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ARTICLE

Glycolaldehyde disrupts insulin signaling 
and glucose uptake through adipogenesis
Hee‑Weon Lee1, Min ji Gu1, Jinyoung Hur1, Ho‑Young Park1, Yoonsook Kim1 and Sang Keun Ha1,2*  

Abstract 

The accumulation of advanced glycation end products (AGEs) plays critical roles in exacerbating obesity, arteriosclero‑
sis, cardiovascular disease, diabetes, and their associated complications. Glycolaldehyde (GA) is the metabolic precur‑
sor of several AGEs, and its effects vary based on food and cooking methods. Here, 3T3‑L1 adipocytes were used to 
examine the effects of GA on obesity and insulin resistance. We found that GA treatment did not increase lipid accu‑
mulation but increased the distribution of adipocyte differentiation. We also investigated the production of receptor 
for AGEs (RAGE) and reactive oxygen species (ROS) upon GA treatment, as well as the expression levels of peroxisome 
proliferator‑activated receptors γ (PPARγ), CCAAT enhancer binding protein α (c/EBPα), and CCAAT enhancer binding 
protein β (c/EBPβ), which are transcription factors for adipogenesis, were significantly increased upon GA treatment in 
a concentration‑dependent manner. GA arrested the cell cycle at the G0/G1 stage during the early phase of adipo‑
genesis and suppressed the expression of p21 and p27. GA increased the expression of CDK2, phosphorylation of 
mitogen‑activated protein kinases, and secretion of pro‑inflammatory cytokines. Overall, these results suggest that GA 
can stimulate lipid metabolism, hence, we suggest that the stimulation of adipogenesis and insulin resistance by GA 
may be associated with the interaction between RAGE and adipogenic factors in adipocytes.

Highlights 

• Glycolaldehyde treatment remarkably induced the production of RAGE.
• The expression of adipogenic genes was dose-dependently increased by glycolaldehyde.
• Glycolaldehyde increased the ROS production and inflammatory responses.
• Glycolaldehyde disrupted mitochondrial function and glucose uptake.
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Introduction
Maillard reaction is a non-enzymatic reaction between 
reducing sugars and amino structures in amino acids, 
proteins, phospholipids, or DNA and is associated with 
age and severity of diabetes. Following the reversible for-
mation of Schiff bases between carbonyl and free amino 

groups, irreversible advanced glycation end products 
(AGEs) were formed [1, 2]. Aldehydes, such as glycolal-
dehyde (GA) and glyceraldehyde, have also been shown 
to induce AGE formation. Although several studies have 
investigated the properties of these protein modifica-
tions, many components, including GA, have not been 
established in murine 3T3-L1 adipocytes.

GA concentrations in adipose tissue from healthy peo-
ple or patients have not been quantified so far. Although 
the GA level of adipose tissue has not been quantified, its 
physiological concentration is estimated to range from 
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0.2 to 2 mM and several in vitro studies have employed 
this range. Many previous studies have been conducted 
in various cell models at concentrations ranging from 0.2 
to 2 mM. We have also checked the reasonable reasons 
for the various concentrations used in many previous 
studies. Based on this, we performed the screening in the 
adipocyte cell model using concentrations ranging from 
0.2 to 2 mM. The production and accumulation of AGEs 
require large amounts of GA with steady accumulation in 
the adipose tissue. Therefore, we applied an acute model 
to study adipogenesis caused by GA-derived AGEs at the 
cellular level.

Protein modifications through derivatization 
by GA may induce chronic diseases through spe-
cific receptors interaction, such as receptor for 
advanced glycation end products (RAGE). Some 
AGEs, such as  N∊-(Carboxymethyl)lysine (CML) and 
Nε-carboxyethyl-lysine (CEL), are well-studied in dia-
betes and chronic inflammation caused by the inter-
action of AGE and RAGE [3, 4]. However, it remains 
unclear in GA. The interaction between AGE and 
RAGE induces numerous signaling pathways, such as 
the NADPH oxidase (NOX) pathway and Reactive oxy-
gen species (ROS) production [5, 6]. ROS production 
regulates adipocyte differentiation and is a major caus-
ing factor in diabetes through chronic lipid accumula-
tion. However, it is unclear whether AGE formation via 
GA influences this process [7]. The continuous exacer-
bation of obesity causes diabetes; AGEs are associated 
with the regulation of RAGE and production of ROS in 
obesity and diabetes [8, 9].

During adipogenesis, in which lipid accumulation 
occurs, transcription factors play critical roles. In this 
model, CCAAT/enhancer binding protein (C/EBP)β 
and δ induce the expression of peroxisome prolifera-
tor-activated receptor gamma (PPARγ). According to 
previous studies, the endogenous expressions of C/
EBPβ and δ precede that of PPARγ, and the former’s 
ectopic expression results in the latter’s induction [10]. 
This induction may be a direct effect of transcription 
through the C/EBP binding site at the PPARγ promoter 
[11]. Since ROS plays a key role in this process, it is 
therefore important to investigate the effects of RAGE 
expression and ROS production. In addition, adipocyte 
differentiation is known as an inflammatory respose, 
and inflammatory cytokines have been shown to be 
secreted through adipogenesis and mitogen-activated 
protein kinase (MAPK) phosphorylation [12, 13].

Adipocyte differentiation processes, including 
the effects of ROS production, cause insulin resist-
ance. Furthermore, mitochondrial dysfunction 
has been associated with type 2 Diabetes Mellitus 
(T2DM)-related insulin resistance. Glucose and lipid 

metabolism disorders lead to defects in insulin sign-
aling associated with various pathological conditions 
[14, 15]. Thus, the elucidation of the molecular and 
cellular mechanisms of underlaying insulin resistance 
will expand our understanding of the etiology of vari-
ous diseases [16].

The aim of this study is to examine the effects of 
RAGE expression and ROS production on adipogen-
esis and insulin resistance in 3T3-L1 adipocytes. Our 
findings show that GA induces obesity and insulin 
resistance through the AGE–RAGE axis and ROS sign-
aling in the adipogenesis process.

Materials and methods
Chemical reagents and antibodies
GA was obtained from Sigma-Aldrich (St. Louis, MO, 
USA). Dulbecco’s modified Eagle’s medium (DMEM), 
fetal bovine serum (FBS), and bovine calf serum were 
obtained from Gibco (BRL, Carlsbad, USA). Almost 
all chemicals, including isobutyl-3-methylxanthine 
(IBMX), dexamethasone, and insulin were obtained 
from Sigma Chemical Co. unless otherwise stated. GA 
was dissolved in distilled water and diluted at the indi-
cated concentrations. Antibodies against target mol-
ecules were purchased from Cell signaling (Danvers, 
MA, USA) and Santa Cruz Biotechnology (Santa Cruz, 
CA, USA).

Cell culture and differentiation assay
The 3T3-L1 cell line was purchased from ATCC 
(Manassas, VA, USA). Preadipocytes were sustained 
in DMEM (Gibco, Carlsbad, USA) supplemented with 
10% heat-inactivated bovine calf serum. The 3T3-L1 
cells were incubated at 37 °C in a fully humidified incu-
bator containing 5%  CO2. 3T3-L1 cells were seeded 
on a 6-well culture plate at a density of 2 ×  105 cells/
well and incubated for confluence for 4 days, and then 
treated MDI (methylisobutylxanthine, dexametha-
sone, and  insulin) in DMEM containing 10% FBS for 
2  days. On day 2, the culture medium was replaced 
with DMEM containing 10% FBS supplemented with 
insulin (5  μg/mL). This medium was replaced every 
2 days. GA was maintained in the culture medium at a 
concentration of 0.1, 1, or 10  μg/mL during adipocyte 
differentiation. On day 7, the cells were collected using 
centrifugation (Eppendorf Centrifuge 5424R, Hamburg, 
Germany) at 12,000g for 5 min at 4  °C, and the pellets 
were lysed using a homogenizer buffer.

Oil Red O staining
Following adipocyte differentiation, adipocytes were 
rinsed with phosphate-buffered saline (PBS) and fixed 
with 3.7% formalin for 10  min at room temperature 
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(15–20 ℃). The fixed cells were rinsed several times with 
PBS and incubated with Oil Red O staining solution for 
2  h at room temperature. The Oil Red O solution was 
removed, and cells were rinsed several times with PBS. 
The images of lipid accumulation were detected using an 
optical microscope (ZEISS, Oberkochen, Germany). The 
dye retained in the cells was eluted with isopropanol and 
determined using spectrophotometric analysis at 540 nm.

ROS production assay
ROS production was quantified by fluorescence 
microscopy (ZEISS, Oberkochen, Germany) using a 
2′,7′-dichlorofluorescein diacetate probe (DCF-DA). 
3T3-L1 cells were incubated with 10  μM of DCF-DA 
under dark conditions for 30 min at 37  °C, and rinsed 
with phosphate‐buffered saline (PBS). ROS production 
was measured using an ELISA plate reader (Molecu-
lar Devices) at 488 nm excitation and 522 nm emission 
wavelengths.

Immunoblotting assay
3T3-L1 cells were plated at 2 ×  105 cells/well of 6-well 
tissue plates. Preadipocytes were treated with MDI 
or insulin in the presence or absence of GA (1, 10, or 
100  μM) for 7  days. The cultured cells were rinsed in 
PBS and suspended in a homogenizer lysis buffer. The 
supernatant was collected after centrifugation for 
5 min at 12,000g at 4 °C. The protein concentration was 
determined using a bradford assay kit (Bio-Rad Lab, 
Hercules, CA, USA) with bovine serum albumin as 
the standard. The whole cell lysates were separated by 
6–15% SDS-PAGE and transferred to a nitrocellulose 
(NC) membrane (Bio-Rad Lab, Hercules, CA, USA). 
The membrane was blocked with 5% skim milk in tris-
buffered saline containing 0.2% Tween 20 (TBST) at 
room temperature for 1  h, and the membranes were 
probed with the appropriate primary (1:500) and 

secondary (1:5000) antibodies. These blots were devel-
oped using an enhanced chemiluminescence kit. The 
following antibodies were used: AKT (#9272), PI3K 
(#4255), IRS-1 (#2382), p38 (#8690), phospho-p38 
(#9211), JNK (#9258), phospho-JNK (CST #9251), ERK 
(#4691); all from Cell Signaling Technologies (Danvers, 
MA, USA), mtDNA (sc166965), IL-6 (sc57315), TNF-α 
(sc52746), SREBP-1c (sc365113), c/EBPβ (sc7692), 
phospho- c/EBPβ (sc398753), CDK2 (sc6248), p21 
(sc397), c/EBPα (sc365318); all from Sigma aldrich 
(St. Louis, MO, USA), Adiponectin (ab22554), Leptin 
(ab16227), GLUT4 (ab33780); all from abcam (Cam-
bridge, UK).

Flow cytometry analysis
The cell cycle arrest was investigated using Fluorescence-
activated cell sorting (FACs). Preadipocytes were incu-
bated with MDI in the presence or absence of GA for 
24 h. The cells were collected and incubated by overnight 
suspension in 70% ethanol at 4  °C. After fixing of adi-
pocyte, cells were stained with 50  μg/mL of propidium 
iodide solution containing RNase (10  μg/mL) for 1  h 
in the dark condition. FACs analysis was performed on 
CytoFLEX S Flow Cytometer instrument, and data analy-
sis with using Kaluza Analysis Software (BECKMAN 
COULTER, Indianapolis, IN, USA).

RNA extraction and reverse transcription‑polymerase 
chain reaction (RT‑PCR)
The mRNA expressions of several genes were measured 
by qRT-PCR. After GA treatment, total RNA was iso-
lated from cultured cells using Trizol (Sigma, St. Louis, 
USA), according to the manufacturer’s instructions, 
and used for cDNA synthesis. qRT-PCR was performed 
using adipogenic-related factors, and cytokine-specific 
primers. cDNA was amplified in 20 μL of PCR reaction 
mixture (1 μL each of forward and reverse primer, 8 μL 
of cDNA synthesis solution in pure water, and 10 μL of 

Table 1 Primer sequences

Gene Forward primer (5’ → 3’) Reverse primer (5’ → 3’)

PPARγ GCC CTT TGG TGA CTT TAT GGA GCA GCA GGT TGT CTT GGA TG

c/EBPα GCG AGC ACG AGA CGT CTA TAG GCC AGG AAC TCG TCG TTG AA

TNF‑α CCC TCA CAC TCA GAT CAT CTT CT GCT ACG ACG TGG GCT ACA G

IL‑6 CCA CGG CCT TCC CTA CTT C TTG GGA GTG GTA TCC TCT GTG A

aP2 GAA CCT GGA AGC TTG TCT CCA GTG GAT GCT CTT CAC CTT CCT GTC GTC TGC 

LPL TTG CGC CTC CTG CTC AA CCC CCC CTC CTC GGA AGG CGG TC

FAS CTG AGA TCC CAG CAC TTC TTG GCC TCC GAA GCC AAA TGA 

SREBP‑1c GGC TAT TCC GTG AAC ATC TCC TA ATC CAA GGG CAT CTG AGA ACT 

GAPDH TGC ATC CTG CAC CAC CAA TCC ACG ATG CCA AAG TTG TC
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SYBR Green Master Mix) in a quantitative real-time PCR 
system. Fluorescence was measured at each cycle. The 
RT-PCR primer sequences used to identify the expres-
sion of various genes are listed in Table 1.

ATP production assay
ATP production was measured by using ATP determina-
tion kit (Molecular Probes, USA). It is a bioluminescence 
assay for quantitative determination of ATP using recom-
binant firefly luciferase and its substrate D-luciferin. Cells 
after respective treatments were rinsed with phosphate-
buffered saline (PBS) and lysed in ATP-releasing buffer 
containing 100  mM potassium phosphate buffer at pH 
7.8, 2  mM EDTA, 1  mM dithiothreitol (DTT), and 1% 
Triton X-100 [17]; 20 μL of cell lysate were mixed with 
180 μL of standard reaction mixture containing 8.9  mL 
distilled water, 0.5 mL 20 × reaction buffer, 0.1 mL 0.1 M 
DTT, 0.5 mL of 10 mM D-luciferin, 2.5 μL of firefly lucif-
erase (5  mg/mL stock solution) and luminescence was 
measured in ELISA plate reader. ATP concentrations in 
the samples were calculated from standard ATP curve 
and normalised to the protein content. Cells treated with 
oligomycin (8 μM for 8 h) was used as the positive con-
trol for measuring depletion in ATP content due to mito-
chondrial dysfunction [18].

2‑Deoxy glucose uptake assay
2-deoxy glucose (2-DG) uptake assay was carried with 
glucose uptake colorimetric assay kit (Abcam, Cam-
bridge, MA, USA) according to the manufacturer’s 
instructions using RG (100  nM) as the positive control. 
Briefly, cells were seeded in 96 well plate and differenti-
ated to mature adipocytes and treated as above. Then 
the cells were starved for glucose by preincubating in 
Krebs–Ringer-Phosphate-Hepes (KRPH) buffer contain-
ing 2% BSA for 40 min. Cells were stimulated with insu-
lin (10 μg/mL) for 20 min and treated with 2-DG, mixed 
and incubated for 20 min. In principle 2-DG can be taken 
up by glucose transporters and metabolized to 2-DG-
6-phosphate (2-DG6P) and cannot be further metabo-
lized, and thus accumulates in the cells. The NADPH 
generated from oxidised 2-DG6P was finally measured by 
an enzymatic recycling amplification reaction, which is 
directly proportional to 2-DG uptake by the cells.

JC‑1 staining
Mitochondrial membrane potential was examined by 
staining adipocytes with the tetraethylbenzimidazolylcar-
bocyanine iodide (JC-1), a cationic dye that accumulates 
in the normal mitochondria. JC-1 staining dye (10  µM) 
was treated to culture plate 1 h, and then the adipocytes 
were rinsed with the dilution buffer. Fluorescence images 

were photographed using a LSM 900 fluorescence micro-
scope (ZEISS, Oberkochen, Germany).

Mitochondrial membrane potential assay
Mitochondrial membrane potential was measured using 
mitochondrial staining kit, JC-1. The experiment was 
done as per the protocol provided with the kit (JC-1 
kit, Sigma). The kit uses the cationic, lipophilic dye, 
JC-1. In normal cells, due to the electrochemical poten-
tial gradient, the dye concentrates in the mitochondrial 
matrix, where it forms red fluorescent aggregates (JC-1 
aggregates). Any event that dissipates the mitochondrial 
membrane potential prevents the accumulation of the 
JC-1 dye in the mitochondria and thus, the dye is dis-
persed throughout the entire cell leading to a shift from 
red (JC-1 aggregates) to green fluorescence (JC-1 mon-
omers). The cells after respective treatments were incu-
bated with JC-1 staining solution for 20  min at 37  °C. 
The stain was washed off with PBS and examined under 
spinning disk microscope and images were collected and 
fluorescence intensity was also measured. For JC-1 mon-
omers, the fluorescence was measured at 490  nm exci-
tation and 530  nm emission wavelengths, and for JC-1 
aggregates, the fluorescence was measured at 525  nm 
excitation and 590 nm emission wavelengths.

Statistical analyses
For each experiment, data were obtained in triplicates 
and reported as mean ± SEM. Comparisons between 
GA-stimulated cells and untreated control cells were 
conducted by ANOVA and Student’s t-test. Significant 
values are indicated by an asterisk (*p < 0.05).

Results
Glycolaldehyde increased the RAGE and ROS production 
and lipid accumulation in 3T3‑L1 cells
The AGEs produced by GA can mediate numerous path-
ways through specific receptors, such as RAGE, and 
activate downstream pathways, including various sign-
aling cascades and ROS. In addition, ROS is a critical 
factor that influences adipocyte differentiation and insu-
lin resistance. GA increased the expression of RAGE in 
MDI-induced adipocytes as shown by western blot analy-
sis. In addition, when GA was treated simultaneously, the 
expression level of RAGE was up-regulated in a concen-
tration-dependent manner. Compared with the MDI-
induced group, treatment with GA increased the RAGE 
protein level by more than 3.2 times (Fig. 1A). As shown 
in Fig. 1B, intracellular formation of ROS was measured 
using DCFDA staining. GA increased ROS produc-
tion via AGE-RAGE interaction in 3T3-L1 cells. Adipo-
cyte differentiation was also induced by GA treatment. 
However, the amount of lipid accumulation remained 
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unchange, while the number of differentiated cells was 
increased (Fig. 1C, D).

Glycolaldehyde induced the expression of adipogenic 
factors during adipogenesis in 3T3‑L1 cells
During adipocyte differentiation, adipogenic transcrip-
tion factors and genes associated with adipogenesis 
are essential. In particular, PPARγ and c/EBPα act an 
essential role in the late phase of adipogenesis process 
by regulating several adipogenic factors associated with 
lipid metabolism. Therefore, we examined the effect 

of GA on the expressions of critical transcription fac-
tors. The expression levels of adipogenic transcription 
factors and genes, including PPARγ and c/EBPα, were 
measured using western blot and qRT-PCR. As shown 
in Fig. 2A and B, GA significantly increased the protein 
levels of PPARγ and c/EBPα and their mRNA expression 
levels in a concentration-dependent manner (Fig.  2C, 
D). Furthermore, we investigated the expression levels 
of adipogenic factors involved in adipogenesis and accu-
mulation through involvement in synthesis and trans-
port of fatty acid and triglyceride. GA increased the 
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Fig. 1 Effect of glycolaldehyde on RAGE and ROS production and lipid accumulation in 3T3‑L1 cells. A 3T3‑L1 cells were stimulated with MDI in the 
presence or absence of glycolaldehyde (GA; 0.1, 1, and 10 μM) for 2 h. Cell lysates were collected and subjected to western blotting using antibodies 
against the target gene RAGE. B ROS level was determined as described in materials and methods. Adipocytes were treated with DCF‑DA (10 μM) 
in the presence or absence of GA (0.1, 1, and 10 μM) for 30 min (Glycolaldehyde; GLY). C, D Confluent 3T3‑L1 cells were treated with MDI containing 
GA (0.1, 1, and 10 μM) at the early phases of adipocyte differentiation. Adipocytes were then stained with Oil Red O on day 7. RAGE level was 
measure by western blotting with β‑actin as internal control. Data presented as mean ± SEM. *p < 0.05 vs. MDI treatment
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mRNA expression levels of adipocyte fatty acid binding 
protein (aP2), lipoprotein lipase (LPL), fatty acid syn-
thetase (FAS), and SREBP-1c (Fig.  2E–H). These data 
indicate that GA could stimulate adipocyte differentia-
tion through the regulation of adipogenic transcription 
factors and genes. Taken together, we speculate that GA-
stimulated adipocyte differentiation depends on ROS 
production and AGE-RAGE interaction through the 
increased expression of RAGE.

Glycolaldehyde induced the mitotic clonal expansion 
at the early phase of adipogenesis in 3T3‑L1 cells
In adipogenesis process, the mitotic clonal expansion 
(MCE) phase acts as an important factor in adipogen-
esis. In general, preadipocytes cultured to confluence 
became growth-arrested at the G0-to-G1 cell cycle dur-
ing adipogenesis, and then preadipocytes re-entered the 
cell cycle upon induction of hormones. Therefore, we 
identified cell cycle factors that regulate the cell cycle at 
MCE phase. MCE is an important procedure during the 
early phase of adipogenic differentiation. To investigate 
the effect of GA on MCE, we examined the changes of 
the cell cycle in the absence or presence of GA. Follow-
ing 3T3-L1 cells incubation with MDI, exposure to GA 
(10 μM) resulted in cell cycle arrest at the G0/G1 phase. 
The protein expressions of cell cycle-related proteins p21, 
p27, and CDK2 were regulated by GA. The levels of p21 
and p27 were decreased following GA treatment, whereas 
that of CDK2 was increased. These findings showed that 
the synergic effect of GA can occur in the early process 
of adipocyte differentiation by the stimulation of MCE 
caused by cell cycle arrest at the G0/G1phase (Fig. 3A, B).

In the MCE phase, c/EBPβ is activated, which is a nec-
essary process in the early phase of adipocyte differen-
tiation. MCE also activates several genes that cause lipid 
accumulation through adipogenesis. Therefore, we deter-
mined the effect of GA on the c/EBPβ, a major transcrip-
tion factor, and on the various factors that play a role in 
differentiation. GA increased the expression levels of 
SREBP-1c, FAS, adiponectin, and leptin. GA also induced 
c/EBPβ phosphorylation in 3T3-L1 cells (Fig. 3C). These 
data indicated that the regulation of cell cycle and adipo-
genesis-related genes by GA are important in the early 
phase of adipogenesis.

Glycolaldehyde increased the activation of MAPKs 
and pro‑inflammatory cytokines in 3T3‑L1 cells
MAPKs are a well-known factor involved in the early 
stages of adipogenesis. In addition, inflammatory 
cytokines are excessively generated during adipogenesis 
in which sufficient fat is accumulated, which adversely 
affects adipogenesis and metabolic diseases. MAPKs are 
an important factor in the regulation of metabolic dis-
orders, such as inflammatory diseases and diabetes. We 
further investigated whether MAPKs affect the effects 
of GA in adipocyte differentiation. GA significantly 
increased MAPKs phosphorylation compared with MDI 
treatment alone (Fig. 4A).

Next, to investigate the production of pro-inflamma-
tory cytokines in MDI-induced 3T3-L1 cells, we used 
western blot and qRT-PCR to determine the expres-
sion levels of inflammatory cytokines. Inflammatory 
cytokines are increased in adipogenesis, leading to 
inflammatory metabolic disorders, such as diabetes and 
associated complications. We proved that treatment with 
GA increased the levels of TNF-α and IL-6 (Fig. 4B–D). 
Collectively, these findings indicated that GA caused the 
production of inflammatory cytokines throughout adipo-
cyte differentiation.

Glycolaldehyde disrupted the insulin signaling 
and mitochondrial function in 3T3‑L1 cells
Mitochondrial biogenesis and activity are dramatically 
increased during adipogenesis, which plays an important 
role in organelles. Furthermore, mitochondria in differ-
entiated adipocytes are associated with fatty acid oxida-
tion, adipokine secretion, and dysregulation of glucose 
homeostasis. Therefore, mitochondrial dysfunction is an 
important etiology of metabolic disorders such as obesity 
and insulin resistance. To investigate the mechanism by 
which GA disturbs mitochondrial function, insulin sign-
aling and glucose transporter 4 (GLUT4) were evaluated 
using western blot analysis. Insulin signaling is initiated 
by phosphorylation and activation of tyrosine residues 
of insulin receptor substrate (IRS) proteins by an insu-
lin receptor (IR) having tyrosine kinase activity. In addi-
tion, phosphorylated IRS binds to PI3K and transmits the 
signal of insulin. PI3K plays an essential role in amplify-
ing insulin signals through the activation of the AKT 

(See figure on next page.)
Fig. 2 Effect of glycolaldehyde on adipogenic factors during adipocyte differentiation in 3T3‑L1 cells. A, B Confluent 3T3‑L1 cells were 
differentiated in the presence or absence of glycolaldehyde (GA; 0.1, 1, and 10 μM) for 7 days. 3T3‑L1 adipocytes were lysed and collected for 
Western blotting with β‑actin as internal control. Protein levels were quantified using densitometric scanning. C, D mRNA expression levels of PPARγ 
and c/EBPα were determined by qRT‑PCR. E–H Expression levels of aP2, LPL, FAS, and SREBP‑1c mRNA were determined by qRT‑PCR. GAPDH was 
used as an internal control. Data presented as mean ± SEM. *p < 0.05 vs. MDI treatment
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(A)

(B) (C)

Fig. 3 Effect of glycolaldehyde on mitotic clonal expansion during the early phase of differentiation in 3T3‑L1 cells. A 3T3‑L1 preadipocytes were 
treated in the differentiation medium containing GA (0.1, 1, and 10 μM) for 24 h, fixed with 70% ethanol, incubated with propidium iodide solution, 
and analyzed by fluorescence‑activated cell sorting (Glycolaldehyde; GLY). The percentage of cell population at each stage was determined using 
Kaluza Analysis Software. B Confluent cells were treated with MDI in the absence or presence of GA (0.1, 1, and 10 μM) for 24 h. Protein expressions 
of p21, p27 and CDK2 were measured by western blot. C Confluent cells were treated with MDI in the absence or presence of GA (0.1, 1, and 10 μM) 
for 2 days. Protein expressions of c/EBP‑β, SREBP‑1c, FAS, adiponectin, and leptin were detected by western blot with β‑actin as internal control. 
Data presented as mean ± SEM. *p < 0.05 vs. MDI treatment



Page 9 of 14Lee et al. Appl Biol Chem           (2021) 64:58  

cascade. After GA treatment, phosphotyrosine attenu-
ation on IRS-1 and inactivation of PI3K were observed. 
In addition, the inactivation of PI3K was indicated by the 
inhibition of AKT activation of insulin signaling path-
way (Fig. 5A). These results indicate that treatment with 

GA decreases insulin signaling through phosphotyrosine 
activation of the IRS-1/PI3K/AKT signaling pathway.

Chronic adipocyte differentiation has been reported 
to disrupt the insulin signaling in 3T3-L1 adipocytes. 
Mitochondrial disorder has also been observed during 

(A) (B)

(C) (D)

Fig. 4 Effect of glycolaldehyde on MAPKs and pro‑inflammatory cytokines in 3T3‑L1 cells. The expressions and phosphorylation levels of signaling 
in the mechanisms under GA treatment were investigated. A Confluent 3T3‑L1 cells were stimulated to differentiate with MDI in the absence 
or presence of GA (0.1, 1, and 10 μM) for 2 days. Cell lysates were collected and subjected to western blotting analysis using antibodies against 
the target genes (p‑JNK, JNK, p‑p38, p38, p‑ERK, and ERK). B Adipocytes were sustained in the differentiation medium containing the various 
concentrations of GA for 7 days. Expressions of TNF‑α and IL‑6 were measured by western blotting with β‑actin as internal control. C, D mRNA 
expression levels of TNF‑α and IL‑6 were determined by qRT‑PCR. Data presented as mean ± SEM. *p < 0.05 vs. MDI treatment
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this process. Therefore, we measured the levels of mito-
chondrial DNA (mtDNA) and GLUT4 involved in 
glucose uptake and mitochondrial function in fully dif-
ferentiated 3T3-L1 adipocytes. GA remarkably reduced 
the expression of mtDNA and GLUT4 in fully differ-
entiated 3T3-L1 adipocytes (Fig.  5B). As illustrated in 
Fig. 5C, GA treatment showed marked suppressions in 
Mito-Biogenesis compared with MDI-treated cells. To 
confirm the functional reduction of mitochondria by 
GA, we investigated adenosine triphosphate (ATP) pro-
duction and mitochondrial membrane potential (MMP) 
in fully differentiated 3T3-L1 adipocytes and found that 
GA significantly reduced the levels of ATP production 
and MMP in mitochondria (Fig. 5D, E).

Collectively, our results are consistent with previous 
reports that mitochondrial dysfunction affects insu-
lin sensitivity and glucose uptake [19, 20]. These results 
show that the continuous accumulation of lipid during 
adipocyte differentiation causes mitochondrial dysfunc-
tion and further restricts the absorption of glucose by 
inhibiting insulin signaling. In this process, GA exacer-
bates the normal function of the mitochondria and the 
insulin signals in adipocytes.

Inhibition of GA induced adipogenesis and insulin 
resistance
To determine the regulation of adipogenesis and insulin 
resistance related factors in GA-stimulated 3T3-L1 cells, 
the effect of siRAGE on important factors induced by GA 
was investigated. As shown in Fig.  6A, when preadipo-
cytes were incubated with siRAGE prior to GA exposure, 
adipogenic factors and insulin signaling related fators 
were regulated. These results indicate that RAGE is an 
important initial factor that regulates the downstream 
signaling of metabolic diseases in adipocytes. Addition-
ally, ROS is a critical factor inducing RAGE production 
and exacerbating metabolic diseases through inflamma-
tory action. To assess the role of ROS in GA-stimulated 
3T3-L1 cells, we treated cells with N-acetyl-L-cysteine 
(NAC), a ROS production inhibitor and examined pro-
tein expression of adipogenic and insulin signaling 
related factors using western blot analysis. The results 
showed that GA induced metabolic dysfunction and that 

the levels of these factors regulated after incubation with 
GA were decreased in adipocytes pretreated with NAC 
(Fig. 6B). Collectively, these data suggest that RAGE and 
ROS signaling pathways are associated with metabolic 
dysfunction mediated gene expression, and that RAGE 
and ROS inhibitors block exacerbation of metabolic dys-
function through inhibition of RAGE and ROS signaling 
pathways.

Discussion
Maillard reaction is a type of non-enzymatic browning 
that reduces carbonyl and carbonyl compounds, espe-
cially sugars, using free amino groups, such as amino 
acids, amines, and proteins [21]. This study reports for 
the first time that GA, a precursor of the AGEs produced 
by the Maillard reaction, promotes adipocyte differentia-
tion and interferes with insulin signaling in adipocytes 
[22]. We have demonstrated that the increased expres-
sion level of RAGE and production of ROS by GA treat-
ment were associated with lipid metabolism. Meanwhile, 
previous studies have shown that GA affects various dis-
eases and disorders, such as vascular diseases and aging 
[23, 24]. However, the detrimental effect of GA on obe-
sity and insulin resistance has not yet been studied. Our 
results confirmed that toxic AGEs (TAGEs) and GA, their 
precursor, exhibited toxic effects. Therefore, our study on 
GA is important in relation to obesity and diabetes.

Although adipocyte development plays a crucial role 
in the pathogenesis of metabolic-related disorders, there 
are few reports on the effects of AGE on adipocyte adi-
pogenesis and oxidative stress. Many studies related to 
adipocyte differentiation have focused on the effect of 
increased adipogenesis or oxidative stress caused by 
endocrine disruptors and various chemicals [25]. There 
is a study result that dysregulation of inflammatory adi-
pokines by CML affects insulin resistance in adipose 
tissue [26, 27]. However, the pathway leading to dysregu-
lation of adipokines due to the influence of AGE has not 
been elucidated. In addition, it only explains the dysfunc-
tion of insulin signaling due to hormone regulation of 
adipose tissue by CML, but the effect on adipocyte dif-
ferentiation mechanism and metabolic imbalance is not 
known yet [27, 28]. Therefore, our study will play a key 

Fig. 5 Effect of glycolaldehyde on insulin signaling and mitochondrial dysfunction in 3T3‑L1 cells. A Confluent 3T3‑L1 cells were cultured in the 
differentiation medium containing the indicated concentrations of GA for 7 days. Expressions of IRS‑1, PI3K, and AKT were analyzed by western 
blotting with β‑actin as internal control. B Confluent 3T3‑L1 cells were simulated to differentiate with MDI in the absence or presence of GA (0.1, 
1, and 10 μM) for 2 days. Cell lysates were harvested and subjected to western blotting analysis using antibodies against target molecules (mtDNA 
and GLUT4). C The relative fluorescence intensities of the mitochondrial biogenesis (MitoBiogenesis™ In‑Cell ELISA Kit, ab110217), D ATP production 
(ATP Assay Kit, 119,107), and E mitochondrial membrane potential (JC‑1—Mitochondrial Membrane Potential Assay Kit, ab113850) in various 
groups; un, MDI treated group, MDI + GA cotreated group. Data are expressed as the mean ± SEM of three independent experiments. *p < 0.05 vs. 
MDI treatment

(See figure on next page.)
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Fig. 5 (See legend on previous page.)
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role in regulating the dysfunction caused by AGE accu-
mulation in the body by confirming the effect of AGE on 
adipose tissue and the mechanism of AGE on the devel-
opment of obesity and diabetic diseases.

Adipogenesis is a multi-step process involving a cas-
cade of transcription factors and cell cycle factors lead-
ing to the development of adipocytes by regulating gene 
expression through metabolic and immune changes [29]. 
White adipose tissue (WAT) plays a central role in regu-
lating energy balance and acts as a secretory and endo-
crine organ that mediates numerous physiological and 
pathological processes [30]. Therefore, dysregulation of 
WAT is an important factor in inducing metabolic dis-
eases such as obesity, diabetes, and arteriosclerosis. The 
PPARγ and c/EBP family, key transcription factors dur-
ing lipid accumulation, play a key role in the complex 
transcriptional cascade that occurs during adipogenesis 
[31]. In addition, various hormones and regulatory sig-
nals affect adipogenesis, and the components involved in 

the interaction between cells and tissues are also closely 
related to regulating the differentiation process [32, 33]. 
Understanding the adipose tissue formation process and 
physiological and pathological mechanisms provides the 
basis for understanding and controlling metabolic dis-
eases such as diabetes.

We have shown that GA-stimulated increases in RAGE 
expression and ROS production affect adipocyte differ-
entiation. Therefore, changes in ROS and RAGE levels 
are important in regulating lipid metabolism. Mitochon-
drial function is important factor on ROS production 
and adipocyte differentiation in insulin resistance [5, 8]. 
Although previous studies have demonstrated that RAGE 
is associated with adipocyte differentiation and ROS pro-
duction promotes adipocyte differentiation, the role of 
GA, a precursor of AGEs, has not yet been described in 
adipocyte differentiation and insulin resistance [34–36]. 
Based on our findings, we propose a mechanism by 
which GA-induced RAGE expression, ROS production, 

(A) (B)

Fig. 6 Inhibition of GA‑induced adipogenesis and insulin resistance. Effects of RAGE and ROS on inflammatory signaling by GA in adipocytes. 
3T3‑L1 cells were transfected with control siRNA and specific RAGE siRNA and then treated with GA to check the knockdown of RAGE. A 3T3‑L1 cells 
were transfected with siRAGE and then stimulated with GA (10 μM) for 24 h. Expression of PPARγ, p‑c/EBPβ, TNF‑α, IRS‑1, and GLUT4 protein was 
determined by western blot assay. B 3T3‑L1 cells were incubated with the ROS inhibitor NAC for 2 h and then stimulated with GA for 24 h. Whole 
cell lysates were analyzed by western blot assay. β‑actin protein levels were used as an internal control. Data are expressed as the mean ± SEM of 
three independent experiments. *p < 0.05, significantly different from the untreated group
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and mitochondrial dysfunction change adipocyte metab-
olism. Mitochondria are important organs in maintaining 
energy metabolism and homeostasis, and are thought to 
be influenced by GA-induced metabolic changes [37, 38]. 
For this reason, we would like to support this through 
animal experiments in additional studies. WAT is consid-
ered an endocrine organ involved in energy homeostasis 
as well as fat storage [39]. Present results show that adi-
pocyte differentiation is associated with mitochondrial 
dysfunction and advances the development of obesity and 
diabetes. In addition, these results suggest a change in the 
function and role of mitochondria through the develop-
ment of adipocytes. Collectively, the study of mitochon-
drial changes and regulation in metabolic diseases such 
as obesity and diabetes will be an important strategy for 
metabolic diseases related to energy metabolism.

Adipogenesis is a necessary process for lipid accumu-
lation, while there are transcription factors necessary 
for adipocyte differentiation. In addition, adipogenesis 
causes obesity, which leads to insulin resistance through 
chronic obesity. Obesity and diabetes can be consid-
ered as inflammatory reactions [40, 41]. The produc-
tion of inflammatory cytokines is increased through 
MAPK phosphorylation, a mediator of the inflammatory 
responses. GA promotes the activation of adipogenic fac-
tors in MDI-induced 3T3-L1 cells and increases the pro-
inflammatory cytokines through MAPK phosphorylation 
[4, 42]. This suggests that this regulatory mechanism 
is involved in the stimulatory effect of GA on adipo-
cyte differentiation by an inflammatory response. After 
the stimulation of lipid formation by MDI, the growth-
arrested preadipocytes re-enter the cell cycle through 
several rounds of cell division before the expression of 
adipogenic genes [43, 44]. CDK plays an essential role 
in regulating cell re-entry in the cell cycle, while p21 and 
p27 function are the major regulators of cell-cycle in the 
G1 and S phases [45, 46]. These data showed that GA 
induces the mitotic clonal expansion of preadipocytes 
by inducing GA-stimulated G0/G1 phase arrest and the 
regulation of cell cycle related factor expression.

Furthermore, the mitochondria play a critical role in reg-
ulating the oxidative stress and insulin signaling system in 
obesity and diabetes [8, 9]. Our results suggest that mito-
chondrial dysfunction is exacerbated by GA treatment. 
Various studies have also indicated that ROS production is 
increased during the AGE-RAGE response and plays a role 
in controlling insulin signaling through various mechanisms 
[34, 47]. However, further investigations are warranted to 
elucidate these RAGE and ROS interactions as imbalances 
in the mitochondria or its dysfunction can produce excessive 
ROS and thus adversely affect downstream signal pathways 
[48]. Impairment of IRS/AKT/PI3K signaling is strongly 
associated with decreased insulin sensitivity and glucose 

uptake [49]. Disorder of IRS/AKT/PI3K signaling is essen-
tial for normal glucose and lipid metabolism, and impair-
ment of signaling system leads to insulin resistance, leading 
to obesity and diabetes [40, 50]. PI3K, activated by phospho-
rylation of IRS, is an important regulator of the insulin sign-
aling system [51]. In addition, the regulatory effect of PI3K 
on lipid metabolism is mediated by AKT [52]. In this study, 
it was confirmed that changes in IRS/PI3K/AKT regulate 
the insulin signaling system. Therefore, regulation of insulin 
signaling by GA appears to be involved in insulin resistance 
in adipocyte metabolism.

In this study, we showed that GA disrupted the expres-
sion of mitochondrial genes and function in adipocytes. We 
further investigate mitochondrial dysfunction caused by GA 
and excessive ROS production and found that GA blocked 
the effects of ROS production and RAGE activation on lipid 
metabolism in 3T3-L1 cells. These results demonstrate that 
the protection of mitochondrial function and inhibition of 
RAGE production play a major role in preventing adipogen-
esis and insulin signaling of adipocytes.
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