Oral advanced glycation endproducts (AGEs) promote
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antioxidant defenses AGE receptor-1 and sirtuin 1
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The epidemics of insulin resistance (IR) and type 2 diabetes (T2D)
affect the ﬁrst world as well as less-developed countries, and
now affect children as well. Persistently elevated oxidative stress
and inﬂammation (OS/Inﬂ) precede these polygenic conditions. A
hallmark of contemporary lifestyle is a preference for thermally
processed nutrients, replete with pro-OS/Inﬂ advanced glycation
endproducts (AGEs), which enhance appetite and cause overnutrition. We propose that chronic ingestion of oral AGEs promotes IR and T2D. The mechanism(s) involved in these ﬁndings
were assessed in four generations of C57BL6 mice fed isocaloric
diets with or without AGEs [synthetic methyl-glyoxal-derivatives
(MG+)]. F3/MG+ mice manifested increased adiposity and premature IR, marked by severe deﬁciency of anti-AGE advanced glycation receptor 1 (AGER1) and of survival factor sirtuin 1 (SIRT1) in
white adipose tissue (WAT), skeletal muscle, and liver. Impaired 2deoxy-glucose uptake was associated with marked changes in insulin receptor (InsR), IRS-1, IRS-2, Akt activation, and a macrophage
and adipocyte shift to a pro-OS/inﬂammatory (M1) phenotype.
These features were absent in F3/MG− mice. MG stimulation of
3T3-L1 adipocytes led to suppressed AGER1 and SIRT1, and altered
InsR, IRS-1, IRS-2 phosphorylation, and nuclear factor kappa-light
chain enhancer of activated B cells (Nf-κB) p65 acetylation. Gene
modulation revealed these effects to be coregulated by AGER1
and SIRT1. Thus, prolonged oral exposure to MG-AGEs can deplete
host-defenses AGER1 and SIRT1, raise basal OS/Inﬂ, and increase
susceptibility to dysmetabolic IR. Because exposure to AGEs can be
decreased, these insights provide an important framework for alleviating a major lifestyle-linked disease epidemic.
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he current epidemic of type 2 diabetes (T2D) is preceded by
insulin resistance (IR), which is linked to increased oxidant
stress (OS), inﬂammation (Inﬂ), and overnutrition (1–3). One
source of OS/Inﬂ is industrially processed food, which is increasingly a large part of the modern diet and delivers an excess
of thermally accelerated protein- and lipid-associated prooxidant
advanced glycation and lipoxidation endproducts (AGEs and
ALEs, respectively) (4–7). Although thermal treatment improves
food safety, ﬂavorful AGEs may spur overnutrition, which contributes to the metabolic syndrome and diabetes. AGEs, previously best known for their role in diabetes- and age-related
complications, have recently been implicated in IR, β-cell damage, and diabetes (T2D and T2D) (8–10).
The effects of AGEs are normally countered by AGE
degrading systems and anti-AGE receptors, i.e., AGER1 (11–
13). The in vivo protective functions of AGER1 were recently
linked to SIRT1, an NAD+-dependent deacetylase and survival
factor, based on data showing that AGER1-tg mice are protected
against fat-diet–induced vascular disease and abnormal glucose
homeostasis (14–16). SIRT1 represses inﬂammatory signals,
enhances adiponectin production, and improves insulin efﬁciency and fat mobilization (16, 17). Because AGER1 and
SIRT1 were independently found to be suppressed in chronic OS
conditions such as diabetes, aging, or AGE overload (15, 18–21),
and both were enhanced after AGE restriction in T2D patients
www.pnas.org/cgi/doi/10.1073/pnas.1205847109

(18), we hypothesized that AGER1 and SIRT1 could be coregulated by orally absorbed prooxidant AGEs. The mechanism(s)
by which speciﬁc AGEs contribute to chronic disease is only
partly elucidated, owing to the heterogeneity of AGEs (10, 20).
Methyl-glyoxal (MG) is a highly reactive α-dicarbonyl and is
among the best-known glycation agents linked to diabetic or agerelated cell injury (23–26). Common MG derivatives such as
methylglyoxal-imidazolone-H1 (MG-H1) increase OS in vitro/
in vivo (24–28) and are elevated in serum of humans with T1D
and T2D (23, 29). MG derivatives are also elevated in “normal”
individuals who consume AGE-rich diets (30). MG derivatives
can be reduced by following a diet made low in AGEs by simply
limiting thermal exposure (18, 20, 23). Lowering AGE intake
prevents several high-OS conditions in mice and humans (8, 18).
Evidence that MG-AGEs in food are pathogenic was ﬁrst
obtained from a study in which mice fed a low-AGE, nutritionally normal diet developed systemic levels of AGEs and OS
similar to those seen in diabetes or aging (27).
The current report extends these studies and demonstrates
that MG-AGEs, common in thermally treated foods can profoundly alter the organism’s inﬂammation/insulin axis, in the
absence of genetic susceptibility or excess intake of nutrients.
Namely, sustained exposure of multiple generations of wild-type
C57BL6 mice to a nonheated, isocaloric diet, where the content
of AGEs was increased by a single synthetic MG-AGE (MG+),
results in severe AGER1 and SIRT1 deﬁciency, an adipocyte
and macrophage shift to a pro-OS/inﬂammatory phenotype,
adiposity, and early insulin resistance.
Results
MG+ Diet Promotes Weight Gain, Adiposity, and Metabolic Changes in
WT Mice. During multigenerational mouse studies, we noted no

differences in food intake, growth characteristics, or fecundity
in founder (Fo), and F1-F3 of either the MG+ or MG− group.
Gradual increases in both serum CML and MG-H1-like derivatives were observed between Fo and F3 of 18 mo MG+ mice;
whereas, the opposite trend was noted in Fo-F3 of MG− mice
(Fig. S1 B and C). Together with increased plasma 8-isoprostanes
and vascular cell adhesion protein 1 (VCAM-1), and the lower
plasma adiponectin levels in MG+ and Reg-diet fed mice (Table
1, Fig. S1 D and E), these data indicated that systemic OS was
progressively and prematurely elevated in MG+ mice in contrast
to MG− mice. Also, 18 mo F3/MG+ mice had higher fasting insulin and leptin levels than the F3/MG− group (Table 1), and
displayed abnormal glucose and insulin responses to i.p. glucose
tolerance test (IGTT; Fig. 1 C and D), whereas these remained
normal in MG− mice.
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Table 1. Characteristics of wild-type C57BL6, F3 mice
Groups
No./group
Body weight (g)
Food intake (g/day)
Food CML intake (U/day)
Food MG intake (nmol/day)
Serum CML (sCML, U/mL)
Serum MG (sMG, nmol/mL)
Fasting blood glucose (mg/dL)
Fasting insulin (nmol/L)
Adiponectin (μg/mL)
Leptin (nm/mL)
Adipo/leptin ratio
White fat CML (U/g)
White fat MG (nmol/g)

MG−

MG+

REG

12 (6F/6M)
32.1 ± 0.74*,†
4.7 ± 1.4
16.0 × 104*,†
0.66 × 104*,†
28 ± 2.3 *,†
0.84 ± 0.1†,‡
67.3 ± 5.1
0.27 ± 0.01*,†
12.0 ± 0.4‡
12.8 ± 0.23*,‡
0.94 ± 0.17‡
0.9 ± 0.1 × 104*,†
44.5 ± 5.1*,†

12 (6F/6M)
37.1 ± 1.2
4.9 ± 0.7
24.4 × 104
1.6 × 104
43.1 ± 1.5
1.66 ± 0.17
68.1 ± 5
0.51 ± 0.03
8.42 ± 0.58
17.3 ± 0.51
0.49 ± 0.11
4.0 ± 0.2 × 104
190.8 ± 9.8

9 (5F/4M)
37.6 ± 1.7
5.0 ± 1.2
30.0 × 104
1.3 × 104
40.8 ± 4.2
1.43 ± 0.09
81.7 ± 3.4
0.47 ± 0.04
8.0 ± 1.1
17.0 ± 0.9
0.47 ± 0.12
3.3 ± 0.2 × 104
143 ± 9

[MG−] denotes mice on non-thermally-treated low-AGE diet; [MG+] denotes mice on a MG-supplemented lowAGE diet, [REG] denotes control mice on standard (thermally treated) diet. Data are means ± SEM. *P < 0.01
between MG− and MG+ mice; †P < 0.01 between MG− and REG mice, and ‡P < 0.05.

Despite isocaloric pair feeding, the F3/MG+ and Reg mouse
body weights were higher than in MG− mice (Table 1). Moreover, the WAT weight in MG+ and Reg mice was nearly twofold
greater than in MG− mice (Fig. 1C). In addition, white adipose
tissue (WAT) fat-associated AGEs [Nε-carboxymethyllysine
(CML) and MG] in MG+ were three- to fourfold higher than in
MG− mice (Table 1, Fig. 1 Ci and Cii).
Furthermore, insulin-stimulated 2-deoxyglucose uptake by
WAT and skeletal muscle was attenuated in MG+ F3 mice (by
55% and 40%, respectively) compared with MG− F3 mice (Fig.1
D and E) (27, 28).
Evaluation of isolated adipocytes, stromal vascular cells from
WAT, as well as in peritoneal macrophages, revealed an enhanced proinﬂammatory pattern in all cell types from MG+ mice
relative to MG− (Fig. S2). Namely, mRNA levels of TNF-α,
CD11c, and MCP-1 were higher, but those of IL-10, CD206, and
PPAR-γ were reduced. Furthermore, the mRNA levels of SIRT1
and AGER1 in macrophages and WAT adipocytes were also
reduced in MG+ mice (Fig. S2) Key insulin-signaling targets
such as tyr-phosphorylated insulin receptor (InsR), insulin receptor substrate 1 (IRS1), and Ser-473-phosphorylated Akt levels were markedly suppressed in all three tissues from MG+,
relative to MG− mice in insulin-sensitive tissues; including fat,
liver, and skeletal muscle of MG+ mice. In contrast, Ser/threonine
phosphorylated IRS1, a negative regulator of insulin signaling,
was signiﬁcantly enhanced, compared with MG− mice (Fig. 2A),
suggesting that insulin action was impaired in MG+ mice.
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cytes with either overexpressed (AGER1+) or silenced AGER1
(shAGER1) were studied to assess AGER1’s effects on functional targets of insulin. Insulin-stimulated Tyr-phospho-IRS1
in AGER1+ cells was enhanced after 72 h of exposure to MGAGEs but both ser-307-phospho-IRS1 and acetyl-IRS2 were
reduced, compared with WT cells (Fig. 3 A and B). AGER1 silencing led to a decrease in Tyr-phospho-IRS1 but an increase in
ser-307-phospho-IRS1 and in acetylated IRS2 (Fig. 3A). These
effects were consistent with the data from WAT adipocytes (Fig.
2C). They indicate that, under external MG-AGEs stimulation,
AGER1 can support the metabolic, as well as counter the inﬂammatory actions of insulin, both which are regulated by
SIRT1. There was a dose-dependent suppression of SIRT1
protein, and AGER1 protein expression in WT and shAGER1
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SIRT1 protein levels were also suppressed in fat, liver, and
muscle from F3/MG+ mice, but not from F3/MG− mice (Fig.
2B). Tissues from F3/MG+ mice also had reduced AGER1, and
enhanced RAGE protein levels, compared with F3/MG− tissues
(Fig. 2B), consistent with ﬁndings in older mice fed Reg diet (22).
Furthermore, levels of AGER1 and SIRT1 were suppressed in
primary adipocytes isolated from MG+ WAT, and NF-κB acetylp65 and RAGE levels were increased, compared with adipocytes
from MG− mice (Fig. 2C), suggesting the presence of a proinﬂammatory state in MG+ WAT adipocytes.
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Fig. 1. MG+ diet leads to altered glucose homeostasis, adiposity, and AGE-lipids in adult MG+ F3 C57BL6 mice. (A) Blood glucose and (B) insulin levels, after
a glucose tolerance test (GTT) (n = 6/group); (C) WAT mass, (Ci) lipid-CML and (Cii) Lipid-MG derivatives (n = 10/group); (D) glucose uptake by WAT adipocytes;
and (E) by skeletal muscle from 18 mo MG+ F3 and MG− mice; n = 5–7/group. Data are shown as means ± SEM *P < 0.05 vs. MG− fed mice.
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cells, after prolonged exposure to MG, but this pattern was absent in AGER1+ cells (Fig. S3), suggesting that SIRT1 expression and function are partly AGER1 dependent.
AGER1 and SIRT1 Coregulate Adipocyte Insulin Signaling During MG+
AGE Exposure. Insulin signaling was assessed in AGER1 3T3-L1

cells, which either coexpressed SIRT1 (AGER1+/SIRT1+) or in
which SIRT1 expression was suppressed. AGER1+/SIRT1+
coexpressing cells had increased IRS1 tyr-phosphorylation, but
not IRS1 ser-phosphorylation or IRS2 acetylation (Fig. 3C).
However, when SIRT1 activity in AGER1+ cells was diminished
by Sirtinol (a SIRT1 inhibitor, 10 μM), the MG effects were not
inhibited (Fig. 3A). Further, SIRT1+ transduction was not sufﬁcient to functionally block MG-enhanced phospho-JNK and
NF-κB acetyl-p65 after AGER1 silencing (Fig. 3D). Taken together, these ﬁndings pointed to a reciprocal cooperative relationship between SIRT1 and AGER1 under MG stimulation.

Adipocyte AGER1 Positively Regulates SIRT1 Expression and NAMPT
Activity via ROS Suppression. In assessing the mechanism of SIRT1

alteration, we noted that protein levels of nicotinamide phosphoribosyltransferase (NAMPT), a key enzyme regulating the NADdependent deacetylase SIRT1, were signiﬁcantly reduced in WAT,
liver, and skeletal muscle from MG+ mice, compared with MG−
mice (Fig. 4A). Because MG triggers ROS generation, we examined
3T3-L1 cells after exposure to either MG, or a model oxidant, H2O2
to determine if the reduction of NAMPT levels was ROS dependent. NAMPT protein levels were reduced in these cells after
exposure to either MG-AGE, or H2O2 (Fig. 4B), but was largely
protected by the antioxidant NAC and partly by apocynin, an
NADPH oxidase inhibitor, consistent with ROS, generated in response to MG, from diverse intracellular sources. MG-AGE also
compromised the enzymatic activity of NAMPT, [NAD+]:[NADH]
ratio, although less effectively than did H2O2, and this effect was
signiﬁcantly inhibited by antioxidants (Fig. 4C). Moreover, both
NAMPT protein and [NAD+]:[NADH] levels remained intact in
AGER1+ cells, but they were clearly blunted in shAGER1 cells (Fig.
4 D and E). These data indicate that AGER1 inhibits the suppression of NAMPT by MG, largely via an anti-ROS mode of action.
Differential Responses to Short- and Long-Term MG Exposure. The
temporal pattern of the responses of adipocytes to extended exposure to AGEs was determined during in vitro MG stimulation of
Cai et al.
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Fig. 2. (A) MG+ diet alters insulin receptor (InsR),
IRS-1, and Akt activity levels in insulin-sensitive tissues. After an insulin injection (30 min), liver, fat
(WAT), and skeletal muscle tissue lysates from 18 mo
MG+ and MG− F3 mice were immunoprecipitated
(IP) with anti-InsR, anti-IRS1, or anti-Akt antibodies
and immunoblotted (IB) with anti-phospho-tyrosine,
anti-phospho(Ser307)-IRS-1, or anti-phospho(Ser473)Akt antibodies. (B) MG+ diet suppresses AGER1 and
Sirt1, and enhances RAGE and acetylated Nf-KB p65
levels in whole WAT, liver, and skeletal muscle, and
(C) in primary WAT adipocytes. Whole tissue or
primary adipocyte lysates from MG+ and MG− mice
(n = 3–5/group) were subjected to Western blotting,
by the respective antibodies. Densitometric data
(means ± SD, n = 3 experiments) indicates the ratios
of phosphorylated to total protein (A) or protein to
β-actin (B and C), *P < 0.05 vs. MG− mice.

differentiated 3T3-L1 cells. Short-term exposure to MG-BSA (4–8
h) resulted in increases of both AGER1 and RAGE protein levels
(by two- to threefold), followed by a plateau for ∼18 h (Fig. S4A).
Similarly, SIRT1 and NAMPT protein levels increased, but for
a shorter interval (Fig. S4B). During this period there was a modest
rise in intracellular ROS (by 0.5-fold) (Fig. S4C), while intracellular
AGE (CML and MG) levels did not signiﬁcantly change (Fig. S4 D
and E). After longer MG treatment (24–72 h), and as AGER1
protein levels declined to baseline (Fig. S4A), intracellular ROS
and AGE further increased (by two- to threefold) (Fig. S4 C–E);
whereas, RAGE protein increased only modestly (by 0.5-fold) (Fig.
S4A). Thus, the early responses to MG-AGEs (<24 h) did not involve ROS or AGEs (Fig. S4 C–E) signiﬁcant enough to trigger
changes in inﬂammatory/insulin axis. As suggested in Figs. 3 and 4,
all these occurred only after prolonged exposure to MG-AGEs
(>24 h), after the trajectories of a declining AGER1 (as well as
SIRT1) crossed over with further rising ROS and AGEs, and, to
a lesser extent, RAGE (Fig. S4 A–C). Of note, the short-term (<24
h), modest increases in adipocyte ROS or AGEs did not correlate
with the markedly increased RAGE. However, RAGE could
contribute to long-term (>24 h) OS-dependent events in adipocytes, namely under conditions of AGER1 depletion, as suggested
by silencing RAGE (Fig. S4 Ci and Di).
Discussion
Because it is generally accepted that IR and diabetes are causally
linked to increased OS, gaining insight on potential new pro-OS
causes is important. The current report identiﬁes a class of proOS AGEs as a nontraditional risk factor of IR and T2D in nonobese mice independent of overnutrition. Exposure to an isocaloric diet in which the typical thermally promoted AGEs were
largely substituted for by synthetic MG derivatives of a single
protein (MG+) caused a phenotypic shift consisting of weight
gain, adiposity, and IR. These changes replicate the metabolic
syndrome phenotype that is becoming increasingly common in
adult humans (1–3). An important feature of this model is an
early depletion of defense mechanisms AGER1 and SIRT1,
which underlies the elevated state of basal OS, as noted in
humans (31). This newly identiﬁed link between exogenous AGEs
and metabolic dysfunction is supported by the evident activation
of inﬂammation in both macrophages and adipocytes, and the
markedly impaired insulin-signaling pathways in insulin-sensitive
tissues of MG+ mice. It is notable that this combination of
PNAS Early Edition | 3 of 6
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Fig. 3. AGER1 is required for insulin metabolic and antiinﬂammatory activity in differentiated 3T3-L1 adipocytes exposed to MG-AGEs. WT 3T3-L1 cells
transduced (AGER1+) or silenced for AGER1 (shAGER1) were preincubated with (+) or without (-) MG-BSA (60 μg/mL) for 72 h, and stimulated with insulin (100
nM) for 10 min. Cell lysates were subjected to (A) IP with anti-IRS-1 or IB with anti-phospho-tyrosine and anti-Ser307 IRS-1 antibodies, or (B) IP with anti-IRS-2
antibodies and IB with anti-acetylated-lysine antibody (Acl-IRS-2). Densitometry data (means ± SD, n = 3) show the ratio of phosphoryl- or acetyl-protein to
total protein. *P < 0.05 vs. control; §, P < 0.01 vs. insulin-treated. (C) Adipocyte AGER1 cooperatively interacts with SIRT1 under MG-AGE stimulation. 3T3-L1
cells AGER1-transduced (AGER1+), cotransfected with SIRT1 (AGER1+/Sirt1+) or pretreated with SIRT1 inhibitor Sirtinol (10 μM) (AGER1+/+SL) were preincubated with (+) or without (-) MG-BSA (60 μg/mL) for 72 h, and stimulated with insulin (100 nM) for 10 min. Cell lysates were subjected to IP with anti-IRS-1,
IB with anti- Ser307-IRS-1 antibody or IP with anti-IRS-2 and IB with anti-acetylated-lysine antibodies. *P < 0.05 vs. insulin. (D) The effects of MG-AGEs are
mediated on adipocytes are Phospho-JNK and NF-κB p65 acetylation (Acl-p65) were determined in the same 3T3-L1 cells and prepared as described in C by
Western blotting. For phospho-JNK, cells were exposed to MG-BSA (60 μg/mL) for 2 h. For NF-κB p65 acetylation, cells were exposed to MG-BSA (60 μg/mL) for
72 h. Density plots show the ratios (means ± SD) of phosphorylated or acetylated to total protein. *P < 0.05 vs. control.

features is virtually absent in genetically identical mice born and
raised in an environment differing only with respect to the lower
amount of ingested MG-AGEs. These mechanistic ﬁndings thus
provide an important framework for elucidating the role of abnormal chronic OS in IR and T2D.
The current study addresses IR and T2D in a manner reﬂected
in populations worldwide, which are increasingly affected by
these polygenic conditions over the recent decades (1–3). Hence
the choice of nonobese WT C57BL6 mice in which the food
nutrient content was not manipulated. Several generations of
mice were pair fed an isocaloric, nonthermally treated diet, with
or without synthetic MG derivatives added at levels similar to
those present in standard heat-treated chows (22, 27) and in
proportion to those found in human foods (4–7, 18). Also, the
nonthermal preparation of the experimental diets largely avoided changes such as of heat-unstable vitamins and antioxidants
that may inﬂuence disease outcomes. Because MG generates
intermediate and terminal AGEs, the MG+ diet was the main
source of the excessive MG-H1-, and CML-like substances as
well as lipoxidation products (25, 26, 30, 32) found in the circulation and WAT tissue of MG+ mice, including newly formed
OS-derived intracellular AGEs. Therefore, the MG+ diet, but
not the MG− diet, reproduced an in vivo condition of high basal
OS, without the crucial confounder of heat treatment (22, 27).
Increased adiposity, glucose intolerance, and hyperinsulinemia
appeared prematurely in F3/MG+ mice, namely 6 mo before its
onset in Reg-fed mice (22, 27, 28) and 12 mo before that in F3/
MG− mice. Thus, this model reproducibly disassociated dysmetabolic changes from both overnutrition and senescence factors,
directing attention to alternative cause(s). Although the MG+
and Reg diets did not contain excessive nutrients, they led to
weight gain, reﬂected in a near doubling of WAT mass in these
mice, relative to MG−. The expanded WAT in MG+ or Reg
4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1205847109

mice was also rich in AGE lipids (by ∼three- to fourfold above
MG−). This striking increase reﬂected a surplus of α-dicarbonyls
in MG+ diet interacting with amine-containing, lipoxidized lipids
and fatty acids (32–34), aided by the higher intraadipose AGEs/
OS in MG+ mice. Given the markedly lower SIRT1 in MG+
WAT, it is possible that the excess intraadipose AGEs could
impair normal lipolysis, via suppression of SIRT1, a factor implicated in fatty acid mobilization (35, 36). The net surplus of
lipids and lipoxidized lipids could participate in the observed
increased fat mass and adiposity in older MG+ (and Reg) mice.
Excessive MG-AGEs, by suppressing SIRT1, also led to impaired
tissue glucose uptake in MG+ mice. In contrast, preservation of
SIRT1 in MG− WAT preserves efﬁcient lipolysis as well as glucose
uptake. Because SIRT1 also reduces hepatic gluconeogenesis (37),
the low SIRT1 levels in the livers of MG+ mice may contribute to
the absence of signiﬁcant fasting hyperglycemia in these mice,
despite elevated fasting plasma insulin levels. The ﬁndings may
also be partly due to differences in energy expenditure between
MG− and MG+ fed animals, a view that warrants exploration.
Chronic MG+ intake was also associated with elevated fasting
plasma insulin and leptin and suppressed adiponectin levels in
MG+ mice. These ﬁndings are consistent with an insulin-resistant
state, as seen previously in Reg mice, but not in MG− mice (22,
28). The metabolic changes were associated with cellular changes
in insulin-sensitive tissues from MG+ mice in the current study.
These were concordant with impaired SIRT1-dependent metabolic insulin-receptor actions, based on decreased tyr-phosphoIR and -IRS-1, but increased Ser-phospho-IRS-1. This pattern
was clearly different from that of MG− mice. The same combination of changes in insulin signaling was found in primary adipocytes isolated from WAT of MG+, but was not present in
WAT of MG− mice. There was also a marked increase in NF-κB
acetylated-p65 in WAT adipocytes from MG+ mice. Together
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with high Ser-phospho-IRS1, this further highlighted the exacerbated inﬂammatory insulin pathways in MG+ mice, pointing to
their markedly SIRT1-depleted state. These data demonstrate
that MG-derived AGEs, present in thermally treated food can
profoundly alter the inﬂammation/insulin axis, in the absence of
excess intake of nutrients or genetic susceptibility.
Because WAT consists of a mixture of cells, we separated
adipocytes and stromal vascular WAT cells from MG+ mice and
found that MG+ WAT was enriched in proinﬂammatory cells,
compared with MG− mice. Moreover, peritoneal macrophages
in MG+ mice had high TNF-α and CD11c. However, SIRT1,
PPARγ, IL-10, and CD206 mRNA levels were suppressed,
consistent with a shift to an activated population (M1), compared with the M2 pattern seen in MG− mice (38, 39). Because
AGEs promote macrophage migration and activation (40, 41), it
is plausible that the sustained MG inﬂux in MG+ mice mobilizes
an M1-enriched macrophage population that can inﬁltrate WAT
and convert it into a pro-OS AGE-lipid–ﬁlled reservoir, perpetuating inﬂammatory and metabolic changes. The consistent
absence of this inﬂammatory proﬁle in both WAT and macrophages in MG− mice underscores the ability of external cytoxic
AGEs to progressively foster these changes over time.
The evidence from MG+ mouse WAT cells and macrophages
also reveals that AGER1 levels were markedly suppressed. Because AGER1 is a major anti-AGE and anti-OS receptor (12, 13,
20, 28), its suppression may foster AGE-lipid accumulation in
WAT and possibly in other tissues. Indeed, as with SIRT1,
AGER1 protein levels were suppressed in all three insulin-responsive tissues from MG+ mice, but not in those from MG−
mice, raising again the possibility that these factors are coordinately regulated, an observation ﬁrst made in humans with
T2D (18). Studies in differentiated 3T3-L1 cells with genetically
modulated AGER1 support the presence of such an interaction.
AGER1 transduction, by preserving SIRT1, prevented the MGmediated NF-κB p65 hyperacetylation, as well as downstream
inﬂammatory events, which preserved the metabolic actions of
insulin receptor (17, 38). However, when AGER1 is silenced,
cytotoxic AGEs suppress SIRT1-dependent metabolic events of
insulin, and/or enhance its inﬂammatory events, as evidenced by
increased JNK activity (16, 21). Alternatively, the protective
effects of AGER1 may also require functional SIRT1, because
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Fig. 4. MG+ down-regulates NAMPT and NAD+ in
insulin-sensitive tissues and adipocytes, via ROS. (A)
WAT, liver, and muscle lysates from MG− and MG+
mice were subjected to Western blotting and densitometry of NAMPT protein (n = 3 independent
experiments). *P < 0.05 vs. MG+. (B) Differentiated
3T3-L1 cells preexposed to MG-BSA (60 μg/mL) or
H2O2 (1 μM), added as positive control, with or
without anti-oxidants N-acetylcysteine (NAC, 5 mM)
or apocynin (APO, 300 μM) for 72 h. Representative
Western blots and density data (n = 3) are shown as
means ± SD *P < 0.05 vs. control. §P < 0.05 vs. MGBSA alone. (C) [NAD+:NADH] ratio in cells treated
with MG (60 μg/mL) or H2O2 (1 μM) in the presence
or absence of NAC and APO for 72 h. [NAD+:NADH]
ratio is shown as fold (mean ± SD) of control (n = 3–
5, each in triplicate). *P < 0.05 vs. control. §P < 0.05
vs. MG−BSA alone. (D) AGER1 transduction preserves NAMPT protein expression, and (E) [NAD+:
NADH] ratio, during MG treatment. WT, AGER1+,
and shAGER1 3T3-L1 cells were exposed to different
amounts of MG-BSA for 72 h, and Western blots
and densitometry analyses were performed. Data
(n = 3–5) show protein to β-actin ratio as means ±
SD *P < 0.05 vs. control. §P < 0.05 vs. WT treated
with identical MG dosage. For E, data are shown as
fold (mean ± SD) of control (n = 3, each in triplicate). *P < 0.05 vs. control. §P < 0.05 vs. WT with
identical MG dosage.

even when AGER1was overexpressed, AGE-induced cytotoxicity
was not prevented under conditions that inhibit SIRT1 function.
As SIRT1 is also NAMPT- and NAD+ dependent (15, 16, 18)
and both were suppressed in MG+ mouse insulin-sensitive tissues, compared with tissues from MG− mice, we addressed the
mechanisms in 3T3-L1 cells. The in vivo ﬁndings were reproduced in vitro, indicating that AGEs act upon SIRT1 partly via
this enzyme and its activity, which are ROS sensitive (15, 17, 38).
The effect of MG-AGEs on NAMPT and NAD+ was inhibited
by antioxidants, and, importantly, by AGER1 overexpression.
This conﬁrmed both the pro-OS effect of exogenous cytotoxic
AGEs and the OS-inhibitory role of this receptor (12, 13, 27).
Because the mouse studies necessarily reﬂect the compounded
effects of prolonged exposure to surplus MG-AGEs, time-dependent in vitro studies on 3T3-L1 cells allowed their partial
dissection. Adipocyte AGER1 may initially serve as a shield to
the intracellular compartment of WAT against an external oxidant overload, as proposed for other tissues (14, 18, 20, 22, 28).
This might help maintain basal OS/Inﬂ in check and via SIRT1
preserve insulin actions. However, under chronically high cytotoxic AGEs, AGER1’s protection is afforded for a limited time
frame. The exact in vivo time and mechanism(s) of AGER1 depletion, as in the case of SIRT1, are unknown. These may reﬂect
epigenetic changes, based on new studies of transgenerational exposure to cytotoxic MG-AGEs. We ﬁnd that MG+ mice show
a progressive suppression and MG− mice a progressive increase in
AGER1 and SIRT1 levels. In support of the latter, recent clinical
evidence indicates that in diabetic humans a lower oral AGE intake
can restore these factors to normal and can improve OS/Inﬂ and
insulin sensitivity (18), ﬁndings with substantial clinical implications.
The long-term disease outcomes noted after exposure of multiple generations of mice to relatively well-deﬁned oral AGEs
focuses attention on recent socio/industrial changes through
which deleterious agents, common in human foods, may have
negatively impacted on human host defense mechanisms. The
functional depletion of AGER1 and SIRT1 genes observed in MG+
mice, although likely not restricted to only these genes, may help
reassess the convergence of proinﬂammatory and dysmetabolic
diseases in humans. Sustained restriction of the external sources of
oxidants can help regain lost gene function and restore native resistance to T2D and other diseases linked to high OS.
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Materials and Methods
Reagents. Details of the reagents are in SI Materials and Methods.
Animals and Treatments. Details on the animals and treatments are available
in SI Materials and Methods. Brieﬂy, Fo 8-wk-old C57BL/6 mice were placed
on the standard diet (National Institutes of Health-31 open formula), which
had been prepared without heat exposure (low-AGE) (22, 27, 28). The offspring F1-F3 (n = 18–20/group), were assigned to two pair-fed groups after
weaning, one received the low-AGE or the same formula with synthetic
added MG-BSA (1 mg/g food). The diets were identical in nutritional and
caloric content but MG+ diet contained MG derivatives (Fig. S1A), and CML
to levels equivalent to standard heat-treated chow, and nearly twice those
in MG− diet (Table 1).

Glucose Uptake. Adipocytes (WAT) isolated from mouse inguinal fat pads and
skeletal muscle from the thigh of 18 mo old were used for insulin-stimulated
2-deoxy-[3H] glucose (2DOG) uptake, as described in SI Materials and
Methods (43–45).
Cell Culture and Transfection. The 3T3-L1 preadipocytes (ATCC) after differentiation and transfection with AGER1, shAGER1, or Sirt1 as described (SI
Materials and Methods) (44) were stimulated with insulin and with MG-BSA
for signaling studies (SI Materials and Methods) (36, 44, 45).
RNA Isolation and Reverse Transcription–PCR, Western Analysis, Immunoprecipitation, [NAD:NADH], and ROS Determination. Assays were performed
as described in SI Materials and Methods (18, 27).

AGE Determination. AGEs in serum, cells, and tissues were determined by
a competitive ELISA for CML (4G9 mab) and for MG-derivatives (3D11 mab),
cross-reacting with MG-H1 (5) (Fig. S1A). AGE lipids (33, 42) were measured
by direct ELISA after tissue lipid extraction.

Statistical Analysis. Data were expressed as means ± SEM. The Student’s t test
was used to determine the signiﬁcance between groups. One-way ANOVA
with Bonferroni correction analysis was performed for comparisons among
the three groups. A probability value of P < 0.05 was considered signiﬁcant.

Glucose Tolerance. An IGTT was performed at 6-mo intervals after age 12 mo,
as described in SI Materials and Methods (22, 27, 28).
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