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Thereis considerable interestin dietary and other approaches to maintaining blood glucose concentrations within the normal range and minimizing
exposure to postprandial hyperglycemic excursions. The accepted marker to evaluate the sustained maintenance of normal blood glucose
concentrations is glycated hemoglobin Alc (HbA1c). However, although this is used in clinical practice to monitor glycemic control in patients
with diabetes, it has a number of drawbacks as a marker of efficacy of dietary interventions that might beneficially affect glycemic control in
people without diabetes. Other markers that reflect shorter-term glycemic exposures have been studied and proposed, but consensus on the use
and relevance of these markers is lacking. We have carried out a systematic search for studies that have tested the responsiveness of 6 possible
alternatives to HbA1c as markers of sustained variation in glycemic exposures and thus their potential applicability for use in dietary intervention
trials in subjects without diabetes: 1,5-anhydroglucitol (1,5-AG), dicarbonyl stress, fructosamine, glycated albumin (GA), advanced glycated end
products (AGEs), and metabolomic profiles. The results suggest that GA may be the most promising for this purpose, but values may be confounded
by effects of fat mass. 1,5-AG and fructosamine are probably not sensitive enough to the range of variation in glycemic exposures observed in healthy
individuals. Use of measures based on dicarbonyls, AGEs, or metabolomic profiles would require further research into possible specific molecular
species of interest. At present, none of the markers considered here is sufficiently validated and sensitive for routine use in substantiating the effects
of sustained variation in dietary glycemic exposures in people without diabetes. Adv Nutr 2020;11:1221-1236.
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Introduction

There is broad consensus that maintenance of blood glucose
concentrations within the normal range is beneficial for
health. In individuals with normal fasting (blood or plasma)
glucose (FG), particular attention is given to minimizing
exposure to hyperglycemic excursions (1). Many foods,
ingredients, or diets can reduce acute postprandial glycemic
responses (PPG), but for assessing and substantiating the
cumulative, sustained effects of these on glycemic exposure,
the only clearly accepted marker is glycated hemoglobin Alc

(HbAlc) (1), which is mainly derived from its use in clinical
practice to monitor glycemic control in people with diabetes.
PPG is a significant predictor of HbAlc in people without
diabetes; however, about half of the variance in HbAlc in
this group is explained by nonglycemic variables, much more
than in individuals with diabetes (2). Furthermore, the use
of HbAlc as the only marker in assessing potential benefits
of dietary interventions for sustained blood glucose control
has major drawbacks. Reliance on this marker in intervention
trials requires a trial duration of >3 mo, and the time and cost
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for this is a substantial barrier for research and development
to develop and test products that might beneficially affect
glycemic control. In addition, the responsiveness of HbAlc
to variation in dietary glycemic exposures achievable from
interventions in people without diabetes (either healthy or
with impaired glucose tolerance) is uncertain. In subjects
with type 2 diabetes (T2D), most glucose-lowering drugs
reduce HbAlc by ~1% (absolute level), but the reduction
is greater in individuals with higher baseline concentrations
(3, 4). Therefore this marker derived from clinical medicine
may not always be the most appropriate, at least in initial re-
search phases, for assessing and characterizing diet-induced
changes in glycemic exposures.

Other markers that may reflect glycemic control over
shorter periods have been studied and proposed, mainly for
their potential use in predicting disease risk in the general
population (5-8) or monitoring diabetes management and
comorbidity risks (6, 7, 9, 10). However, consensus on the use
and relevance of alternative markers is lacking. Furthermore,
the potential applicability of such markers to assess variation
in sustained dietary glycemic exposures in people without
diabetes has been given relatively limited consideration (11).

Here, we review several suggested markers of short-
to medium-term glycemic exposures that could potentially
be used to evaluate and compare the glycemic impact
of dietary interventions in populations without diabetes.
A systematic search was undertaken on each marker, to
identify intervention and observational studies reporting
their relations with dietary exposures in populations without
diabetes. This evidence was then evaluated to identify the
most promising marker(s), markers that are unlikely to
be sensitive enough to the range of variation in glycemic
exposures observed in healthy individuals, and markers
comprised of metabolite profiles that may require further
research into possible specific molecular species of interest.
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Methods

Data sources and searches

The protocol was registered on the PROSPERO Inter-
national prospective register of systematic reviews (ID
number CRD42017037408). Several previous reviews of
glycemic markers (alternatives to HbAlc) in relation to
diabetes risk and monitoring identified possible markers to
be considered here (5-8). These markers were supplemented
by suggestions from the personal knowledge of the authors
and a final list agreed to by consensus. Searches were
performed separately for every selected marker: dicarbonyls,
1,5-anhydroglucitol (1,5-AG), fructosamine, glycated albu-
min (GA; plasma proteins), advanced glycated end products
(AGEs), and metabolomics. The full search strategy, meth-
ods, and deviation from the registered protocol are available
as supplemental material (Supplemental Data 1A and 1B). In
brief, MEDLINE, Embase, and the Cochrane Library were
used to search for human studies published through to 1
July, 2018, in English, German, Dutch, Spanish, or French,
without any restriction of publication date. Screening was
in 2 stages, each involving 2 independent assessors. In the
first stage, titles and abstracts of sources identified by the
systematic searches were evaluated and excluded where both
assessors concluded the source would not meet the inclusion
criteria (e.g., animal or in vitro studies, not primary research,
conference or other abstract only, only subjects with diabetes,
drug not diet intervention, etc.). Full articles of the remaining
sources were then assessed and considered for inclusion if
both assessors agreed the research tested and reported on the
marker(s) of interest in individuals without diabetes, either
in dietary intervention trials with glycemic outcomes, or
in observational studies with analyses of associations with
dietary exposures or other measures of glycemia.

Results

Eligible studies

As shown in Figure 1 for all markers together, 4244
unique records identified in the systematic search of titles
and abstracts generated 58 eligible studies. These were
supplemented by 21 studies identified by hand searches (e.g.,
from reference lists of other articles or reviews), yielding a
final total of 79 studies in the evidence base. Supplemental
Figure 1 illustrates the flowcharts for each individual marker.

GA

Background.

Glycation of proteins occurs in vivo as a reaction between
sugars and the amino groups of the protein. With respect
to blood glucose monitoring, all glycated serum proteins
are referred to as fructosamine (10) (see specific section
below). However, serum albumin accounts for 50-60%
of total plasma proteins (12), so it is often considered
separately. Moreover, due to its high concentration, amino
acid composition, and relatively long half-life (~21 d), serum
albumin is more sensitive to glycation than other circulating
proteins. GA is expressed as percentage of albumin, and the
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(n = 4244)

Total sources identified from systematic title/abstract searches

v

Total after removal of duplicates (» =3780)

\ 4

(n =3648)

Excluded after title/abstract evaluation (e.g.animal or
in vitro studies, not primary research, conference abstracts,
drug not diet interventions, etc.)

A 4

Potential relevant articles identified (n = 132)

A 4

Excluded after detailed evaluation (» = 74)

° Duplicate article/abstract (n = 1)

. Intervention/exposure is not dietary factor with
potential glycemic response (n = 40)

Not a trial or observational study (n = 6)

No metabolomics (n = 4)

Full text not available (n = 4)

Not relevant human/group (n = 13)

Outcome is not marker (n = 3)

Insufficient information provided (n = 3)

<—| Eligible articles identified by hand searches (n = 21)

A 4

Included in systematic review (n = 79)
This includes for each marker:
1 Glycated albumin/proteins (n=7)

)
2)  Fructosamine(n =17)
3) 1,5 anhydroglucitol(n = 9)
4)  Dicarbonyls (n =10)
5)  Advanced glycated end products (n = 30)
6) metabolomics (n =6)

FIGURE 1

reference range of GA% in Americans with normal glucose
tolerance has been established as 11.9-15.8% (13), whereas
typical levels in people with diabetes are 2-5 times higher.
GA has been shown to respond to treatment with insulin
and hypoglycemic agents in individuals with T2D, paralleling
reductions in HbAlc (14).

See Supplemental Data 2A for more complete background
details and methods of quantification.

Overview of the literature.
From 204 unique records on GA identified from titles
and abstracts, 7 studies were included in this review: 6
experimental studies (15-20) and 1 observational study (21)
(for details see Supplemental Figure 1A).

In a randomized crossover design of 11 participants
without diabetes, Ryle et al. (17) showed that a 6-wk high-
soluble-fiber/low-glucose diet (5 g guar gum 3 times daily)

Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow diagram.

and a 6-wk low-soluble-fiber/high-glucose (500 mL glucose
drink providing 100 g glucose/d) changed GA in opposite
directions. GA concentrations increased from 1.71% (SD:
0.35%) to 1.95% (SD: 0.23%) after the glucose diet and fell to
1.33% (SD: 0.30%) after the soluble fiber diet. Individual data
showed that concentrations increased in all but 1 participant
after glucose and fell in all but 2 after the fiber diet. The
authors concluded that concentrations of GA are more
sensitive to small changes in concentrations of glucose than
glycosylated hemoglobin.

Stanhope et al. (18) reported on a direct comparison
of sustained exposure to low versus high glycemic sugar.
They compared fructose- versus glucose-sweetened bev-
erages (giving 25% of energy requirement) in a parallel
arm design for 10 wk (8 wk ad libitum followed by 2-
wk controlled energy balance) in 32 middle-aged subjects
with overweight or obesity without diabetes. GA concentra-
tions were differentially affected by the 2 sugars, with GA

Alternative glycemic exposure markers 1223
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concentrations reduced by fructose (—3.3%, SD: 1.3%) and
increased by glucose (42.1%, SD: 1.3%). Interestingly, FG
and glucose and insulin peaks during 24-h continuous
glucose monitoring were also different at final examination,
but fasting fructosamine concentration was not.

Li et al. (16) reported on a 12-wk double-blind, random-
ized, placebo-controlled trial testing 34 g/d of Nutriose, a
mixture of glucose polymers, in 120 overweight Chinese
men without diabetes (BMI 24.0-28.0 kg/m?). Although
GA values were almost identical at week 12, the values
at 4- and 8-wk interim time points were reduced in the
intervention versus control group, leading to a significant
overall treatment effect (P <0.01). However, mean reductions
in GA were only seen in subjects with metabolic syndrome
at baseline. In contrast, at 12 wk, FG and HbAlc were
significantly lower in the intervention group compared
with the control group, although the effect size was sig-
nificantly greater in subjects with metabolic syndrome at
baseline.

Davie et al. (15) investigated the impact of additional
vitamin C (1 g/d) on glycation of proteins in a single-arm
design in 12 healthy patients without diabetes during a period
of 3 mo. The mean concentration of GA reduced by 33% after
1 mo and remained at this lower concentration during sup-
plementation. One month after cessation GA was increased
to 12% above basal concentration. HbAlc concentrations
also reduced, but fructosamine concentrations reduced to a
smaller extent (5%). The authors concluded that vitamin C
may inhibit glycation of proteins in vivo by a competitive
mechanism.

The 2 remaining intervention studies did not show any
significant impact of dietary interventions on GA. Swanson
et al. (19) reported on a 2 x 28-d crossover trial comparing
a diet with 20% energy from fructose versus isoenergic high-
starch diet with <3% fructose in 14 healthy volunteers. There
were no significant differences between the study diets at any
time in the mean values of HbAlc or serum GA or FG. All
values ranged from 1.2 to 1.3%, whereas FG ranged from 4.9
to 5.2 mmol/L and HbAlc from 4.9 to 5.1%.

Vega-Lopez et al. (20) carried out a 2 x 35-d randomized
crossover trial comparing diets with either a low (0.7) or
high (1.4) Lysine: Arginine (Lys:Arg)ratio (with more animal
protein sources) in 30 mildly hypercholesterolemic adults
aged >50 y. There were no significant differences in fasting
concentrations of GA at the end of the 2 experimental diet
phases. The high Lys:Arg ratio diet increased VLDL choles-
terol triglycerides and apoA-I but markers of hyperglycemia
other than GA were not measured.

An observational study by Koga et al. (21) reported on
the association between habitual intake of dairy products and
circulating GA in 330 Japanese men and women. A short FFQ
was used to collect data on food intake (“Do you eat dairy
products every day?”). Dairy use was inversely associated
with serum 1,5-AG concentrations, the main outcome of the
study, but GA, HbAlc, FG, and 2-h glucose during an oral-
glucose-tolerance test (OGTT) did not significantly vary in
relation to dairy use, neither in men nor in women.

1224 Feskens et al.

Conclusion.

The results of the review suggest that GA could be a
promising alternative to HbAlc as a marker of glycemic
dietary exposures in subjects without diabetes, especially in
studies with a duration shorter than 3 mo. However, the data
directly testing this are limited and not fully consistent, and
confirmatory studies are needed (Table 1).

A disadvantage of GA may be that compounds affect-
ing glycation in particular, such as vitamin C (15), can
interfere with the observations on GA. Also, the use in
subjects without diabetes may be affected by the presence of
other health conditions associated with changes in albumin
metabolism (22). An important concern is the lower GA
concentrations found in people with overweight, obesity, and
metabolic syndrome (8, 23-25). Hence, use of GA read-
out in nutritional studies in these types of people, or where
the intervention causes significant weight gains or losses,
requires further study. Additionally, there are concerns
arising from reports of decreased GA in obesity (25), a
negative correlation of GA with fat mass and visceral adipose
tissue (24), and negative correlations of the GA/HbA 1c ratio
with BMI in people with normal glucose tolerance and
prediabetes (26).

Fructosamine

Characterization.

Fructosamine is the common name for isoglucosamine,
i.e., 1-amino-1-deoxyfructose (27). With respect to blood
glucose monitoring, the term fructosamine refers to all
glycated serum proteins (10). Higher glucose concentrations
result in higher rates of glycation of serum proteins and
thus fructosamine concentrations in vivo (10, 27, 28). As
albumin is the most abundant serum protein, fructosamine
concentrations predominantly reflect GA. The half-life of
fructosamine is 2-3 wk, similar to GA, and serum values are
thought to reflect glycemia over the preceding 2-3 wk (29,
30). Fructosamine has been shown, for example, to respond
to short-term exercise programs and changes in medication
in individuals with T2D, preceding significant changes in
HbAlc (31, 32).

There is no generally accepted standard reference range
available for fructosamine, and values differ depending on
the method of quantification. GA may have some technical
advantages over fructosamine as a measure of glycemic
exposures, although the range of population variation in
GA has been reported to be higher in individuals without
diabetes (7, 33).

See Supplemental Data 2B for more complete background
details and methods of quantification.

Overview of the literature.

From 896 unique records on fructosamine identified from
titles and abstracts, 17 relevant articles were included in this
review. This includes 2 articles identified by hand searches
(see Supplemental Figure 1B for more details). The identified
studies differed substantially with respect to the dietary
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(Continued)

TABLE 1

Sensitivity to glycemic
exposures in healthy or

Threshold/range

Pros Cons Period of exposure reflected diabetic subjects

Marker

® Mechanistic driver of

insulin resistance,
dysglycemia, and

vascular complications

(MG-derived AGEs)

5-wk study Yes Not determined

Potentially linked to fiber intake

Metabolomic: 2,6-

so not specific for glycemic

exposure

dihydroxybenzoic

acid and

2-aminophenol

sulfate
Erythronic, sucrose,

Acute Yes Not determined

Markers of sugars intake as

Measurable in urine

opposed to glycemic

exposures

and fructose

AG, anhydroglucitol; AGE, advanced glycated end products; GA, glycated albumin; MG, methylglyoxal; MG-H1, hydroimidazolone; TER, trunk extremity skinfold ratio; 1,5-AG, 1,5-anhydroglucitol; 3-DG, 3-deoxyglucosone.

glycemic exposures studied, the duration as well as type of
intervention applied.

Only 7 of the identified 17 articles reported a significant
variation in fructosamine concentrations in relation to the
dietary exposure. Jenkins et al. (29) found a significantly
greater reduction in fructosamine after 2 wk of low-glycemic
index (GI) versus high-GI diet (—7% and —2%, respectively,
for diets with reported GI values of 63 and 104). Juraschek
etal. (34) reported a decrease in fructosamine in overweight
and obese adults without diabetes by reducing the amount
of carbohydrate, regardless of whether the carbohydrates
were characterized as low or high GI. Following the 3-
wk consumption of Konjak-mannan supplemented biscuits,
significantly greater reductions in fructosamine were found
than consuming wheat bran biscuits, with no differences in
FG (35). Consumption of inulin-enriched pasta but not con-
trol pasta for 5 wk led to significantly reduced fructosamine,
FG, and HbAlc concentrations versus baseline, though with
no significant between-treatment differences (36). Similarly,
a combined exercise and diet intervention (soy protein
supplement) over 12 wk, but not exercise alone, led to
significant reductions in fructosamine and FG versus base-
line (no between-treatment statistical comparisons reported)
(37). Serum fructosamine was significantly lower after 3 wk
of a Fraxinus excelsior (common ash) extract supplement,
relative to a 3 g/d maltodextrin control (38). Relative to the
control, the supplement exposure also significantly reduced
2-h PPG responses in a glucose challenge test, though not
FG. Misciagna et al. (30) reported on a cross-sectional study
showing that serum fructosamine was positively associated
with dietary glycemic load determined from FFQs.

In contrast, the remaining studies reported no signifi-
cant effect on fructosamine concentrations by any dietary
glycemic exposure. Atabani et al. (39) found no significant
effects on fructosamine 2 h after an acute challenge with a
75-g glucose load, which is consistent with no immediate
acute effect of a glucose load on fructosamine. A 4-wk
intervention with 15-30 g/d high-amylose maize starch
did not significantly change fructosamine or FG in men
or women with overweight and obesity, although insulin
resistance was significantly improved in men (40). Similarly,
6-wk supplementation with bread containing 0 or 12g/d
added resistant starch produced no significant differences in
FG or fructosamine, although fructosamine concentrations
versus baseline were significantly reduced in both treatments
(41). Fructosamine (as well as all other indices of glycemic
control) did not significantly change as a result of test break-
fasts containing viscous polysaccharides over 2 wk (42). No
significant differences in any measures of glycemic control,
including fructosamine were observed in groups consuming
the New Nordic Diet (based on higher intakes of seafood,
fruits, vegetables, and wholegrain products) compared with
an average Danish diet for 6 mo (43). Following a 4-wk
intervention in healthy volunteers, there were no significant
differences in fructosamine concentrations between the
consumption of 30 g/d isomaltose or sucrose included in
sweet foods (44). No significant differences in fructosamine
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were reported from a 10-wk intervention with fructose or
glucose consumed as a beverage at 25% of daily energy
intake (18, 45), whereas there was a differential effect on GA
(see previous section). Jenkins et al. (46) did not observe
a significant reduction of fructosamine concentrations by
lowering the GI of the diet by ~11 GI units for 4 wk. Vrolix et
al. (47) found that after 1 and 11 wk, the serum fructosamine
concentration was comparable between the interventions
with the consumption of increased GI food variants (GI 51-
86) and those with decreased GI food variants (GI 20-48).
Bouché et al. (48) reported no modification in fructosamine
between a 5-wk low-GI dietary period (GI 41 = 1%) and a
high-GI diet (GI 71.3 & 1.3%).

Conclusion.

The suitability of fructosamine as a potential alternative
marker of sustained glycemic exposures to evaluate and
compare the glycemic impact of dietary interventions among
the population without diabetes is plausible, though in view
of the limited number of conclusive articles its utility or
advantage as a marker is far from clear. Fructosamine has
sometimes been found responsive after relatively short di-
etary interventions (2—-4 wk) in healthy populations without
diabetes but appears to require quite substantial differences
either in the GI or amount of carbohydrates consumed.
Further research is required to validate this marker in trials
when less pronounced differences in glycemic exposure are
achieved (Table 1).

1,5-AG

Characterization.

1,5-AG in plasma is derived from diet and endogenous
synthesis. It is not metabolized and competes with glucose
for reabsorption, and hyperglycemic excursions leading to
glycosuria produce rapid increases in urinary 1,5-AG losses.
If this is sustained, the loss of body pools of 1,5-AG are
typically reflected in reduced plasma concentrations within a
few days. Thus, low 1,5-AG concentrations can reflect acute
(24-48 h or more) periods of hyperglycemic excursions in
people with diabetes (49). Recovery to the “normal” steady-
state concentration generally takes several weeks (50, 51),
although significant rises in 1,5-AG have been observed
within 2 wk of treatment of people with poorly controlled
diabetes (52).

The reference range of 1,5-AG in healthy people as
measured in a US population using a current commercial
assay is fairly wide, ~8-29 ug/mL in plasma (53). A
concentration of 14 ug/mL has been suggested as a lower
limit for normal values and concentrations <10 pg/mL are
observed in individuals with glucosuria (54-56).

There are limited data regarding the relevance of vari-
ation in 1,5-AG in the general population, or specifically
individuals without impaired glucose tolerance or diabetes.
However, lower 1,5-AG values have been observed in healthy
relatives of individuals with diabetes (57), although this was
not statistically significant in another analysis (8).
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See Supplemental Data 2C for more complete background
details and methods of quantification.

Overview of the literature.

From 136 unique records on 1,5-AG identified from titles and
abstracts, only 5 articles were considered for the full article
analysis. Four additional studies were also identified from
hand searching (58-61) (for more details see Supplemental
Figure 1C). One other article reporting 1,5-AG was identified
from the search for a different section of the review (62),
for a total of 9 articles. A further article identified by hand
search met the general inclusion criteria, but was excluded
from our analyses as the intervention data did not distinguish
responses of normoglycemic people from other groups (54).
The very low volume of literature reflects the limited amount
of research specifically evaluating or applying this marker in
populations with good glycemic control.

Four of the included studies assessed changes in 1,5-AG
concentrations following acute glycemic challenges. The data
largely support 1 of the putative advantages of plasma 1,5-AG
as a marker that is little affected by fasting status. Yamanouchi
et al. (51) reported 1,5-AG concentrations over a single
day in 1 person with “normal” glycemic control, as well as
concentrations of 1,5-AG following 75 g glucose in 2 others,
along with these same measures in groups of participants
with poor glycemic control. The data are consistent with
no immediate acute effect of a glucose load on 1,5-AG
concentrations, and also little apparent change in plasma 1,5-
AG concentrations over the course of a day in these healthy
participants, as well as those with poor glycemic control.
Akanuma et al. (58) also reported that a glucose challenge
(100 g) had no effect on plasma 1,5-AG nor urinary excretion
concentrations over 3 h in participants with good glycemic
control. These data are fairly consistent with Su et al. (61)
who reported very small (though consistent) rises in 1,5-AG
in individuals without diabetes after a 75-g glucose load (60),
and also after a test meal of steamed bread.

Four studies have reported on changes in 1,5-AG fol-
lowing sustained dietary interventions. The most directly
relevant of these, Juraschek et al. (63) reported on 1,5-AG
in healthy adults following combinations of diets low and
high in GI (<45 versus >65) and carbohydrate (40 versus
58% of energy) for 5 wk each. Although all diets led to a
significant (versus baseline) reduction in 1,5-AG, pairwise
comparisons indicated larger and additive effects of a lower
GI or proportion of carbohydrate. However, the magnitude
of the between-diet effects was small, with mean differences
of only ~0.5-1.5 pug/mL, despite large differences in diet
composition. Khakimov et al. (43) evaluated metabolomic
profiles of groups consuming the New Nordic Diet compared
with an average Danish diet for 6 mo. In that trial there
were no significant differences between diets in 1,5-AG and
fructosamine (43). Bakker et al. (62) gave healthy overweight
men a complex “anti-inflammatory” dietary supplement
mix (resveratrol, green tea extract, a-tocopherol, vitamin
C, n-3 PUFAs, and tomato extract) or placebo for 5 wk.
Relative to placebo, the supplement produced a small but
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significant reduction in 1,5-AG; however, there were no
obvious differences in glycemic exposures, and no changes
in FG or insulin, nor in glycemic responses to a 500 kcal
mixed nutrient challenge test (64). Lastly, Higashikawa et
al. (65) reported 1,5-AG concentrations at baseline and
following intervention with varied dose combinations of 5-
aminoleulinic acid phosphate (ALA-P) and iron for 12 wk, in
people with mild hyperglycemia. Although 1 treatment (the
highest concentration of ALA-P) led to small but statistically
significant reductions in FG and GA (but not HbA1c¢) relative
to the placebo, there were negligible changes in 1,5-AG.

Two studies reported on cross-sectional associations of
1,5-AG with reported dietary behavior. Koga et al. (21)
carried out a brief survey of eating habits, focused on the
higher versus lower frequency of consumption of meats,
fish, soybean, eggs, dairy, fruit, vegetables, and salt-preserved
foods, in individuals with confirmed good glycemic control.
The data indicate a consistent inverse association between
1,5-AG concentrations (but not HbAlc or GA) and reported
frequent intake of dairy products (“every day” versus not).
This association also remained significant when measures of
glycemic control and intakes of other dietary components
were considered. However, it is not clear if this reflects a
causal effect of dairy products (e.g., on 1,5-AG metabolism)
or whether dairy intake is perhaps indicative of other (un-
recorded) dietary behaviors that affect glycemic exposures.
Lastly, Inada and Koga (59) reported no association of
reported alcohol intakes with 1,5-AG.

Conclusion.

Very few articles have explicitly considered whether 1,5-
AG could be relevant as a marker of glycemic exposures in
the general population. Nevertheless, the available evidence
indicates that for individuals with good glycemic control, 1,5-
AG concentrations are relatively unresponsive to variation in
dietary glycemic exposures. This is not surprising, because
under healthy physiological control, blood glucose concen-
trations will not approach the glycosuric threshold. This is
corroborated by the absence of increased 1,5-AG losses in
urine of healthy people following large acute glucose loads,
under the same conditions where losses are immediately
observed among individuals with poor glycemic control (58)
(Table 1).

There may still be situations where 1,5-AG might be
relevant for “healthy” populations. Within the general
population, especially in certain global regions (e.g., India,
Middle East), there are significant proportions of indi-
viduals with prediabetes and impaired glucose tolerance
(66, 67). Furthermore, as noted above, there is evidence
that low concentrations of 1,5-AG are seen in the general
population (without diabetes), and that these may even
be a meaningful marker of increased disease risk (68).
It therefore remains plausible, but untested, that 1,5-AG
concentrations could be responsive to relatively short dietary
intervention periods in susceptible “healthy” populations
without diabetes; i.e., where there is likely to be a high

prevalence of individuals with relatively weaker (postpran-
dial) glycemic control. However, there is presently no
empirical evidence for this, and the utility or advantages
of applying 1,5-AG as a marker of potentially beneficial
dietary interventions is greatly tempered by its slower re-
sponsiveness to reduced (compared with increased) glycemic
exposures.

Dicarbonyl stress

Characterization.

The term “dicarbonyls” in the context of markers of glycemic
exposure usually refers to «-oxoaldehydes such as methyl-
glyoxal (MG), 3-deoxyglucosone (3-DG), and similar com-
pounds (69-71). Dicarbonyls may reflect glycemic exposure
because they largely result from the degradation of glycolytic
intermediates and glycated protein formation; they are also
metabolized presystemically (72).

With increasing FG and PPG exposures, plasma MG and
3-DG concentrations increase as a consequence of increased
glucose metabolism and protein glycation by glucose, respec-
tively, and thereby potentially provide a marker of increased
glycemic exposure. MG may also indicate risk of reduced
glucose tolerance as it may be a mediator of insulin resistance
and FG and PPG in experimental obesity and in people with
overweight or obesity (23). Increased MG may thereby be
both a consequence and cause of hyperglycemia.

See Supplemental Data 2D for more complete background
details and methods of quantification.

Overview of the literature.

From 194 unique records on dicarbonyl stress identified
from titles and abstracts, only 3 studies met the criteria for
inclusion in this review. A further 7 records were identified
from hand searches of relevant literature (Supplemental
Figure 1D).

Only 1 randomized, placebo-controlled trial has eval-
uated plasma dicarbonyl (MG) in an intervention that
improved glycemic status. In a crossover study of people with
overweight and obesity, combination treatment with trans-
resveratrol-hesperetin (tRES-HESP) for 8 wk decreased
fasting plasma MG (by 37%) relative to baseline in highly
overweight subjects whereas treatment with placebo did
not, although the difference between treatments was not
statistically significant. Relative to control, tRES-HESP sig-
nificantly decreased fasting plasma and postprandial glucose
and corrected insulin resistance in this subject group (73).

In observational studies, fasting plasma MG assayed by
the reference LC-MS/MS assay was found to be progressively
higher in healthy people with normal weight, overweight, or
obesity: 132 &+ 63 nM, 181 + 61 nM, and 245 £ 123 nM,
respectively (74, 75). Fasting plasma 3-DG was 164 &= 41 nM
and increased by 12% after a high-fat meal and 26% after
a high-carbohydrate meal (76). Finally, an OGTT increased
plasma dicarbonyls in the subsequent 2 h, with plasma
concentrations returning to fasting concentrations at 2 h
in healthy controls but remained increased in people with
impaired glucose tolerance (77).
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Conclusion.
Further studies are required to confirm this relation and
clinical utility of plasma MG or a related biomarker. From ob-
servational studies, plasma MG and 3-DG are associated with
impaired glucose tolerance and impaired FG, particularly in
obesity (Table 1). From a previous randomized controlled
trial (RCT) targeting inducing the expression of Glol to
decrease MG, it appears that plasma MG is linked positively
and possibly causally to increased insulin resistance and FG
and PPG exposures in people with overweight or obesity (78).
A weakness of plasma dicarbonyls as markers of glycemic
exposure is their relatively short metabolic half-life of 10-20
min (79). The steady-state concentrations of dicarbonyls in
plasma reflect the balance of their formation and metabolism
at the period of sample collection rather than a cumulative
measure of their formation over an extended period of
days or weeks before donation . Other longer-lived markers
related to dicarbonyls, such as a dicarbonyl-modified albu-
min and hemoglobin, hydroimidazolone advanced glycation
endproducts of albumin, and hemoglobin (80-83), may
be worthy of investigation (see below). Plasma dicarbonyl
measurements of glycemic exposure are also influenced by
variation in activities of Glo1 (Glyoxalase I) and AKR (Aldo-
keto reductases) which may lead to under- or overreporting
for individuals with relatively high and low Glol and AKR
expression, respectively. An option to avoid this may be
to measure the major metabolic products of MG and 3-
DG, namely plasma D-lactate and plasma or urinary 3-
deoxyfructose (84, 85). With metabolic challenges, such as a
glucose tolerance test or meals, steady-state concentrations
of plasma dicarbonyls increase due to increased rates of
dicarbonyl formation and increased absorption of dietary 3-
DG in the absorptive phase (77). Increases of the steady-state
concentrations of plasma dicarbonyls in the fasting state over
longer periods may occur due to the slow development of
dysglycemia and/or decline in activities of the enzymes of
dicarbonyl metabolism with age. For example, mean Glol
activity of the human lens decreases 50% over 30-40 y (86,
87). Dietary interventions that correct dysglycemia and/or
increase the expression of enzymes of dicarbonyl metabolism
may reverse increased steady-state concentration plasma
dicarbonyls over relatively shorter periods; for example, 8-wk
treatment with tRES-HESP (78).

AGEs

Characterization.

AGEs are stable end-stage adducts formed during the glyca-
tion of proteins, and as free adducts or glycated amino acids
in physiological fluids (71). AGEs in whole serum/plasma
also includes a contribution of AGEs absorbed from food.
The major AGEs quantitatively are: hydroimidazolone (MG-
H1), Ne-carboxymethyl-lysine (CML), Ne-fructosyl-lysine
(FL), and glucosepane (GSP) (83, 88-91). In addition,
pentosidine is a low level fluorescent AGE formed from
a reaction of proteins with pentoses derived from the
pentosephosphate pathway (90).
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The concentration of AGE-modified proteins reflects the
steady-state concentration maintained by the formation of
AGEs during protein glycation and the removal of AGE-
modified proteins by cellular proteolysis. Since the precursors
driving AGE formation are related to glycemic exposure
and glucose metabolism, the steady-state concentrations
of AGE-modified proteins in serum or plasma, corrected
as needed for dietary AGEs, may provide a summation
of glycemic exposure over the half-life of the protein on
which they are formed. They are thereby potential markers
of medium-term (weeks-months) and long-term (years)
glycemic exposure (91, 92). AGEs have been measured by
immunoassay and antibodies to several AGEs are available
(93). Anti-AGE antibodies were initially produced using
protein highly glycated by glucose as the immunogen.
Under these conditions CML is often the dominant antigen
recognized by antibodies produced (94-96) and is struc-
turally similar to MG-derived Ne-(1-carboxyethyl)lysine
(CEL) (97). Assessment of urinary AGEs may potentially
also provide a noninvasive measure of glycemic status (78).
Reducing glycemic exposures may therefore reduce AGE
formation, but for example the drug metformin is believed to
reduce AGE accumulation in patients with diabetes by other
mechanisms in addition to its hypoglycemic activity (98).

See Supplemental Data 2E for more complete background
details and methods of quantification.

Overview of the literature.

There are limited data on estimates of AGEs in people
without diabetes and the possible relations with glycemic
exposures. From 1225 unique records on AGEs identified
from titles and abstracts, 23 studies were identified by the
systematic search and a further 7 were added from hand
searches (Supplemental Figure 1E).

Eight randomized, placebo-controlled trials evaluated
plasma, serum, and urinary AGEs as indicators of glycemic
control in subjects without diabetes. In a double-blind
crossover study of people with overweight and obesity,
treatment with a tRES-HESP intervention for 8 wk decreased
FG and PPG relative to the control in highly overweight
subjects, but without significant differences in plasma protein
MG-H]1 content. There was, however, a decrease in flux of
urinary MG-H1 with the tRES-HESP intervention in the total
subject group, relative to baseline and the control treatment.
The decrease of urinary flux of MG-H1, corrected for the
contribution from food, and urinary flux of pentosidine was
associated with improved insulin sensitivity assessed by the
oral glucose insulin sensitivity (OGIS) index (73).

In a study measuring plasma-free adduct concentrations
of AGEs, CML, and CEL, and the effect of carbohydrate-rich
or fat-rich meals, plasma CML-free adduct was increased
after both fat- and carbohydrate-rich meals, whereas plasma
CEL-free adduct was increased only after carbohydrate-
rich meals (76). The precursors of CML formation(glyoxal
and FL) are derived from lipids and carbohydrates whereas
the major precursor of CEL, MG, is mainly derived from
carbohydrates.
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Conclusion.
There are very limited data available from RCTs on the link
of AGEs with glycemic exposures.

A strength of AGE measurements as candidate markers of
glycemic exposure is their potential to provide a report on
medium- to long-term periods. The period of report relates
to the half-life of the protein or AGE, whichever is shorter, of
the AGE-modified protein measured. For dicarbonyl-derived
AGEs such as MG-H1, 3DG-H, and CEL, measurement
of AGEs in albumin and hemoglobin has the potential
to provide a report on dicarbonyl stress similar to that
provided by GA and HbA1lc for glucose exposure but with
greater responsiveness since rates of glycation by MG and
3-DG are markedly faster than by glucose (79). GSP is a
chemically stable glucose-derived AGE. It is expected to have
features of a chemically stable, cumulative glucose exposure
reporter (89) and therefore may have advantages over GA
and HbAlc which slowly degrade; HbAlc is also repaired
enzymatically (99). Pentosidine is derived from pentose
sugars and may provide a report on pentosephosphate
metabolic activity which has been linked to insulin resistance
(100). AGE-modified proteins may thereby provide reports
on metabolism related to glycemic exposure different to and
advantageous over those provided by GA and HbAlc.

A weakness of AGE assessments remains the difficulties in
assaying AGEs with high analytical specificity, sensitivity, and
throughput. Immunoassays of AGE-modified proteins are
potentially useful if improvements in analytical performance
can be made (See Supplemental Data 2E). Corroboration
of the stable isotopic dilution analysis LC-MS/MS reference
method, preparation of protein extracts to avoid interference
from AGE-free adducts, and use of an AGE-free synthetic
polypeptide to block nonspecific binding may help. In groups
without diabetes but where insulin resistance and obesity
are often present, it may be preferable to assess AGEs in
hemoglobin or urinary AGE-free adducts (corrected for
dietary contribution where necessary) and thereby avoid
potential interference from change in the albumin transcap-
illary escape rate.

Metabolomics

Characterization.

Metabolomics is the global measurement of metabolites in
biological samples, which has shown potential in the dietary
biomarker field. The most common techniques include but
are not limited to NMR spectroscopy, LC-MS, GC-MS, and
2-dimensional GC-Time of Flight/MS (GCxGC-TOF/MS).
These techniques can be used efficiently in the discovery
of biomarkers; further follow-up studies and measurements
are then necessary to validate the measurements and to
develop quantitative assays. As this field is still in its infancy
there are no reference values for the emerging metabolomic
biomarkers of glycemic exposure.

Overview of the literature.

From 1589 unique records on metabolomics identified from
titles and abstracts, only 6 eligible studies were identified
from the systematic search (supplemental Figure 1F). There

were 5 RCTs of interest (101-105) and 1 trial without a
control group (106) (Table 1).

Seventy-seven obese adults were studied by Rasmussen et
al. (105), over 6 mo in a randomized parallel controlled trial.
Participants were randomly assigned to 1 of 5 intervention
groups: low-GI, low-protein (LGI/LP); low-GI, high-protein
(LGI/HP); high-GI, low-protein (HGI/LP); high-GI, high-
protein (HGI/HP); or control diet. For the analyses, the 2 LGI
and 2 HGI diets were pooled, so the diets had a range between
45-50% and 57-62% of energy from carbohydrates and 10-
15% and 23-28% from protein, besides that, the fiber content
was ~60 g/d for LGI and 47.8 g/d for HGL. '"H NMR-MS
investigation was performed on 24-h urine samples and 1 of
the main effects observed was higher formate concentrations
in the HGI diet. However, formate is positively associated
in the literature both with low-fiber intake (107) or energy
intake (108) hence ruling it out as a specific marker of
glycemic exposures.

Johansson-Persson et al. (103) performed a 5-wk random-
ized controlled crossover intervention to examine the effects
of a high-fiber diet. Untargeted liquid chromatography-
quad time-of-flight)(LC-QTOF)/MS identified 2 new mark-
ers, namely 2,6-dihydroxybenzoic acid and 2-aminophenol
sulfate, that could differentiate both interventions and were
increased after the HF diet (P <0.01). However, it is unclear
if these changes were related to glycemic exposures, as the
intervention had no significant effects on FG, insulin, or
insulin resistance (109). The specificity of these markers for
glycemic exposures needs to be determined in future studies.

Barton et al. (101) reported on a pilot metabolic analysis
using LC-MS/MS from a subset of 19 individuals in a
crossover design RCT (n = 82) in which subjects received
a diet with low-glycemic load (LGL, 125 GL/d and 55 g
fiber/d) or high-glycemic load (HGL, 250 GL/d and 28 g
fiber/d), over 2 x 28-d periods. Comparing the LGL versus
HGL diet, there were significant differences in 14 plasma
metabolites but, after Bonferroni correction for multiple
comparisons, only kynurenate (higher), cystamine (lower),
and methyl succinate (higher) remained significant (P <0.01
for all) and satisfied the less stringent false detection rate
threshold of q <0.20. However, the absolute concentrations
for these metabolites were not given, only the ratio of
concentrations after the LGL versus HGL diet, making
interpretation of these as biomarkers of glycemic exposure
difficult.

A parallel RCT performed by Beckmann et al. (102) as-
sessed 97 female volunteers, who received either 0, 50, or 100
g single dose of sucrose. Urine and plasma were evaluated by
flow injection electrospray mass spectrometry (FIE-MS)and
gas chromotography time-of-flight mass spectrometry (GC-
TOF-MS). Results demonstrated that sucrose, fructose, and
erythronic acid in urine were positively related and dose
responsive to sucrose intake. Both sucrose and fructose have
been previously found to be related to glycemic exposures.
The authors suggest that erythronic acid in combination
with urinary sucrose and fructose could potentially be a
useful marker of sucrose intake. However, further studies are
necessary to demonstrate its relevance as a glycemic marker.
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Gu et al. (106) assessed 45 “healthy” obese and 30
healthy controls (mean BMI 21.29) participants in an 8-
wk single-arm intervention. The obese group received a
very low-carbohydrate diet (VLCD; energy intake restricted
to <800 kcal/d and carbohydrate <20 g/d), whereas control
participants were assessed only at baseline. Serum samples
were analyzed by ultra performance liquid chromatography
(UPLC)-QTOFMS and GC-TOF-MS, with data from both
combined in a new set for analyses by uni- and multivariate
methods. Since the control group did not take part in the
intervention, it is only possible to report on the analysis
comparing the results of the obese group pre- and postdiet.
At the end of the intervention period, the metabolic profile
of patients with obesity diverged from their own baseline
but still remained different from controls. Additionally, the
carbohydrates ribose (ratio change over baseline = 2.26,
P =0.00002) and mannose (ratio change = 1.19, P = 0.011)
were significantly different in the obese group after an 8-wk
VLCD diet compared with the values before the intervention.
However, the concentrations of these metabolites are not
presented in the article. Additional research is needed to
confirm that ribose and mannose are indeed relevant markers
of glycemic exposure.

Conclusion.

Overall, the articles have identified some putative biomarkers
but further work is needed in terms of validation (Table 1).
Such work includes demonstration of dose response, sensitiv-
ity and specificity, development of quantitative measurement
assays, and measurement in larger cohorts. Considering the
current evidence we would not recommend any of the above-
mentioned metabolites as biomarkers of glycemic intake but
would encourage further work to be performed in an attempt
to progress these as potential biomarkers.

General Discussion
We found limited data assessing the use or validity of these
markers for sustained variation in diet-induced glycemic
exposures in people without diabetes. That is perhaps not
surprising, given that some are relatively new and for others
the main interest has largely been focused on their potential
use in diabetes diagnosis or monitoring, and prediction of
chronic disease risk including comorbidities of diabetes.
Furthermore, the relatively limited range and duration of
glycemic excursions above fasting in individuals without
diabetes poses a challenge to the sensitivity of markers to
reliably capture differences between groups with differing
dietary exposures. None of the markers considered here can
be recommended for this application based on the current
evidence and state of technology. However, given the high
levels of interest in lowering the glycemic response to foods,
and adverse associations of glycemic exposures with disease
risk in the general population (1, 110-112), it is relevant and
timely to consider which markers might have promise for
future applications in research with healthy individuals.

At present, GA appears perhaps the most promising of
the nonglucose molecular markers, but this is tempered

1232 Feskensetal.

by its potential confounding by fat mass. There is some
(although very limited) evidence for responsiveness of GA
to sustained periods (weeks) of dietary interventions in
individuals without diabetes. The analysis of GA is also well
developed and applicable for routine use in intervention and
cohort studies. The cause of the variation associated with fat
mass is unclear, but may relate to increasing dwell time of
albumin in the increased volume of the interstitial fluid in
people with obesity, whereby the rate of glycation is decreased
(23). Future studies may explore measurement of GA in
directly relevant interventions and corrections for fat mass
or BMI.

In parallel, our assessment suggests that 1,5-AG and fruc-
tosamine are unlikely to be sufficiently sensitive for glycemic
exposures relevant for the general population, especially
individuals with good glycemic control. These markers are
therefore probably inherently unsuited for this purpose;
however, this has not been rigorously tested in the available
studies. In many cases there was no clear characterization
of the magnitude or variations in glycemic exposures. It
is also important to note that a conclusion regarding the
unsuitability of these markers for assessing variation in
glycemic exposures in individuals without diabetes is not an
assessment of their potential value as markers of disease risk
in this population. Variation in each of these markers has
been reported to be significantly associated with future risk
of diabetes or cardiovascular disease in populations without
diabetes (68, 113, 114).

Currently, there is also limited validated concrete support
for applying the dicarbonyls and AGEs that have been con-
sidered so far, although other specific dicarbonyls and AGEs
may be identified as suitable markers. Although MG and 3-
DG or related dicarbonyl species have been shown to respond
to variation in glycemic exposures, they mainly reflect a
relatively acute short-term increase in dicarbonyl formation
and, for 3-DG, dietary absorption. A relatively high concen-
tration of plasma dicarbonyls may reflect a relatively low rate
of dicarbonyl metabolism rather than increased formation
related to increased glucose exposure. Hence, the relation
of plasma dicarbonyls to dysglycemia is more complex than
that of GA, where the latter analyte is formed directly from
glucose and is relatively long-lived. Challenges also remain
to minimize interlaboratory variation in estimates of plasma
dicarbonyls. Adoption and implementation of the reference
LC-MS/MS analytical method or methods that corroborate
it for clinical use will help (74). Advances in instrumentation
providing automated LC-MS/MS systems for rollout into
clinical chemistry laboratories may facilitate this.

In principle, measurement of AGEs in albumin or
hemoglobin could provide a cumulative measure of dys-
glycemia better than GA and HbAlc. For example, GSP
is a quantitatively major glucose-derived AGE with longer
chemical stability than fructosamine adducts and so may
be expected to show improved integration of glucose expo-
sure compared with current conventional measures of GA
and HbAlc. However, the lack of commercially available
analytical standards and immunoassay for GSP is currently
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impeding its development as a marker of glucose exposure.
There are also a number of confounding factors that can
influence the measurement of AGEs, e.g., presence of AGE-
free adducts (without a preanalytic protein extraction step),
oxidative stress affecting CML, and like GA, measurement in
obese subjects. Future use of improved assay methodology
for AGE analysis will help (e.g., stable isotopic dilution
analysis LC-MS/MS or specific immunoassays). Robust ab-
solute quantitation with chemically defined AGE calibration
standards will also help in interlaboratory comparison of
AGE estimates.

Finally, metabolomic markers reflecting prior glycemic
exposures may eventually find applications, but there is a
need to establish that the metabolites proposed to differ-
entiate exposures are specific for glycemia, and generate
replicable and robust response patterns that can be sensitively
compared between groups. At the moment it is not possible to
identify markers with the greatest potential for this purpose;
however, it is clear that this approach holds great promise and
further investigation is warranted.

Improved glycemic markers may emerge from a com-
bination of biomarker responses assessed, particularly by
machine learning techniques with data-driven selection of
optimum biomarker combinations, and further validation
of candidate markers in blood samples collected and stored
under conventional routine clinical conditions for ease of
clinical translation (e.g., use of machine learning in plasma
metabolomics studies to identify metabolite combinations
that predict progression to diabetes [115] and application
of an LC-MS/MS assay of AGEs in stored repository blood
samples [116]).

There are a number of limitations to the present review,
particularly—as repeatedly noted—the limited availability
and difficulty of identifying research directly assessing these
markers with the populations and outcomes of interest.
Furthermore, because these markers may often have been
secondary or exploratory outcomes in research, not all
relevant studies would be identified by the systematic search
process. This is clear from the relatively large proportion of
evidence (>25% of articles) identified by hand searching.
Lastly, research on other interventions such as physical
activity or medications in populations without diabetes was
not considered here, but could also be useful in establishing
the viability and potential responsiveness of these markers in
this population.

General Conclusion

In summary, none of the markers considered here can yet
be considered sufficiently validated or sensitive for routine
use in assessing sustained variation in glycemic exposures
with dietary interventions in individuals without diabetes.
Further validation studies would be required, to demonstrate
consistently replicable and sensitive responsiveness to a range
of dietary interventions that generate well-characterized
variation in glycemic exposures in this population. For
example, additional research is needed to confirm GA as a
good glycemic exposure marker in the general population

especially as it is confounded by fat mass. 1,5-AG and
fructosamine are poorly suited for this population and
purpose of interest here. Measures based on dicarbonyls,
AGEs, or metabolomics approaches may eventually become
applicable, but further research is needed into the selection
of specific markers (molecular species) to be considered for
further testing.
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