
Research Article
Plasma AGE and Oxidation Products, Renal Function, and
Preeclampsia in Pregnant Women with Type 1 Diabetes: A
Prospective Observational Study

Clare B. Kelly,1,2 Harsha Karanchi,1 Jeremy Y. Yu,1 Misti J. Leyva,1,3 Alicia J. Jenkins,4

Alison J. Nankervis,5 Kristian F. Hanssen,6,7 Satish K. Garg,8 James A. Scardo,9

Samar M. Hammad,10 Christopher E. Aston,11 Paul J. Beisswenger,12

and Timothy J. Lyons 1,3

1Division of Endocrinology, Medical University of South Carolina, Charleston, South Carolina, USA
2Centre for Public Health, School of Medicine, Dentistry and Biomedical Sciences, Queen’s University Belfast, Belfast, UK
3Diabetes Free South Carolina, BlueCross BlueShield of South Carolina, Columbia, South Carolina, USA
4Baker Heart and Diabetes Institute, Melbourne, VIC, Australia
5Diabetes Service, The Royal Women’s Hospital, Melbourne, VIC, Australia
6Department of Endocrinology, Oslo University Hospital, Oslo, Norway
7Institute of Clinical Medicine, University of Oslo, Oslo, Norway
8Barbara Davis Center for Childhood Diabetes, University of Colorado, Denver, Colorado, USA
9Spartanburg Regional Medical Center, Spartanburg, South Carolina, USA
10Department of Regenerative Medicine and Cell Biology, Medical University of South Carolina, Charleston, South Carolina, USA
11Department of Pediatrics, University of Oklahoma Health Sciences Center, Oklahoma City, Oklahoma, USA
12PreventAGE Health Care, Lebanon, NH, USA

Correspondence should be addressed to Timothy J. Lyons; lyonstj@musc.edu

Received 29 March 2023; Revised 5 July 2023; Accepted 7 July 2023; Published 10 August 2023

Academic Editor: Ilaria Campesi

Copyright © 2023 Clare B. Kelly et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Aims. We aimed to determine whether plasma advanced glycation end products or oxidation products (AGE/oxidation-P) predict
altered renal function and/or preeclampsia (PE) in pregnant women with type 1 diabetes. Methods. Prospectively, using a nested
case-control design, we studied 47 pregnant women with type 1 diabetes, of whom 23 developed PE and 24 did not. Nineteen
nondiabetic, normotensive pregnant women provided reference values. In plasma obtained at ~12, 22, and 32 weeks’ gestation
(visits 1, 2, and 3; V1-V3), we measured five AGE products (carboxymethyllysine (CML), carboxyethyl-lysine (CEL),
methylglyoxal-hydroimidazolone (MGH1), 3-deoxyglucosone hydroimidazolone (3DGH), and glyoxal-hydroimidazolone
(GH1)) and four oxidation products (methionine sulfoxide (MetSO), 2-aminoadipic acid (2-AAA), 3-nitrotyrosine (3NT), and
dityrosine (DT)), by liquid chromatography/mass spectroscopy. Clinical outcomes were “estimated glomerular filtration rate”
(eGFR) at each visit and onset of PE. Results. In diabetic women, associations between AGE/oxidation-P and eGFR were found
only in those who developed PE. In this group, CEL, MGH1, and GH1 at V2 and CML, CEL, MGH1, and GH1 at V3 were
inversely associated with contemporaneous eGFR, while CEL, MGH1, 3DGH, and GH1 at V2 were inversely associated with
eGFR at V3 (all p < 0:05). There were no associations of plasma AGE or oxidation-P with pregnancy-related development of
proteinuria or PE. Conclusions. Inverse associations of second and early third trimester plasma AGE with eGFR among type 1
diabetic women who developed PE suggest that these patients constitute a subset susceptible to AGE-mediated injury and thus
to cardiorenal complications later in life. However, AGE/oxidation-P did not predict PE in type 1 diabetic women.
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1. Introduction

Preeclampsia (PE) is a serious hypertensive complication of
pregnancy. For poorly understood reasons, it occurs 4-5 times
more often in women with than without type 1 diabetes, even
in those without clinical evidence of prior vascular complica-
tions [1]. PE is associated with future cardiovascular disease
(CVD), renal dysfunction, and hypertension [2–4].

Advanced glycation end products (AGE) are implicated
in the micro- [5] and macro-vascular [6] complications of
diabetes. In the formation of AGE, biomolecules are modi-
fied by reactive carbonyl species (e.g., glyoxal, methylglyoxal,
and 3-deoxyglucose) formed either by free radical oxidation
or in metabolic pathways (e.g., glycolytic pathway) [7]: both
these mechanisms are amplified by diabetes. AGE them-
selves increase oxidative stress and inflammation via interac-
tion with a cell-bound “receptor for AGE” (RAGE), thus
promoting vicious circles of injury [8, 9].

Clearance mechanisms for AGE ameliorate their toxicity.
Scavenger receptors (e.g., CD36, OST-48, and galectin-3) play
an important role via receptor-mediated endocytosis, which is
followed by lysosomal degradation, yielding AGE peptides
that are cleared by the kidney [10, 11]. The “soluble receptor
for AGE” (sRAGE) is formed either by proteolytic cleavage
of membrane-bound RAGE [12] or by alternative splicing
[13]. It acts as a decoy, sequestering circulating AGE
and preventing binding to RAGE [14, 15]. AGE trigger
proinflammatory, profibrotic, and procoagulatory cellular
responses that are capable of causing tissue injury. Mech-
anisms implicating the “AGE-RAGE axis” in renal injury
associated with diabetes were recently summarized by
Sanajou et al. [16].

AGE have adverse effects on the placenta and have been
associated with PE [17–22]. Placental hypoxia and resultant
oxidative stress are linked with the pathophysiology of
preeclampsia, and AGE have been shown to have a role tomedi-
ate oxidative stress [8, 9]. AGE may also inhibit trophoblast
invasion [20] and increase antiangiogenic soluble fms-like tyro-
sine kinase (sFlt-1) to a greater extent than pro-angiogenic
vascular endothelial growth factor (VEGF), thus diminishing
placental angiogenesis [23]. Impaired trophoblast invasion and
impaired angiogenesis are both implicated in PE. However, no
previous study has systematically investigated whether plasma
AGE concentrations early in pregnancy are associated with sub-
sequent renal dysfunction or PE in women with diabetes.

In the “Markers and Mechanisms for PreEclampsia in
Type 1 Diabetes” (MAMPED) study, we used a case-
control approach and analyzed samples collected at three
time-points from the first to the early third trimesters in
women with and without PE. In a previous report, we used
immunologic techniques to measure two specific AGE,
serum Nε-(carboxymethyl)lysine (CML, a dominant AGE)
and hydroimidazolone (methylglyoxal-modified proteins),
as well as a global measure of “total AGE” [24]. While these
products did not predict subsequent PE, low serum sRAGE
did so [24]. Another previous and relevant MAMPED find-
ing was that in the first trimester estimated glomerular filtra-
tion rate (eGFR) was associated with subsequent PE
occurring late in the third trimester [25].

In this study, we hypothesized that analysis of a larger
number of plasma AGE and, in addition, specific oxidation
products would reveal associations with renal function (eGFR)
and, perhaps, newmarkers for subsequent PE. In plasma from
a predefined MAMPED subset, we used more rigorous
methodology, liquid chromatography/mass spectrometry, to
measure nine products, including five carbonyl-derived AGE
(CML, carboxyethyl-lysine (CEL), glyoxal-hydroimidazolone
(GH1), methylglyoxal-hydroimidazolone (MGH1), and 3-
deoxyglucosone hydroimidazolone (3DGH)) and four oxida-
tion products (methionine sulfoxide (MetSO), 2-aminoadipic
acid (2-AAA), 3-nitrotyrosine (3NT), and dityrosine (DT)).
This panel has been shown, in large cohorts of older patients
(unrelated to pregnancy) to predict decline in eGFR over
6-12 years [26, 27]. We aimed to determine if any of these
products, or their ratios with serum sRAGE (the latter
available from preexisting data), were cross-sectionally or
prospectively associated with eGFR and/or PE in pregnant
women with type 1 diabetes.

2. Research Design and Methods

2.1. Study Participants. The MAMPED study design, partic-
ipants, and enrollment criteria have been described previ-
ously [28]. Briefly, the study was conducted according to
the principles of the Declaration of Helsinki and was
approved by the Institutional Review Boards of all six partic-
ipating institutions in three countries (Australia, Norway,
and USA). Written informed consent was obtained from
all study participants. Pregnant women with type 1 diabetes
(n = 151) were enrolled in the first trimester and followed
throughout pregnancy. A group of healthy non-diabetic
women (n = 24) was included to provide reference control
values: its size was intended to approximate the number of
PE cases among the diabetic women.

At enrollment (average gestational age 12 weeks), all
women were normotensive and free of microalbuminuria or
overt proteinuria (i.e., urinary albumin-to-creatinine ratios
were <30mg/g). Clinical data and blood and urine specimens
were collected at three study visits, 12:2 ± 1:9, 21:6 ± 1:5, and
31:5 ± 1:7 weeks’ gestation (mean ± standard deviation (SD)),
corresponding to late first, mid-second, and early third trimes-
ters. Importantly, all (including third trimester) study visits
took place before the onset of PE. Fasting blood samples were
centrifuged promptly, and plasma was stored at -80°C until
analysis. PE cases were defined having new-onset hyperten-
sion (>140/90mm Hg) and proteinuria (>300mg/24 hours)
after 20 weeks of gestation in a previously normotensive
woman.

MAMPED was designed as a nested case-control study.
Consistent with the original data analysis plan and using
all samples available, we analyzed plasma samples from 23
of the original 26 diabetic women who developed PE (DM
+PE+), and 24 of 26 matched diabetic women who remained
normotensive (DM+PE-). Nineteen of 24 normotensive,
non-diabetic women served as “reference controls” (DM-).
The primary analysis was between the two diabetic groups,
which were matched for age, diabetes duration, and parity.
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2.2. Laboratory Measures. Plasma AGE and oxidation prod-
ucts were measured by liquid chromatography/mass spec-
trometry with internal stable heavy isotope-substituted
standards on an Agilent model 6490 Triple Quadrupole
MS System with a 1290 Rapid Resolution LC System for ana-
lyte detection. All AGE and oxidation products were sepa-
rated and analyzed in a single run using a single Waters X-
select HSS T3 2:5 μm× 2:1 × 150mm column, as previously
described [26, 27, 29, 30]. Laboratory analyses were per-
formed in a blinded fashion. Briefly, AGE and oxidation
products were quantified in plasma filtrates prepared via
centrifugation through 10K Dalton cut-off Amicon filters
and separated by liquid chromatography with a methanol/
H2O gradient mobile phase with 0.29% heptafluorobutyric
acid. Approximately 40% of all the samples analyzed had
GH1 concentrations below the lower limit of quantitation
(LLOQ = 5:4nmol/L) (no significant difference between
women with/without diabetes and/or PE), and for these, a
value of 50% of the LLOQ was assigned. Data were analyzed
both with and without inclusion of these estimations: signif-
icances of differences did not change, and the presented data
include the estimates. Plasma levels of 3NT and DT were
undetectable in every participant and are neither presented
nor discussed. All other AGE and oxidation products were
measurable in all samples; all reported values were corrected
for plasma total protein concentration.

Serum sRAGE (total circulating pool) was measured, as
previously described and reported, and quantified by a
DuoSet enzyme-linked immunosorbent assay (ELISA) kit
(DY1145) according to the manufacturer’s protocol (R&D
Systems Inc., Minneapolis, MN, USA) [24].

Serum creatinine was measured and GFR estimated
(eGFR) as previously described [25]. All women had eGFR
> 60mL/min/1.73m2 throughout pregnancy and thus were
classified as having normal renal function.

2.3. Statistical Analysis. As predefined in MAMPED, we
studied matched subsets (matched for age, diabetes duration,
and parity) with and without PE. Normally distributed var-
iables were summarized using means and SD; those that
were skewed were expressed as median (interquartile range).
The independent sample t tests or Mann–Whitney tests
were used as appropriate. Pearson correlations were used
to assess associations of AGE and oxidation products with
(previously reported) eGFR [25]. All tests were two-tailed,
with p < 0:05 considered as significant.

3. Results

Baseline clinical characteristics of the three patient groups
are shown in Table 1. Between the DM+PE+ and DM+PE-
groups (predefined primary analysis), there were no signifi-
cant differences in age, duration of diabetes, mean arterial
pressure, total cholesterol, LDL cholesterol, triacylglycerols,
and microalbumin:creatinine ratio at baseline; but in DM
+PE+, BMI, HbA1C, and eGFR were significantly higher,
and HDL was significantly lower than in DM+PE-. There
were no differences between DM- and DM+PE- groups
(predefined secondary analysis) except in HbA1C.

Among DM+PE+, cross-sectional inverse associations
between AGE and contemporaneous eGFR were observed
at both V2 and V3, specifically involving CEL, MGH1, and
GH1 at V2 and CML, CEL, MGH1, and GH1 at V3
(Table 2). Prospectively, CEL, MGH1, 3DGH, and GH1 at
V2 were inversely associated with eGFR at V3 (all p < 0:05),
as shown in Figure 1 and Table 3. Notably, there were no sig-
nificant associations between the two detectable oxidation
products and eGFR in diabetic women.

In contrast, among DM+PE- women, there were few
associations, only involving CML. CML at V1 was inversely
associated with contemporaneous eGFR (Table 2) and pro-
spectively and inversely with eGFR at V3 (not shown) (both
p < 0:05).

In DM- women, AGE MGH1 and GH1 at V1 were
inversely associated with contemporaneous eGFR, while 2-
AAA was positively associated at V2 (Table 2). Prospectively,
MGH1, GH1, and CEL at V1 were all inversely associated with
eGFR at V3 (not shown, p < 0:05).

Plasma concentrations of AGE/oxidation-P according to
diabetes and PE status are shown in Table 4. Comparing DM
+PE+ with DM+PE-, plasma CML, CEL, MGH1, 3DGH,
MetSO, and 2-AAA did not differ between these groups at
any study visit, while plasma GH1 was marginally lower at
V1 in DM+PE+ (p < 0:05). Comparing DM+PE- with DM-,
despite a trend towards higher values in those with diabetes,
very few differences reached significance (p < 0:05), and sig-
nificance was only observed at single gestational time points
(2-AAA at V2 and CEL and MGH1 at V3).

sRAGE was measured previously in the whole
MAMPED cohort as described [24], and in this study subset
was again lower at V2 in DM+PE+ than DM+PE- (p < 0:05)
(Table 5). Among sRAGE:AGE ratios, only sRAGE:CML
and sRAGE:CEL differed according to PE status, both being
lower at V2 in DM+PE+ than DM+PE- (p = 0:037 and
p = 0:019, respectively), consistent with prior findings [24]:
as before, these effects were driven by differences in sRAGE,
not in CML or CEL.

4. Discussion

In this study, we investigated whether plasma concentrations
of five specific AGE (CML, CEL, GH1, MGH1, and 3DGH)
and four oxidation products (MetSO, 2-AAA, 3NT, and DT)
were associated cross-sectionally and prospectively with
altered renal function (eGFR) and prospectively with late-
onset PE in pregnant women with type 1 diabetes. Plasma
samples were collected within defined, nonoverlapping, ges-
tational age ranges at each trimester, in all cases in advance
of clinical diagnosis of PE.

Considering all diabetic pregnant women as a single
group, AGE/oxidation-P were of no predictive value as
markers for PE. However, in the second and early third
trimesters, diabetic women who subsequently developed PE
exhibited inverse associations between four of the five
plasma AGE and eGFR (cross-sectionally at both V2 and
V3 and prospectively between V2 and V3). In contrast, asso-
ciations among diabetic women who remained normoten-
sive were negligible. Of the four oxidation products, two
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Table 1: Baseline maternal characteristics of women with type 1 diabetes with and without preeclampsia and of normotensive non-diabetic
women.

DM+PE+ (n = 23) p value∗ DM+PE– (n = 24) p value# DM– (n = 19)
Age of woman (years) 28:5 ± 5:6 0.31 29:9 ± 3:8 0.25 31:4 ± 4:5
Duration of diabetes (years) 16:8 ± 6:8 0.32 14:8 ± 7:0 — —

BMI (kg/m2) 27:9 ± 5:9 0.028 24:6 ± 4:1 0.50 23:8 ± 3:8
HbA1c (%) 7:4 ± 1:2 0.046 6:7 ± 1:0 <0.0001 5:3 ± 0:3
HbA1c (mmol/mol) 57 ± 14 0.046 50 ± 11 <0.0001 35 ± 3
MAP (mm Hg) 82:1 ± 9:0 0.21 79:0 ± 7:7 0.14 82:7 ± 6:2
Total cholesterol (mmol/L) 4:7 ± 0:7 0.53 4:5 ± 0:9 0.18 4:9 ± 0:7
HDL cholesterol (mmol/L) 1:9 ± 0:4 0.029 2:2 ± 0:5 0.71 2:1 ± 0:6
LDL cholesterol (mmol/L) 2:4 ± 0:7 0.08 2:0 ± 0:7 0.18 2:3 ± 0:8
Triacylglycerols (mmol/L) 1:0 ± 0:3 0.27 0:8 ± 0:3 0.09 1:1 ± 0:4
Microalbumin:creatinine ratio 0.7 (0.5, 1.2) 0.62 0.7 (0.4, 1.0) 0.40 0.8 (0.6, 1.0)

eGFR (mLmin-1 1.73m-2) 125:0 ± 7:7 0.015 119:4 ± 7:0 0.92 119:7 ± 8:3
Data are presented as means ± SD, or median (interquartile range). Measurements refer to visit 1, at study entry. The independent sample t tests and Mann–
Whitney tests were used as appropriate. eGFR was defined using Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation. Boldface
indicates p values < 0.05 (statistically significant). ∗p value, DM+PE- vs. DM+PE+. #p value, DM+PE- vs. DM-.

Table 2: Cross-sectional associations (Pearson’s correlation coefficients) between plasma concentrations of AGE/oxidation-P and eGFR,
during gestation and prior to the onset of preeclampsia.

DM+PE+ DM+PE- DM-
R p value R p value R p value

Nε-(Carboxymethyl)lysine (CML)

V1 -0.29 0.20 -0.500 0.018 0.00 0.99

V2 -0.30 0.17 0.18 0.43 0.05 0.86

V3 -0.483 0.023 0.06 0.78 0.24 0.33

Carboxyethyl-lysine (CEL)

V1 -0.16 0.48 -0.06 0.80 -0.45 0.07

V2 -0.463 0.030 -0.05 0.82 0.01 0.98

V3 -0.495 0.019 0.04 0.85 -0.01 0.97

Methylglyoxal-hydroimidazolone (MGH1)

V1 0.05 0.84 -0.14 0.54 -0.552 0.022

V2 -0.497 0.019 0.22 0.35 0.34 0.17

V3 -0.429 0.046 0.08 0.70 -0.08 0.75

3-Deoxyglucosone hydroimidazolones (3DGH)

V1 -0.12 0.61 -0.12 0.59 -0.40 0.12

V2 -0.43 0.06 -0.05 0.82 0.34 0.16

V3 -0.43 0.05 -0.08 0.73 -0.18 0.47

Glyoxal-hydroimidazolone (GH1)

V1 -0.12 0.60 -0.32 0.14 -0.632 0.006

V2 -0.512 0.015 0.07 0.78 0.02 0.94

V3 -0.663 0.001 -0.08 0.72 0.14 0.56

Methionine sulfoxide (MetSO)

V1 -0.10 0.67 0.34 0.12 -0.22 0.40

V2 0.01 0.97 0.26 0.25 0.37 0.13

V3 -0.38 0.09 -0.02 0.94 0.20 0.42

2-Aminoadipic acid (2-AAA)

V1 0.00 0.99 0.28 0.21 -0.20 0.44

V2 -0.26 0.24 0.34 0.13 0.552 0.018

V3 -0.41 0.06 0.16 0.46 0.01 0.98

Data are presented as the Pearson correlation coefficient, p value. Boldface indicates p values < 0.05 (statistically significant). Each AGE product and oxidation
product is corrected by total protein concentration. Units for all: nmol/g.
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were undetectable, and in those that were detectable (MetSO
and 2-AAA), there were no associations with eGFR or PE in
diabetic women.

Our findings related to eGFR may be germane to the
marked variation in susceptibility to vascular complications
among diabetic patients, potentially relating to individual

variations in susceptibility to AGE-mediated tissue injury.
In a previous study, we measured AGE/oxidation-P in skin
collagen obtained at biopsy from older, long-duration type
1 diabetic patients recruited as either “prone” or “resistant”
to microvascular complications [31]. After accounting for
chronologic age, duration of diabetes, and long-term
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Figure 1: Prospective associations of second trimester (V2) plasma concentrations (nmol/g protein) of five AGE and two oxidation products
with third trimester (V3) eGFR (mL/min/1.73m2). Panels show regression lines and 95% confidence intervals. (a) DM+PE-. (b) DM+PE+.
In women who subsequently developed PE (b), significant inverse associations with eGFR were observed for four of the five AGE (p < 0:05).

Table 3: Prospective associations (Pearson’s correlation coefficients) of plasma concentrations of AGE/oxidation-P at the second trimester
(V2) with eGFR at the third trimester (before onset of PE in the DM+PE+ group).

DM+PE+ DM+PE- DM-
R p value R p value R p value

CML -0.291 0.19 0.164 0.49 0.032 0.90

CEL -0.553 0.008 0.124 0.60 -0.047 0.85

MGH1 -0.537 0.010 0.281 0.23 0.238 0.34

3DGH -0.525 0.017 -0.092 0.70 0.320 0.20

GH1 -0.528 0.011 0.205 0.39 -0.036 0.89

MetSO 0.041 0.86 0.224 0.34 0.112 0.66

2-AAA -0.364 0.10 0.185 0.44 0.281 0.26

Each AGE product and oxidation product concentration was corrected by total protein concentration. Boldface indicates p values < 0.05 (statistically
significant).
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glycemia, we found that complication-prone patients had
accumulated higher than expected quantities of these prod-
ucts in collagen, implying reduced antioxidant defenses.
Likewise, variation in antioxidant defenses could underpin
the present findings. Compared with the earlier skin biopsy
study, the current participants were much younger, and the
current work addressed concentrations of products in
plasma, not in a long-lived tissue protein.

In plasma, AGE and oxidation products are not formed
locally (plasma has potent antioxidant properties): they are
thought to be derived predominantly from tissues (reviewed,
[7]). In long-lived tissues, AGE and oxidation products
accumulate slowly with advancing age in everyone; the rate
of accumulation varies at least twofold among people with-
out diabetes and is inevitably accelerated by diabetes [32,
33]. In young adults with diabetes, such as those in the pres-
ent study, the AGE and oxidation product content of long-
lived tissues has had less time to diverge from nondiabetic
values; this may explain, in part, the similarity between
plasma concentrations in the young diabetic vs. nondiabetic
pregnant women in this study. As mentioned above, in two
other large studies, AGE in plasma were found to predict
actual decline in eGFR, but this was over 6-12 years in much

older people with more poorly controlled type 2 diabetes
[26, 27]. First, in a Pima Indian cohort with type 2 diabetes
(at enrollment, mean age 41.4 y; mean HbA1c 9.2% or
77mmol/mol), a panel of AGE predicted a 40% decline in
GFR over six years [26]. Second, and very recently, similar
predictive findings were reported in the Action to Control
Cardiovascular Risk in Diabetes (ACCORD) study over 12
years’ follow-up and in the Veterans Affairs Diabetes Trial
over 5 years [27]: in both cases, the study participants were,
on average, in the seventh decade of life. Although the present
study involves patients who are decades younger, its results are
coherent with these findings, suggesting that in people with
type 1 diabetes who are predisposed to a complication (in this
case, a decline in eGFR), the earliest signs of associations
between AGE and renal decline are already evident.

The concepts above are supported by, and consistent
with, other recent findings. We recently showed that in cul-
tured placental trophoblast cells, LDL modified by glucose
and oxidative stress (i.e., containing AGE/oxidation-P) can
potently upregulate expression of antiangiogenic factors
(sFlt-1 and soluble endoglin) [34], known to be implicated
in the initiation and progression of PE [28, 35]. Excessive
circulating levels of these antiangiogenic factors reduce

Table 4: Plasma concentrations of circulating advance glycation end products and oxidation products, during gestation and prior to the
onset of preeclampsia.

DM+PE+ (n = 23) p value∗ DM+PE- (n = 24) p value# DM- (n = 19)

CML

V1 0:7 ± 0:2 0.45 0:8 ± 0:5 0.42 1:0 ± 0:5
V2 0:9 ± 0:4 0.91 0:9 ± 0:4 0.10 0:7 ± 0:3
V3 1:1 ± 0:6 0.45 1:3 ± 0:9 0.39 1:1 ± 0:8

CEL

V1 0:5 ± 0:1 0.33 0:5 ± 0:2 0.93 0:5 ± 0:3
V2 0:6 ± 0:3 0.38 0:6 ± 0:2 0.36 0:5 ± 0:2
V3 0:7 ± 0:3 0.92 0:7 ± 0:3 0.015 0:5 ± 0:1

MGH1

V1 0:9 ± 0:7 0.22 1:2 ± 0:9 0.36 1:0 ± 0:7
V2 1:3 ± 1:2 0.63 1:5 ± 1:2 0.24 1:2 ± 0:5
V3 1:6 ± 1:3 0.25 2:2 ± 2:0 0.040 1:2 ± 0:5

3DGH

V1 2:3 ± 1:0 0.20 2:7 ± 1:1 0.69 2:5 ± 2:2
V2 2:5 ± 1:3 0.29 3:0 ± 1:2 0.07 2:3 ± 1:0
V3 3:7 ± 1:9 0.72 3:9 ± 2:6 0.14 2:9 ± 1:3

GH1

V1 0:06 ± 0:02 0.042 0:08 ± 0:03 0.12 0:06 ± 0:02
V2 0:07 ± 0:04 0.43 0:08 ± 0:03 0.68 0:07 ± 0:02
V3 0:10 ± 0:06 0.91 0:10 ± 0:05 0.20 0:09 ± 0:02

MetSO

V1 10:6 ± 7:8 0.92 10:8 ± 2:3 0.24 9:8 ± 2:8
V2 11:1 ± 3:5 0.60 11:6 ± 2:5 0.10 9:8 ± 3:9
V3 13:2 ± 7:6 0.82 13:6 ± 5:7 0.15 11:6 ± 2:9

2-AAA

V1 10:7 ± 2:9 0.47 11:4 ± 3:2 0.48 10:8 ± 1:9
V2 12:4 ± 2:8 0.47 11:8 ± 2:2 0.024 9:6 ± 3:5
V3 13:6 ± 4:8 0.89 13:4 ± 5:2 0.07 10:9 ± 2:5

Data are presented as means ± SD. Each AGE and oxidation product is corrected by total protein concentration. Units for all: nmol/g. Independent
sample t tests were used as appropriate. Boldface indicates p values < 0.05 (statistically significant). ∗p value, DM+PE- vs. DM+PE+. #p value, DM+PE- vs.
DM-.

6 Journal of Diabetes Research



availability of their ligands (VEGF and TGFβ, respectively)
to cell receptors. VEGF and TGFβ are essential to maintain
the normal function of glomerular endothelial cells and glo-
merular filtration [36]. Secondly, we demonstrated that daily
dietary supplementation with polyphenol-rich blueberries
and fiber, starting at 18 weeks’ gestation in pregnant women
at high risk for gestational diabetes, had numerous beneficial
effects not only on plasma glucose but also on gestational
weight gain, atherogenic lipid subclasses, and particularly,
in reducing markers of inflammation (serum C-reactive pro-
tein (CRP) and other factors) [37]. These findings are rele-
vant because polyphenols have potent antioxidant activity,
and in pregnancy, elevated CRP has been shown by us (in
people with diabetes [38]) and by others (in the general pop-
ulation [39]) to be associated with subsequent onset of PE.
We also previously showed that dietary (polyphenol) supple-
mentation, again with blueberries, can reduce plasma levels
of oxidized LDL, serum “lipoxidation” products (malondial-
dehyde and hydroxy-nonenal), and systolic and diastolic
blood pressure in older patients with metabolic syndrome
[40]: all these actions are potentially favorable during preg-
nancy in reducing risk for PE. Furthermore, we previously
reported low serum carotenoid concentrations, indicative
of deficient dietary antioxidant status, in women who devel-
oped PE compared with those who remained normotensive
in our cohort [41]. The present data thus further strengthen
the rationale for a safe, dietary antioxidant intervention in

diabetic pregnancy: such an approach is promising and
important given the immense challenges involved in devel-
oping new drugs for use in pregnancy. Unfortunately, we
still have limited ability to identify, well in advance, people
who are the highest risks for complications of diabetes, but
a history of PE appears to serve this role.

AGE accumulation is accelerated not only by the pres-
ence of diabetes but also by renal impairment [42]. In
MAMPED, we showed that subclinical glomerular injury
precedes and predicts the development of PE: eGFR in the
first trimester was elevated in women who subsequently
developed PE compared with those who did not; further-
more, a significant decrease in eGFR with advancing gesta-
tion occurred only in this group [25]. In the present study,
among diabetic women, associations were limited to those
who later developed PE, suggesting that this group
represents a subset of patients who are susceptible to renal
damage mediated by AGE. As discussed above, we unfortu-
nately have no data relating to tissue levels or the renal clear-
ance of AGE, but a significant decrease in eGFR across
gestation in diabetic women who subsequently developed
PE could theoretically result in impaired renal clearance of
AGE. Further studies are needed.

This study is the first to provide prospective data on a
wide range of AGE/oxidation-P in plasma in diabetic preg-
nancy. Its strengths include its prospective design, its focus
on recruitment of well-characterized diabetic women free

Table 5: Plasma concentrations of soluble receptor for advanced glycation end products (sRAGE) and ratios of sRAGE versus advanced
glycation end products (AGE), during gestation and prior to the onset of preeclampsia.

DM+PE+ (n = 23) p value∗ DM+PE- (n = 24) p value# DM- (n = 19)

sRAGE†
V1 907 ± 324 0.08 1102 ± 405 0.76 1146 ± 473
V2 942 ± 282 0.018 1219 ± 438 0.93 1231 ± 464
V3 929 ± 465 0.64 984 ± 325 0.58 923 ± 399

sRAGE/CML‡
V1 18:2 ± 7:3 0.13 25 ± 18 0.42 21 ± 12
V2 16:8 ± 7:0 0.037 23 ± 11 0.23 28 ± 13
V3 16 ± 12 0.84 26 ± 8:4 0.84 16:1 ± 8:6

sRAGE/CEL‡
V1 30 ± 11 0.37 34 ± 22 0.92 35 ± 13
V2 27 ± 12 0.019 38 ± 17 0.68 40 ± 17
V3 24 ± 15 0.93 24 ± 11 0.33 28 ± 14

sRAGE/MGH1‡
V1 19 ± 10 0.72 21 ± 18 0.73 23 ± 12
V2 18 ± 14 0.87 19 ± 12 0.96 19 ± 11
V3 14 ± 12 0.47 11:5 ± 9:8 0.38 14 ± 11

sRAGE/3DGH‡

V1 5:9 ± 2:7 0.67 6:2 ± 2:8 0.07 8:2 ± 3:8
V2 5:9 ± 2:0 0.15 7:0 ± 2:9 0.07 9:1 ± 4:1
V3 4:8 ± 3:2 0.65 5:2 ± 2:9 0.68 5:6 ± 3:6

sRAGE/GH1‡
V1 249 ± 100 0.97 250 ± 157 0.40 288 ± 115
V2 255 ± 115 0.47 283 ± 133 0.99 283 ± 140
V3 175 ± 108 0.80 183 ± 90 0.76 175 ± 87

Data are presented as means ± SD. Units: †pg/mL; ‡g/moles. Independent sample t tests were used as appropriate. Boldface indicates p values < 0.05
(statistically significant). ∗p value, DM+PE- vs. DM+PE+. #p value, DM+PE- vs. DM-.
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of hypertension and albuminuria at baseline, and its rigor-
ous phenotyping of the presence (cases) or complete absence
(controls) of PE. The concordance between the present
results (using the more rigorous liquid chromatography/
mass spectrometry methodology) and our earlier study
(using immunologic techniques) lends support to the valid-
ity of our findings. Limitations included small study size,
the fact that all participants were Caucasian, and the absence
of measures of tissue AGE/oxidation-P concentrations in the
placenta and kidney. The design of the study does not
address causality, nor the role of interventions to reduce
AGE-RAGE signaling before or during pregnancy, but is
hypothesis-generating.

In conclusion, we show that in pregnant diabetic
women, and only among those who developed PE, plasma
AGE concentrations in the second and third trimesters
were inversely associated with eGFR. AGE may mediate
early stages of renal injury in a subset of women who are
susceptible to PE, even if they do not identify that subset.
Similarly, sensitivity to AGE-mediated tissue damage in
women with a history of PE could explain, at least in part,
the development of long-term cardiorenal sequelae of PE
in diabetes. While measurement of AGE during pregnancy
does not aid PE risk stratification, other clinically conve-
nient first trimester markers for PE in type 1 diabetes are
emerging [25, 39, 43, 44], allowing identification of patients
in whom safe, dietary interventions may be particularly
important. Future studies should focus on early markers
and mechanisms for PE in diabetes and on the development
of safe and rational strategies to prevent both PE and its
long-term sequelae.

Abbreviations

AGE: Advanced glycation end products
CEL: Carboxyethyl-lysine
CML: Nε-(Carboxymethyl)lysine
CRP: Serum C-reactive protein
DT: Dityrosine
eGFR: Estimated glomerular filtration rate
GH1: Glyoxal-hydroimidazolone
LLOQ: Lower limit of quantitation
MAMPED: Markers and Mechanisms for PreEclampsia in

Type 1 Diabetes
MetSO: Methionine sulfoxide
MGH1: Methylglyoxal-hydroimidazolone
PE: Preeclampsia
RAGE: Receptor for advanced glycation end products
sFLT-1: Soluble fms-like tyrosine kinase
VEGF: Vascular endothelial growth factor
2-AAA: 2-Aminoadipic acid
3DGH: 3-Deoxyglucosone hydroimidazolone
3NT: 3-Nitrotyrosine.

Data Availability

The data that support the findings of this study are available
from the corresponding author on reasonable request.

Additional Points

Guarantor Statement. TJL has full access to all study data
and takes responsibility for the integrity of the data and
the accuracy of the data analysis.

Disclosure

The sponsors had no role in the design and conduct of the
study; collection, management, analysis, or interpretation
of the data; preparation, review, or approval of the manu-
script; or decision to submit the manuscript for publication.

Conflicts of Interest

The authors have declared that no conflict of interest exists.

Authors’ Contributions

CBK, HK, JYY, MJL, AJJ, AJN, KFH, SKG, JAS, SMH, CEA,
PJB, and TJL were responsible for the study concept and
design. CBK, HK, and TJL drafted the manuscript. CBK,
CEA, and TJL were responsible for the statistical analysis.
CBK, HK, JYY, MJL, AJJ, AJN, KFH, SKG, JAS, SMH,
CEA, PJB, and TJL reviewed/edited the manuscript and gave
their final approval. TJL obtained the funding. TJL was
responsible for the study supervision. Clare B. Kelly and
Harsha Karanchi contributed equally to this work.

Acknowledgments

The authors would like to acknowledge the expert assistance
of Scott Howell, MS, of PreventAGE Health Care, in the
measurement of AGE and oxidation products. This work
was supported by the research grants from the Juvenile Dia-
betes Research Foundation (JDRF 1-2001-844) and Novo
Nordisk to TJL and by the National Institutes of Health
(National Center for Research Resources) Grants M01-RR-
1070 and M01 RR-14467 to the General Clinical Research
Centers at MUSC and OUHSC, respectively. Support from
Novo Nordisk enabled the participation of the Barbara Davis
Diabetes Center for Childhood Diabetes at the University of
Colorado.

References

[1] U. Hanson and B. Persson, “Outcome of pregnancies compli-
cated by type 1 insulin-dependent diabetes in Sweden: acute
pregnancy complications, neonatal mortality and morbidity,”
American Journal of Perinatology, vol. 10, no. 4, pp. 330–333,
1993.

[2] M. C. Brown, K. E. Best, M. S. Pearce, J. Waugh, S. C. Robson,
and R. Bell, “Cardiovascular disease risk in women with pre-
eclampsia: systematic review and meta-analysis,” European
Journal of Epidemiology, vol. 28, no. 1, pp. 1–19, 2013.

[3] A. S. Khashan, M. Evans, M. Kublickas et al., “Preeclampsia
and risk of end stage kidney disease: a Swedish nationwide
cohort study,” PLoS Medicine, vol. 16, no. 7, article
e1002875, 2019.

[4] I. Behrens, S. Basit, M. Melbye et al., “Risk of post-pregnancy
hypertension in women with a history of hypertensive

8 Journal of Diabetes Research



disorders of pregnancy: nationwide cohort study,” BMJ,
vol. 358, article j3078, 2017.

[5] S. Genuth, W. Sun, P. Cleary et al., “Skin advanced glycation
end products glucosepane and methylglyoxal hydroimidazo-
lone are independently associated with long-term microvascu-
lar complication progression of type 1 diabetes,” Diabetes,
vol. 64, no. 1, pp. 266–278, 2015.

[6] J. Koska, A. Saremi, S. Howell et al., “Advanced glycation end
products, oxidation products, and incident cardiovascular
events in patients with type 2 diabetes,” Diabetes Care,
vol. 41, no. 3, pp. 570–576, 2018.

[7] T. J. Lyons and A. J. Jenkins, “Glycation, oxidation, and lipox-
idation in the development of the complications of diabetes: a
carbonyl stress hypothesis,” Diabetes Reviews, vol. 5, no. 4,
pp. 365–391, 1997.

[8] M. Neeper, A. M. Schmidt, J. Brett et al., “Cloning and expres-
sion of a cell surface receptor for advanced glycosylation end
products of proteins,” The Journal of Biological Chemistry,
vol. 267, no. 21, pp. 14998–15004, 1992.

[9] M. P. Wautier, O. Chappey, S. Corda, D. M. Stern, A. M.
Schmidt, and J. L. Wautier, “Activation of NADPH oxidase
by AGE links oxidant stress to altered gene expression via
RAGE,” American Journal of Physiology-Endocrinology and
Metabolism, vol. 280, no. 5, pp. E685–E694, 2001.

[10] Z. Makita, S. Radoff, E. J. Rayfield et al., “Advanced glycosyla-
tion end products in patients with diabetic nephropathy,” The
New England Journal of Medicine, vol. 325, no. 12, pp. 836–
842, 1991.

[11] S. F. Yan, R. Ramasamy, Y. Naka, and A. M. Schmidt, “Glyca-
tion, inflammation, and RAGE: a scaffold for the macrovascu-
lar complications of diabetes and beyond,” Circulation
Research, vol. 93, no. 12, pp. 1159–1169, 2003.

[12] A. Raucci, S. Cugusi, A. Antonelli et al., “A soluble form of the
receptor for advanced glycation endproducts (RAGE) is
produced by proteolytic cleavage of the membrane-bound
form by the sheddase a disintegrin and metalloprotease 10
(ADAM10),” The FASEB Journal, vol. 22, no. 10, pp. 3716–
3727, 2008.

[13] B. I. Hudson, A. M. Carter, E. Harja et al., “Identification, clas-
sification, and expression of RAGE gene splice variants,” The
FASEB Journal, vol. 22, no. 5, pp. 1572–1580, 2008.

[14] K. H. Chiang, P. H. Huang, S. S. Huang, T. C. Wu, J. W. Chen,
and S. J. Lin, “Plasma levels of soluble receptor for advanced
glycation end products are associated with endothelial func-
tion and predict cardiovascular events in nondiabetic
patients,” Coronary Artery Disease, vol. 20, no. 4, pp. 267–
273, 2009.

[15] H. Grauen Larsen, G. Marinkovic, P. M. Nilsson et al., “High
plasma sRAGE (soluble receptor for advanced glycation end
products) is associated with slower carotid intima-media
thickness progression and lower risk for first-time coronary
events and mortality,” Arteriosclerosis, Thrombosis, and Vas-
cular Biology, vol. 39, no. 5, pp. 925–933, 2019.

[16] D. Sanajou, A. Ghorbani Haghjo, H. Argani, and S. Aslani,
“AGE-RAGE axis blockade in diabetic nephropathy: current
status and future directions,” European Journal of Pharmacol-
ogy, vol. 833, no. 833, pp. 158–164, 2018.

[17] C. Chekir, M. Nakatsuka, S. Noguchi et al., “Accumulation of
advanced glycation end products in women with preeclampsia:
possible involvement of placental oxidative and nitrative
stress,” Placenta, vol. 27, no. 2-3, pp. 225–233, 2006.

[18] A. Germanová, M. Koucký, Z. Hájek, A. Parízek, T. Zima, and
M. Kalousová, “Soluble receptor for advanced glycation end
products in physiological and pathological pregnancy,” Clini-
cal Biochemistry, vol. 43, no. 4-5, pp. 442–446, 2010.

[19] M. Goto, S. I. Yamagishi, T. Matsui et al., “Predictive ability of
serum advanced glycation end products at 11 to 13 weeks of
gestation for early-onset preeclampsia,” AJOG Global Reports,
vol. 2, no. 2, article 100052, 2022.

[20] K. L. Alexander, C. A. Mejia, C. Jordan et al., “Differential
receptor for advanced glycation end products expression in
preeclamptic, intrauterine growth restricted, and gestational
diabetic placentas,” American Journal of Reproductive Immu-
nology, vol. 75, no. 2, pp. 172–180, 2016.

[21] W. Chen, Y. Zhang, C. Yue et al., “Accumulation of advanced
glycation end products involved in inflammation and contrib-
uting to severe preeclampsia, in maternal blood, umbilical
blood and placental tissues,” Gynecologic and Obstetric Investi-
gation, vol. 82, no. 4, pp. 388–397, 2017.

[22] L. Guedes-Martins, L. Matos, A. Soares, E. Silva, and
H. Almeida, “AGEs, contributors to placental bed vascular
changes leading to preeclampsia,” Free Radical Research,
vol. 47, Supplement 1, pp. 70–80, 2013.

[23] Q. T. Huang, M. Zhang, M. Zhong et al., “Advanced glycation
end products as an upstream molecule triggers ROS-induced
sFlt-1 production in extravillous trophoblasts: a novel bridge
between oxidative stress and preeclampsia,” Placenta, vol. 34,
no. 12, pp. 1177–1182, 2013.

[24] Y. Yu, K. F. Hanssen, V. Kalyanaraman et al., “Reduced soluble
receptor for advanced glycation end-products (sRAGE) scav-
enger capacity precedes pre-eclampsia in type 1 diabetes,”
BJOG: An International Journal of Obstetrics & Gynaecology,
vol. 119, no. 12, pp. 1512–1520, 2012.

[25] C. B. Kelly, M. B. Hookham, J. Y. Yu et al., “Subclinical first tri-
mester renal abnormalities are associated with preeclampsia in
normoalbuminuric women with type 1 diabetes,” Diabetes
Care, vol. 41, no. 1, pp. 120–127, 2018.

[26] P. J. Saulnier, K. M. Wheelock, S. Howell et al., “Advanced gly-
cation end products predict loss of renal function and correlate
with lesions of diabetic kidney disease in American Indians
with type 2 diabetes,” Diabetes, vol. 65, no. 12, pp. 3744–
3753, 2016.

[27] J. Koska, H. C. Gerstein, P. J. Beisswenger, and P. D. Reaven,
“Advanced glycation end products predict loss of renal func-
tion and high-risk chronic kidney disease in type 2 diabetes,”
Diabetes Care, vol. 45, no. 3, pp. 684–691, 2022.

[28] Y. Yu, A. J. Jenkins, A. J. Nankervis et al., “Anti-angiogenic fac-
tors and pre-eclampsia in type 1 diabetic women,” Diabetolo-
gia, vol. 52, no. 1, pp. 160–168, 2009.

[29] P. J. Beisswenger, S. K. Howell, G. Russell, M. E. Miller, S. S.
Rich, and M. Mauer, “Detection of diabetic nephropathy from
advanced glycation endproducts (AGEs) differs in plasma and
urine, and is dependent on the method of preparation,” Amino
Acids, vol. 46, no. 2, pp. 311–319, 2014.

[30] A. Saremi, S. Howell, D. C. Schwenke et al., “Advanced glyca-
tion end products, oxidation products, and the extent of ath-
erosclerosis during the VA Diabetes Trial and follow-up
study,” Diabetes Care, vol. 40, no. 4, pp. 591–598, 2017.

[31] Y. Yu, S. R. Thorpe, A. J. Jenkins et al., “Advanced glycation
end-products and methionine sulphoxide in skin collagen of
patients with type 1 diabetes,” Diabetologia, vol. 49, no. 10,
pp. 2488–2498, 2006.

9Journal of Diabetes Research



[32] V. M. Monnier, R. R. Kohn, and A. Cerami, “Accelerated age-
related browning of human collagen in diabetes mellitus,” Pro-
ceedings of the National Academy of Sciences of the United
States of America, vol. 81, no. 2, pp. 583–587, 1984.

[33] D. G. Dyer, J. A. Dunn, S. R. Thorpe et al., “Accumulation of
Maillard reaction products in skin collagen in diabetes and
aging,” The Journal of Clinical Investigation, vol. 91, no. 6,
pp. 2463–2469, 1993.

[34] R. H. McLeese, J. Zhao, D. Fu, J. Y. Yu, D. P. Brazil, and T. J.
Lyons, “Effects of modified lipoproteins on human trophoblast
cells: a role in pre-eclampsia in pregnancies complicated by
diabetes,” BMJ Open Diabetes Research & Care, vol. 9, no. 1,
article e001696, 2021.

[35] R. J. Levine, S. E. Maynard, C. Qian et al., “Circulating angio-
genic factors and the risk of preeclampsia,” The New England
Journal of Medicine, vol. 350, no. 7, pp. 672–683, 2004.

[36] I. S. Daehn and J. S. Duffield, “The glomerular filtration bar-
rier: a structural target for novel kidney therapies,” Nature
Reviews Drug Discovery, vol. 20, no. 10, pp. 770–788, 2021.

[37] A. Basu, D. Feng, P. Planinic, J. L. Ebersole, T. J. Lyons, and
J. M. Alexander, “Dietary blueberry and soluble fiber supple-
mentation reduces risk of gestational diabetes in women with
obesity in a randomized controlled trial,” The Journal of Nutri-
tion, vol. 151, no. 5, pp. 1128–1138, 2021.

[38] M. Du, A. Basu, D. Fu et al., “Serum inflammatory markers
and preeclampsia in type 1 diabetes: a prospective study,” Dia-
betes Care, vol. 36, no. 7, pp. 2054–2061, 2013.

[39] F. Rebelo, M. M. Schlüssel, J. S. Vaz et al., “C-reactive protein
and later preeclampsia,” Journal of Hypertension, vol. 31,
no. 1, pp. 16–26, 2013.

[40] A. Basu, M. Du, M. J. Leyva et al., “Blueberries decrease cardio-
vascular risk factors in obese men and women with metabolic
syndrome,” The Journal of Nutrition, vol. 140, no. 9, pp. 1582–
1587, 2010.

[41] M. Azar, A. Basu, A. J. Jenkins et al., “Serum carotenoids and
fat-soluble vitamins in women with type 1 diabetes and pre-
eclampsia: a longitudinal study,” Diabetes Care, vol. 34, no. 6,
pp. 1258–1264, 2011.

[42] T. Miyata, Y. Ueda, K. Horie et al., “Renal catabolism of
advanced glycation end products: the fate of pentosidine,” Kid-
ney International, vol. 53, no. 2, pp. 416–422, 1998.

[43] A. Basu, P. Alaupovic, M. Wu et al., “Plasma lipoproteins and
preeclampsia in women with type 1 diabetes: a prospective
study,” The Journal of Clinical Endocrinology and Metabolism,
vol. 97, no. 5, pp. 1752–1762, 2012.

[44] C. B. Kelly, M. B. Hookham, J. Y. Yu et al., “Circulating adipo-
kines are associated with pre-eclampsia in women with type 1
diabetes,” Diabetologia, vol. 60, no. 12, pp. 2514–2524, 2017.

10 Journal of Diabetes Research


	Plasma AGE and Oxidation Products, Renal Function, and Preeclampsia in Pregnant Women with Type 1 Diabetes: A Prospective Observational Study
	1. Introduction
	2. Research Design and Methods
	2.1. Study Participants
	2.2. Laboratory Measures
	2.3. Statistical Analysis

	3. Results
	4. Discussion
	Abbreviations
	Data Availability
	Additional Points
	Disclosure
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments



