimate insulin resistance (HOMA-IR).

Analysis of 1,2-Dicarbonyl Compounds

Serum  1,2-dicarbonyl concentrations were quantified after
derivatization with o-phenylenediamine (oPD) using ultra perform-
ance liquid chromatography tandem mass spectrometry (UPLC-MS/
MS) (6). In brief, 25 pL serum samples were mixed with 75 pL
oPD solution (10 mg oPD in 10 mL 1.6 mol/L perchloric acid)
for derivatization of 3-DG, MGO, and GO in the corresponding
quinoxalines. The samples were kept in the dark for 20 hours.
Optimization of derivatization procedure and information regarding
the stability of 1,2-dicarbonyl compounds are described by Scheijen
et al. (6). After incubation, 10 pL of an internal standard solu-
tion containing isotope-labeled quinoxalines was added. Internal
standard solution was prepared according to Scheijen et al. (6). After
centrifugation (10 000 rpm, 10 min), an aliquot of 80 pL was trans-
ferred to an high performance liquid chromatography (HPLC) vial
and 5 pL was subjected to UPLC-MS/MS analysis. An Acquity I-class
system coupled to a Xevo TQ-XS mass spectrometer (both Waters
Corporation, Milford, MA) was used for analysis. For chromato-
graphic separation, a Cortecs Solid Core C18 column (2.1 x 50 mm,
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1.6 um) at a column temperature of 40°C was used. Solvent A was
0.2% formic acid in LC-MS grade water and solvent B was LC-MS
grade ACN. The solvents were pumped at a flow rate of 0.6 mL/
min in gradient mode (0 min, 1% B; 1 min, 1% B; 6 min, 60% B;
6.1 min, 1% B; 8 min, 1% B). The injection volume was 5 pL. The
ESI source was operated in positive mode, and nitrogen was utilized
as the nebulizing gas with a gas flow of 650 L/h and a gas tempera-
ture of 350°C. The capillary voltage was set to 2.7 kV and the source
temperature was 150°C. Analytes were measured in MRM mode
with the following transitions used for quantification and optimized
collision energies (CEs) and cone voltages (CVs). MGO: 145.1 —
77.1 (CV 24, CE 25 V), d4-MGO: 149.1 — 81.1 (CV 24, CE 20 V),
3-DG: 235.1 —» 171.1 (CV 22, CE 18 V), d4-3-DG: 239.1 — 175.1
(CV 20, CE 18 V), GO: 131.1 — 77.1 (CV 20, CE 22 V), d4-GO:
135.1 — 81.1 (CV 20, CE 22 V). Data were acquired and evaluated
with the MassLynx Software (Waters, version 4.2).

A 6-point calibration curve was prepared for 3-DG (2 500 -
0 nmol/L), GO (1 600 — 0 nmol/L), and MGO (1 300 — 0 nmol/L).
Calibration curves were linear over the respective concentration
ranges (r* = 0.99) in water and serum. Interassay variation was
determined using 2 calibration standards that were analyzed over
8 months. Interassay variation was 15.5%, 7.4%, and 12.1% for
3-DG, GO, and MGO, respectively. Intraassay variation was deter-
mined by replicate analysis of a pooled serum sample (7 = 7) and was
9.0%, 3.9%, and 6.4% for 3-DG, GO, and MGO, respectively. Limit
of detection (LOD) and limit of quantification (LOQ) were calcu-
lated on the basis of the signal-to-noise ratio (LOD s/N = 3 and LOQ
s/N = 10). The LOD for 3-DG, GO, and MGO was 0.04, 0.41, and
0.13 nM, which corresponds to 0.2, 2.0, and 0.7 fmol on the column.
The LOQ for 3-DG, GO, and MGO was 0.15, 1.36, and 0.44 nM,
which corresponds to 0.7, 6.8, and 2.2 fmol on the column. For re-
covery analysis, 2 levels of 1,2-dicarbonyl compounds were added
to a pooled serum sample and analyzed in triplicate. Concentrations
1 and 2 for addition were 1 465 and 586 nM for 3-DG, 870 and
174 nM for GO, and 692 and 138 nM for MGO. Recovery of 3-DG
was 108.3% and 98.0%, for GO 89.4% and 87.3%, and for MGO
109.8% and 89.9% for concentrations 1 and 2, respectively.

Measurement of Oxidative Stress Markers

As markers of oxidative stress, protein carbonyls (PC), 3-nitrotyrosine
(3-NT), and malondialdehyde (MDA) were quantified in plasma sam-
ples. PC and 3-NT were measured using an in-house ELISA as previ-
ously described (21). Plasma MDA concentrations were determined
after protein precipitation and derivatization with thiobarbituric acid by
reversed-phase HPLC coupled with fluorescence detection as previously
described by Weber et al. (21) with a Reprosil Pur 120 C18 AQ column
(250 x 4.6 mm; 5 pm, Dr. Maisch GmbH, Ammerbuch, Germany).

Statistical Analysis

Statistical analyses were performed with SPSS (IBM version 25; SPSS
Inc., Chicago, IL) and GraphPad Prism (version 8.00 for Windows;
GraphPad Software, La Jolla, CA). When necessary, variables were
log-transformed to achieve normal distribution. Mann—Whitney U
test and Student’s #-test were used accordingly to assess age and sex
differences. Fasting concentrations are shown as median (interquar-
tile range [IQR]). Violin plots present median and the upper and
lower quartile. To evaluate changes in 1,2-dicarbonyl compound
concentrations over time, repeated measures analysis of variance
was performed. Postprandial response was represented by the posi-
tive incremental area under the curve (1AUC), which was calculated

using the trapezoid rule and considering only values above the base-
line. Here data are shown as mean = SD. Possible associations be-
tween 1,2-dicarbonyl response, glucose, and insulin are shown with
Pearson’s correlations coefficients.

Results

Postprandial 1,2-Dicarbonyl Concentrations in Mice
Mice were fed a standard diet for 5 and 25 months before sacrifice.
Blood glucose concentrations and body weight were not significantly
different between the age groups (data not shown). Postprandial
3-DG concentrations of younger mice ranged between 1 400 and
2 100 nM and were significantly higher than concentrations of
older mice, which ranged between 1 200 and 1 800 nM (Figure 1).
Postprandial GO and MGO concentrations were between 400-1
100 nM and 300-1 200 nM, respectively, and no age differences
were found.

Participants Characteristics

Younger adults were overall healthy without any apparent disease.
In older adults, high blood pressure was most prevalent (n = 15),
followed by dyslipidemia (7 = 6) and thyroid-associated diseases
(n = 5). A basic description of the study cohort is displayed in Table
1. For both sexes, older adults had significantly higher HOMA-IR
values and MDA concentrations compared to younger adults.
Regarding sex differences, women had a significantly lower body
mass index (BMI) than men in both age groups. Fasting concentra-
tions of oxidative stress markers were similar for older women and
older men. Younger women had significantly lower PC concentra-
tions than younger men.

Fasting 1,2-Dicarbonyl, Glucose, and Insulin
Concentrations in Human Participants

Overall, the median concentrations of 3-DG were 853 nM (IQR:
608 nM), 385 nM (IQR: 360 nM) for GO and 204 nM (IQR:
141 nM) for MGO in all participants. In men and women, fasting
glucose concentrations were significantly higher in older age (Table
1). Fasting insulin concentrations were similar between age groups in
both men and women. In women, 3-DG, MGO, or GO did not differ
between age groups (Figure 2A). In men, only fasting MGO con-
centrations were significantly higher in older compared to younger
individuals (Figure 2B).
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Figure 1. Postprandial 1,2-dicarbonyl compound concentrations in older
(25 months) and younger (5 months) male mice. Data are shown as Violin
plots; dotted lines represent median and quartiles. Student’s t-test for
normally distributed data and Mann-Whitney U test for nonnormally
distributed data were used to assess differences between age groups.
25 months old (n = 11), 5 months old (n = 14). 3-DG = 3-deoxyglucosone;
GO = glyoxal; MGO = methylglyoxal; 25 M = 25 months old; 5 M = 5 months
old; p<.05.
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Table 1. Baseline Participants Characteristics

YW (1 = 19) OW (1 = 19) YM (1 = 15) OM (1 = 15) p* pt pt b

Age (years) 27.0 = 4.42 724+ 6.14 27.0 = 3.34 743 +5.20 348 964
BMI (kg/m?) 22.3 = 2.64 23.9+2.93 24.9 = 3.68 26.3+3.78 .089 325 041 019
HOMA-IR 1.92 =+ 0.45 2.40 = 0.88 2.11+0.53 314 1.46 025 029 120 319
PC (nmol/mg)! 1.03 = 0.32 1.16 = 0.29 1.49 = 0.49 1.30 = 0.54 123 367 837 .008
3-NT (nmol/mg)' 1.99 = 1.40 2.15=2.01 272249 2.77 £2.35 729 744 515 607
MDA (umol/L)' 0.69 = 0.35 0.98 = 0.44 0.60 = 0.25 1.03 = 0.48 .009 .002 811 607
Glucose (mmol/L) 442 £0.37 5.15£0.51 4.74 = 0.30 5.67£0.87 <001 .001 .039 012
Insulin (pIU/mL) 9.71 = 1.85 10.4 = 3.29 10.0 = 2.45 12.1 + 4.05 885 412 271 758

Notes: YW = younger women; OW = older women; YM = younger men; OM = older men; BMI = body mass index; HOMA-IR = homeostasis model assess-
ment—insulin resistance; PC = protein carbonyls; 3-NT = 3-nitrotyrosine; MDA = malondialdehyde. All data are shown as mean = SD. Age and sex differences

were calculated using Student’s ¢-test, unless otherwise indicated.
*Age difference between women.
TAge differences between men.
*Sex difference between older adults.
$Sex differences between younger adults.
'Mann-Whitney U test.
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Figure 2. Fasting 1,2-dicarbonyl compound concentrations in older and
younger women (A) and men (B). Data are shown as Violin plots; dotted lines
represent median and quartiles. Student’s t-test for normally distributed data
and Mann-Whitney U test for nonnormally distributed data were used to
assess differences between age groups.YW (n=19), OW (n=19),YM (n=15),
OM (n = 15). 3-DG = 3-deoxyglucosone; GO = glyoxal; MGO = methylglyoxal;
YW = younger women; OW = older women; YM = younger men; OM = older
men; p <.05.

The evaluation of sex differences revealed that fasting glucose
concentrations were significantly higher in men when compared to
women (Table 1). Regarding fasting 1,2-dicarbonyl concentrations,
fasting GO concentrations were significantly lower in older women
compared to older men (349 nM, IQR: 406 nM vs 556 nM, IQR:
654 nM; p = .048).

Glucose, Insulin, and 1,2-Dicarbonyl Response to
Dextrose Challenge in Human Participants

Participants’ characteristics of the oral dextrose challenge are given
in Supplementary Table 1. Postprandial 1,2-dicarbonyl concentra-
tions and response (iIAUC) following dextrose ingestion are displayed
in Figure 3. 1,2-dicarbonyl concentrations significantly changed over
time in both sexes, with the exception of GO in men. In women,
postprandial 1,2-dicarbonyl concentrations and response were not
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Figure 3. Postprandial 1,2-dicarbonyl concentrations and response (iAUC)
to a dextrose challenge in older and younger women and men. Data are
shown as mean + SD. Repeated measures analysis of variance was used
to examine changes over time and differences between age groups, and
Mann-Whitney U test was used to assess age differences of the postprandial
response (iAUC). *Significantly different between age groups. YW (n = 19),
OW (n =19),YM (n = 15), OM (n = 15). iAUC = incremental area under the
curve; 3-DG = 3-deoxyglucosone; GO = glyoxal; MGO = methylglyoxal;
YW = younger women; OW = older women; YM = younger men; OM = older
men; p <.05.

different between age groups. In men, postprandial 3-DG concentra-
tions were higher in older compared to younger men at 15, 30, and
60 minutes. Furthermore, MGO concentrations were also higher in
older compared to younger men at 30 and 60 minutes. However,
this did not translate into a significantly higher response in older
men. Glucose and insulin response were also not different in women,
whereas, in men, older men had a significantly higher glucose iAUC
(OM: 310 = 160 min-mmol/L vs YM: 70.8 + 26.7 min-mmol/L) as
well as insulin iIAUC (OM: 7 149 = 2 792 min-ulU/mL vs YM: 2
827 + 1 102 min-pIU/mL) compared to younger men. In addition,
glucose response was positively associated with 3-DG as well as GO
response (Figure 4A and B), but only in men. Moreover, higher in-
sulin response was associated with higher MGO response (Figure
4C). Regarding age differences, glucose response was positively
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Figure 4. Associations of glucose response with 3-DG (A) and GO (B)
response as well as insulin response with MGO response (C) to a dextrose
challenge. (A) No significant correlation in women, men: r=0.782, p = .008.
(B) No significant correlation in women, men: r = 0.707, p = .022. (C) No
significant correlation in women, men: r = 0.784, p = .007. YW (n = 19),
OW (n =19),YM (n = 15), OM (n = 15). iAUC = incremental area under the
curve; 3-DG = 3-deoxyglucosone; GO = glyoxal; MGO = methylglyoxal;
YW = younger women; OW = older women; YM = younger men; OM = older
men; p <.05.

associated with 3-DG response (r = 0.778, p < .001) in older adults,
whereas in younger adults, higher insulin response was positively
correlated with 3-DG response (7 = 0.639, p = .010).

Discussion

It has been postulated previously that dicarbonyl stress contributes
to the aging phenotype (22). So far, little is known about the role
of dicarbonyl compounds in older individuals without underlying
pathologies and also whether concentrations of 1,2-dicarbonyl

compounds exhibit sex differences. In a preliminary experiment, we
analyzed concentrations of the reactive 1,2-dicarbonyl compounds
3-DG, MGO, and GO in male C57Bl/6] mice. Our main study in-
cluded older and younger men and women. The age of the mice was
comparable to the demographics of our human cohort as 25 months
are equal to 70 human years and 5 months to 25 human years (23).

In contrast to our hypothesis that aging increases plasma
1,2-dicarbonyl concentrations due to cellular imbalance of forma-
tion and degradation of reactive carbonyl species, GO and MGO
concentrations did not differ between older and younger mice.
Moreover, plasma 3-DG concentrations were even higher in younger
compared to older mice. In our human study, older women did not
have higher concentrations of 1,2-dicarbonyl compounds compared
to the younger control group. The same was valid for plasma con-
centrations of 3-DG and GO, but not MGO, in men. During an
oral dextrose challenge, older women had no increased response in
1,2-dicarbonyl compounds, whereas in older men it appeared to be
slightly elevated.

Recently, the influence of long-term intake of MGO on its urinary
excretion and plasma concentrations was investigated in nonfasted
C57BL/6N mice aged 6-24 months (24). Neither the experimental
nor the control group without MGO intake showed changes in
plasma MGO levels in older age. For plasma GO, a slight decrease
over time was shown (24). Our results confirm that in healthy mice,
1,2-dicarbonyl compounds are not higher in older age and, as shown
for 3-DG, are even lower. Lower concentrations of 1,2-dicarbonyl
compounds in older mice might be due to changes in energy regula-
tion or decreased absorption of macronutrients during aging (25). In
our preliminary experiment, 1,2-dicarbonyl analysis was performed
postprandially in mice. Thus, an influence of the diet on the results
cannot be excluded. Mice are model organisms living in a strictly
controlled environment with standardized diets, and factors af-
fecting human metabolism and aging are more diverse. To examine
whether the absence of higher 1,2-dicarbonyl compounds in older
age can be confirmed in humans, we analyzed fasting serum samples
of older and younger men and women in our main study.

In women, fasting glucose and MDA concentrations were higher
in older adults, but no age differences for 1,2-dicarbonyl com-
pounds were observed. For men, again higher fasting glucose and
MDA concentrations, as well as higher fasting MGO, were found
in older adults. The higher concentrations of glucose (26) and the
oxidative stress marker MDA (27) in older adults were reported pre-
viously and indicate cellular dysfunction as well as increased glucose
intolerance.

Recently, it has been shown that the activity of the glyoxalase
system, which is the main detoxification route of MGO, decreases
in the human eye lens in older age (28). The authors did not find
sex-specific differences between the lenses of men and women. The
analysis of glyoxalase activity might provide more insight into the
mechanism of increased MGO concentrations in older men, but
this was unfortunately not feasible in plasma nor serum samples in
our study. Hence, whether the higher MGO in older men is due to
decreased glyoxalase activity needs to be further elucidated. It has
been shown in Glo1 knock-out cells that a compensatory detoxifi-
cation can be achieved through aldose reductase (29). Whether this
mechanism plays a role in the detoxification in humans has yet to
be confirmed. Very recently it was postulated that protein deglycase
DJ-1 can also act as a glyoxalase, thus contributing to MGO de-
toxification (30). Due to the various detoxification routes of MGO,
there are different possibilities of how the metabolism might adjust
to increased dicarbonyl concentrations during aging. Whether these
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enzymatic systems possess sex-specific differences is unknown. Our
results of fasting concentrations in older and younger women and
men indicate that older adults, despite having higher MDA and blood
glucose levels, do not generally show higher plasma 1,2-dicarbonyl
compounds. The nonenzymatic formation of 1,2-dicarbonyl com-
pounds is a constant process in the presence of glucose. However,
when high loads of glucose are present, for example, after food
intake, higher amounts of 1,2-dicarbonyl compounds are formed.
Therefore, we analyzed the 1,2-dicarbonyl compound response of
older and younger human participants to an oral dextrose challenge.

Interestingly, the response of plasma glucose and insulin in
older women was not significantly higher compared to younger
women. Accordingly, 1,2-dicarbonyl response was not higher in
older women. It has been postulated that aging itself does not solely
account for glucose intolerance, but that exercise and body fat mass
play an important role (31). Although our cohort was matched
for BMI, we cannot exclude that some of the women participating
in the dextrose challenge were particularly physically active re-
sulting in a lower 1,2-dicarbonyl response. In men, we observed
a higher glucose and insulin response after the dextrose challenge
in older compared to younger men. Although this did not trans-
late into a significantly increased dicarbonyl response in older men,
concentrations of 1,2-dicarbonyl compounds tended to be higher
in older compared to younger men. As the number of older men
performing the dextrose challenge was low (7 = §), this has to be
interpreted carefully. Furthermore, these older men exhibited higher
insulin resistance, estimated by HOMA-IR, than younger men,
which potentially explains the higher glucose and insulin response
(Supplementary Table 1).

Glucose response of older adults was positively associated with
3-DG response but not with GO and MGO response. This indi-
cates that 3-DG formation and degradation in older individuals
might not be as well-regulated as for MGO and GO. In contrast to
3-DG, GO and MGO are degraded by multiple detoxification sys-
tems as mentioned above. This could be due to the lower reactivity
of 3-DG toward proteins and thus lower risk of glycation reactions
compared to MGO (32,33). Moreover, in men, glucose response
is positively correlated with 3-DG and GO response, which was
not found in women. Potentially, the male detoxification system is
more vulnerable to the aging process, which is seen in a more pro-
nounced reduction of Glo1 activity in older men compared with
older women (18). For aldose and aldehyde reductase, the main
3-DG degrading enzymes, no such studies are available. Overall,
we showed that although it is known that glucose tolerance de-
creases with age (34), this does not necessarily affect 1,2-dicarbonyl
compound levels.

In the present study, the sample size with 7 < 20 per group is
small, especially regarding the dextrose challenge. This limits the
possibilities of statistical analyses. We are aware of the limitations
of this study; nevertheless, our results indicate that 1,2-dicarbonyl
formation and degradation routes might be differently affected
in older men and women. The sex-specific differences in plasma
1,2-dicarbonyl concentrations in older age have not been reported
before and provide a basis for further studies of glycation and aging
research.

Overall, our results suggest that aging in the absence of severe
health impairments does not necessarily result in dicarbonyl stress,
indicating that endogenous strategies to cope with 1,2-dicarbonyl
formation may be unaffected by aging. The results help understand
the impact of glycation during aging and present new perspectives
regarding the process of healthy aging.
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